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H I G H L I G H T S

• Higher PM concentrations were found on platforms compared to outdoor.
• Air quality was better in the new lines with PSDs.
• PM concentrations were higher in the colder than in the warmer period.
• Ventilation and air conditioning systems improve air quality in the subway system.
• Time commuting in the subway contributes substantially to the personal exposure.
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The Barcelona subway system comprises eight subway lines, at different depths, with different tunnel dimen-
sions, station designs and train frequencies. An extensivemeasurement campaign was performed in this subway
system in order to characterise the airborne particulate matter (PM)measuring its concentration and investigat-
ing its variability, both inside trains and on platforms, in two different seasonal periods (warmer and colder), to
better understand the main factors controlling it, and therefore the way to improve air quality. The majority of
PM in the underground stations is generated within the subway system, due to abrasion and wear of rail tracks,
wheels and braking pads caused during the motion of the trains. Substantial variation in average PM concentra-
tions between underground stations was observed, which might be associated to different ventilation and air
conditioning systems, characteristics/design of each station and variations in the train frequency. Average
PM2.5 concentrations on the platforms in the subway operating hours ranged from 20 to 51 and from 41 to
91 μg m−3 in the warmer and colder period, respectively, mainly related to the seasonal changes in the subway
ventilation systems. The new subway lines with platform screen doors showed PM2.5 concentrations lower than
those in the conventional system,which is probably attributable not only to themore advanced ventilation setup,
but also to the lower train frequency and the design of the stations. PM concentrations inside the trainswere gen-
erally lower than those on the platforms, which is attributable to the air conditioning systems operating inside
the trains, which are equipped with air filters. This study allows the analysis and quantification of the impact
of different ventilation settings on air quality, which provides an improvement on the knowledge for the general
understanding and good management of air quality in the subway system.

© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
1. Introduction

Citizens usually spend a considerable amount of their daily time
commuting. Considering that in urban areas road traffic is amajor emis-
sion source of air particles (Viana et al., 2008), travelling by public trans-
portation saves energy and produces less pollution than travelling in
ssessment andWater Research
in.
s).

. This is an open access article under
private vehicles. The subway, being an electrical system and one of the
cleanest public transport systems in large urban agglomerations, is con-
sidered to be the most appropriate public transport since it diverts the
burdens of superficial traffic congestion. Its high capacity in terms of
number of daily commuters makes it an environmentally friendly alter-
native. The energy efficiency and reduced urban atmospheric emissions
make this kind of public transport a powerful tool to reduce energy de-
mands and improve air quality in urban environments.

However, prior studies in subway systems of several cities world-
wide indicate, with few exceptions, that particulate matter (PM)
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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concentrations are generally higher in these environments than those
measured in ambient air (Nieuwenhuijsen et al., 2007). The underground
subway system is a confined space that promotes the concentration of
contaminants entering from the outside atmosphere in addition to
those generated inside. The subway aerosol particles are mainly generat-
ed by the abrasion of rail tracks, wheels, catenary and brake pads pro-
duced by the motion of the trains, and the movement of passengers
which promotes the mixing and suspension of PM (Querol et al., 2012).
PM levels have been reported in many subway systems, such as in
Milan (Colombi et al., 2013), Barcelona (Querol et al., 2012; Moreno
et al., 2014), Taipei (Cheng et al., 2008, 2012; Cheng and Lin, 2010),
Seoul (Kim et al., 2008, 2012; Park and Ha, 2008; Jung et al., 2010),
Mexico City (Mugica-Álvarez et al., 2012; Gómez-Perales et al., 2004),
Los Angeles (Kam et al., 2011a,b), New York (Wang and Gao, 2011;
Chillrud et al., 2004, 2005), Shanghai (Ye et al., 2010), Sydney (Knibbs
and de Dear, 2010), Buenos Aires (Murruni et al., 2009), Paris (Raut
et al., 2009), Budapest (Salma et al., 2007), Beijing (Li et al., 2006, 2007),
Prague (Braniš, 2006), Rome (Ripanucci et al., 2006), Helsinki
(Aarnio et al., 2005), London (Seaton et al., 2005; Adams et al.,
2001), Stockholm (Johansson and Johansson, 2003), Hong Kong
(Chan et al., 2002a), Guangzhou (Chan et al., 2002b), Tokyo (Furuya
et al., 2001), Boston (Levy et al., 2000), and Berlin (Fromme et al.,
1998). However, results are not always directly comparable because of
differences in sampling and measurement methods, data analysis,
duration of the measurements and the type of environment studied
(Nieuwenhuijsen et al., 2007). There are important factors influenc-
ing PM concentrations in underground railway systems around the
world, which include differences in the length and design of the sta-
tions and tunnels, system age, wheel and rail-track materials and
braking mechanisms, train speed and frequency, passenger densi-
ties, ventilation and air conditioning systems, cleaning frequencies,
among other factors (Moreno et al., 2014 and references therein).

Despite the number of studies on PM in underground subway sys-
tems, the main focus of most of them has been to monitor variations
in mass concentration of PM on platforms and in a reduced number of
stations. Therefore, there is a need for extensive studies of entire
subway systems, covering the vast diversity of lines, trains and stations
and providing an overview of the overall exposure to PM in this
environment.

With this in mind, this work is the first study that presents a large
dataset from an extensive campaign, able to characterise 24 stations in
the Barcelona subway system and providing valuable information for
human PMexposure studies in such environment, considering its possi-
ble adverse health effects (Pope et al., 2004; Seaton et al., 2005; Karlsson
et al., 2006, 2008; Gustavsson et al., 2008). For this, continuous PM
measurements were carried out in 4 underground subway stations in
Barcelona, on a daily basis during twomonths and supplementary sam-
plings were also performed in a total of 20 additional stations. Measure-
ments inside the trains were also carried out in 6 subway lines.
Table 1
Features of the subway stations and measurement periods.

Subway station (line) Measurement period

Warmer Colder

Joanic (L4) 2 Apr–2 May 2013 28 Oct

Santa Coloma (L1) 1 Jul–30 Jul 2013 10 Feb

Tetuan (L2) 2 May–31 May 2013 25 Nov

Llefià (L10) 31 May–1 Jul 2013 13 Jan
In order to gather information on the relationship between pollutant
levels and the characteristics of the sampling sites, the measurements
were obtained in several subway lines, including stations with different
characteristics (design and ventilation of the station and tunnels, num-
ber and location of connections with the outdoor level, and train fre-
quency). This monitoring scheme was designed to characterise the
temporal and spatial variation of particles at each site and to identify
their possible sources. Therefore, the four subway stations studied on
daily basis have different characteristics; in particular, one of the sta-
tions is equipped with platform screen doors (PSDs) for commuters'
safety but also resulting in less mixing of air between the platform
and tunnels. The influence of the installed PSDs on aerosol characteris-
tics is also investigated in this work.

2. Methodology

2.1. Field study

The subway system in the city of Barcelona (managed by Transports
Metropolitans de Barcelona, TMB) is one of the oldest underground
transport systems in Europe, with its first line beginning operation in
1924. By the present decade, the Barcelona subway system comprises
8 lines (3 of them in operation over the last five years) with a total
length of 102.6 km and including 140 train stations. The new stations
have platforms separated from the tunnel by a wall with mechanical
doors (PSDs) that are opened simultaneously with the train doors.
Trains run from5 a.m. untilmidnight every day,with additional services
on Friday nights (finishing at 2 a.m. of Saturday) and Saturday nights
(running all night long), with a frequency between 2 and 15 min, de-
pending on the day (weekend or weekday), subway line and time of
day. The Barcelona subway absorbs around50% of theurban commuting
load, transporting 1.25 million commuters on weekdays, with the most
frequent average journey time being 35 min (Querol et al., 2012).

In all subway systems, two main types of environments are
connected: the platform station and the inside of the train. Both types of
environments were investigated in this study. Four underground stations
with distinct designs belonging to different lineswere selected for contin-
uous monitoring in two one-month periods: Joanic on the yellow line
(L4), Santa Coloma on the red line (L1), Tetuan on the purple line (L2),
and Llefià on the new light blue line (L10). 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 station and without middle
wall in Santa Coloma, a single narrow tunnelwith one rail track in Tetuan,
and a single tunnel with one rail track separated from the platform by a
wall with PSDs in Llefià (Table 1).

The study was conducted in the warmer (2 April–30 July 2013) and
colder (28 October 2013–10 March 2014) periods (Table 1), according
to TMB ventilation protocols to ascertain seasonal differences. In total,
the air quality at each station was measured continuously for 30 days
Station

Depth Design

–25 Nov 2013 −7.6 m

–10 Mar 2014 −12.3 m

–20 Dec 2013 −14.8 m

–10 Feb 2014 −43.6 m
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per season to obtain statistically representative data. Both seasons were
analysed using the same analyticalmethodology andmonitoring instru-
ments. For comparison purposes, outdoor ambient PM concentrations
were measured concurrently at the urban background station of Palau
Reial (41°23′14″ N, 02°06′56″ E) which was used during both cam-
paigns as a reference site.

The platform ventilation conditions in the stations are regulat-
ed by introducing outdoor air into the tunnel and/or platform
(impulsion) and removing indoor air towards the outdoor envi-
ronment (extraction). The mechanical ventilation settings
(Table 2), with strong or low impulsion and/or extraction of air be-
tween the platform stations and tunnels, were adjusted for this
study according to different TMB protocols during the sampling
periods in order to evaluate the influence in PM concentrations
and to determine the best operating conditions for air quality on
the platform. Each selected ventilation setting was maintained at
least during one week, in order to better evidencing their effects
on PM levels.

2.2. Measurements and sampling equipment

Air monitoring equipment included a light-scattering laser photom-
eter (DustTrak, Model 8533, TSI) for PM1, PM2.5 and PM10 (particulate
matter with aerodynamic diameter less than 1 μm, 2.5 μm and 10 μm,
respectively) concentrations, a high volume sampler (HVS, Model
CAV-A/MSb, MCV) with a PM2.5 head, and an indoor air quality meter
(IAQ-Calc, Model 7545, TSI) for CO, CO2, T and RH values. The instru-
ments were placed at the end of the platform corresponding to the
train entry point, far from the passengers' access-to-platform point,
and behind a light fence for safety protection. This location was chosen
as a compromise between meeting conditions for undisturbed mea-
surement and obstructing commuter's path as little as possible. The
aerosol inlets were placed at roughly 1.5 m above the ground level.
Two protocols were undertaken concurrently during the study for
continuous PMX measurements: 1) additional measurements of PMX

concentrations on platforms to characterise spatial variations along
the platform, and 2) monitoring of air quality inside the trains (see
Sections 2.3 and 2.4).
Table 2
Operating conditions for tunnel and platform ventilations.

Mode Stations
Experimental period 

(week of each month)

I.W J, SC, T 1st and 3rd

II.W J, SC, T 2nd and 4th

III.W L 1st and 3rd

IV.W L 2nd

V.W L 4th

I.C J, SC, T 1st and 4th

II.C J, SC, T 2nd

III.C J, SC, T 3rd

IV.C L 1st and 2nd

V.C L 3rd

VI.C L 4th

W:warmer period; C: colder period; J: Joanic station; SC: Santa Coloma station; T: Tetuan statio
off. Normal ventilation conditions marked in shadow.
The high volume sampler, which permits the sequential sampling of
15 filters, was equipped with quartz microfiber filters and programmed
to sample PM2.5 over 19 h (from 5 a.m. to 12 p.m., subway operating
hours) at a sampling flow rate of 30 m3 h−1. A field blank was taken
at each station. PM2.5 concentrations were determined gravimetrically
using amicrobalance (Model XP105DR,Mettler Toledo)with a sensitivity
of ±10 μg. The sampled filters were pre-equilibrated before weighing for
at least 48 h in a conditioned room (20 °C and 50% relative humidity). The
quartz filters were used only for gravimetric purpose in this study, how-
ever, a detailed chemical analysis will be performed in subsequent
studies.

Continuousmeasurements (24 h day−1) with a 5-minute time reso-
lution were performed using the DustTrak monitor for PM1, PM2.5 and
PM10 concentrations and the IAQ-Calc for CO2 and CO concentrations,
T and RH. CO concentrations were always below the detection limit
(3 ppm) and hence they will not be further mentioned in this study.
PM2.5 concentrations provided by DustTrak monitor were corrected
against the in-situ and simultaneous gravimetric PM2.5 for each station.
Levels of PM1 and PM10 were corrected using the same correction fac-
tors obtained for PM2.5. However, previous HVS-DustTrak intercompar-
isons for PM1 and PM10 concentrations were done for the ambient
outdoor air and weak correlations were obtained. The PM10 and PM1

concentrations provided for the DustTrak monitor were undervalued
and overvalued, respectively. Since the aerosol properties in the subway
are different from theoutdoor aerosol, the previously determined corre-
lations are not suitable to correct the measurements. Therefore, in this
study only the PM2.5 concentrations are used in absolute terms.

In the urban background station of Palau Reial, continuousmeasure-
ments were performed by a Laser Aerosol Spectrometer (Environmen-
tal Dust Monitor, Model EDM180, Grimm), with a 30-minute time
resolution, corrected with in-situ and simultaneous measurements ob-
tained with a high volume sampler (HVS, Model CAV-A/MSb, MCV),
working for 24 h every third day.

2.3. Additional platform measurements

Measurements at the 4 selected platforms and at 20 additional plat-
forms with wide variety of designs, from 6 subway lines, were carried
Operating conditions

Day Night

Platform Tunnel Platform Tunnel

St. Imp. St. Ext. No ventilation

Low Imp.

Low Ext.

St. Imp. + Ext.

St. Imp. + Ext.

St. Imp. + Ext.

St. Imp. + Ext.

Low Imp. + Ext.

Low Imp. + Ext.

St. Imp. + Ext. Low Imp. + Ext. Low Imp. + Ext.

Low Imp.

Low Extr.

No ventilation

Low Imp.

No ventilation 

Low Extr. Low Ext.

St. Imp. + Ext.

St. Imp. + Ext.

St. Imp. + Ext. (*)

St. Imp. + Ext.

Low Imp. + Ext. Low Imp. + Ext. (*) 

St. Imp. + Ext. Low Imp. + Ext. St. Imp. + Ext. (*) Low Imp. + Ext.

n; L: Llefià station; St: strong; Imp: impulsion; Ext: extraction; and (*): some fans switched
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out using a DustTrakmonitor to obtain PM1, PM2.5 and PM10 concentra-
tions with 5-second time resolution, enabling us to see the effect of
trains and commuters movements. Out of the 24 stations, 4 were new
stations (line 10) and the remaining were old stations (lines 1–5). The
sampling protocol was as follows: the measurements at each station
lasted for 1 h, divided into periods of 15min in 4 positions approximate-
ly equidistant along the platform; the first measurement point was lo-
cated at the sampling site (placed at the far end of the platform
corresponding to the train entry point) for comparisonwith the average
PMX concentrations measured across the platform; additionally, in the
colder period, the sampling in the first point was repeated during
5min after the 4 positions as a control; a manual record of the exact ar-
rival and departure times of the trains was kept; sampling was per-
formed during weekdays between 9 a.m. and 2 p.m. Sampling was
conducted twice in each season campaign (colder andwarmer periods),
resulting in 96 total sampling studies. In addition, in 12 old stations, in
the colder period, measurements were performed once more to study
the influence of the piston effect (with the ventilation mode II.C,
Table 2) on the air quality of the platforms.

The PMX concentrations reported in this study for the 4 selected sta-
tions are those corrected for spatial variation determined at each plat-
form based on the aforementioned measurements (Table S1). The
PM2.5 correction factors for spatial variation obtained for the light-
scattering laser photometer (DustTrak) data at Joanic, Santa Coloma,
Tetuan and Llefià were 1.05, 0.71, 0.92 and 0.71 in the warmer period
and 0.96, 1.06, 1.02 and 0.95 in the colder period, respectively. These
values were obtained by dividing the average PM2.5 concentrations in
all station by the average PM2.5 concentrations in the first point, located
at the sampling site. In general, the factors indicate that levelsmeasured
at the sampling sites were very similar to the exposure levels of com-
muters waiting elsewhere along the platform, as factors were very
close to 1,with the exceptions of Santa Coloma and Llefià, in thewarmer
period, in which exposure levels were around 40% higher in the far end
of each platform.

2.4. Measurements inside the trains

Measurements inside the trains from 6 subway lines (L1, L2, L3, L4,
L5 and L10) were carried out during a return trip along the whole sub-
way line. PM1, PM2.5 and PM10 concentrations were measured using a
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DustTrak monitor. During the colder period, CO2 concentrations were
also monitored using an Indoor Air Quality meter (IAQ-Calc). The log-
ging interval for all measurements was set at 5 s.

The measurements were performed from 10 a.m. on weekdays in
duplicate at each route andwere carried out in themiddle of the central
car of the train, with instrumentation being transported in a bag with
the air uptake inlet placed at shoulder height when sitting. A manual
record of the time when train doors open and close was performed.
During the colder period of the campaign, measurements were carried
out along thewhole length of the linewith andwithout air conditioning
(not possible during warmer period due to passengers comfort
requirements).

3. Results and discussion

3.1. PMX concentrations on platforms

3.1.1. Influence of outdoor environment
The PMX mass concentrations discussed in this section are those de-

termined by the DustTrak instrument and corrected against gravimetric
measurements. Fig. 1 shows a comparison between the average PM2.5

concentrations on the subway platforms and outdoor, considering all
day data and only operating hours data. Some outliers in the DustTrak
time series were identified and associated with occasional, mostly
night-time, maintenance or cleaning operations, and were included in
the analysis of daily concentrations. In any case the most relevant data
are those measured during subway operating hours, due to the com-
muters' exposure to PM.

PM2.5 concentrations on the platformswere significantly higher than
those in the outdoor environment. The average concentrations were
1.3–6.1 and 1.3–6.7 times higher on the platforms than outdoors for
all day period and in the operating hours period, respectively. The out-
door PM concentrations do not seem to influence significantly the air
quality in the subway stations, since most of the PM load in the under-
ground stations is generatedwithin the subway system, due to the abra-
sion and wear of rail tracks and wheels caused by the motion of the
trains as well as to the braking systems (Querol et al., 2012). In
Stockholm the exposure levels for PM2.5 were 5–10 times higher than
the corresponding values measured on the busiest streets in that city
(Johansson and Johansson, 2003).
 Coloma C Tetuan W Tetuan C Llefià W Llefià C

perating hours) outdoor (all day) outdoor (subway operating hours)

4.7 2.8 3.8 1.3 3.6

4.9 2.8 3.9 1.3 3.6

single narrow tunnel with one rail track

single tunnel with one rail track separated from the platform by a wall with PSDs

tdoor in both periods, and the ratios of PM2.5 concentrations with respect to the outdoor
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3.1.2. Comparison at different periods
Average PM2.5 concentrations during operating hours were general-

ly higher than those corresponding to the all day, which indicates the
importance of PM2.5 sources related to the subway operation activities.
The opposite trendwas only observed during thewarmer period in Joanic
when night-timemaintenance or cleaning operationsweremore intense,
generating larger amounts of PM2.5 during non-operating hours (Fig. 1).
Average PM2.5 concentrations for operating hours on Joanic, Santa
Coloma, Tetuan and Llefià subway platforms were 32, 51, 40 and
20 μg m−3 in the warmer period, and 70, 65, 91 and 41 μg m−3 in the
colder period, respectively. Highest concentrations occurred thus during
the colder period,mainly due to platform ventilation differences between
seasons. The new station (Llefià) showed on average PM2.5 concentra-
tions lower (around 50%) than the old stations (Joanic, Santa Coloma
and Tetuan), which is probably attributable to the design of the stations,
but also due to the less train frequency and more advanced ventilation
setup. Nieuwenhuijsen et al. (2007) mentioned that the high levels of
PM could be observed in underground environments resulting from the
generation or accumulation of PM in a confined space, particularly in
old subway systems.

3.1.3. Daily patterns
Average intra-day variations of PMX and CO2 concentrations are

plotted versus the train traffic frequency separately for weekdays, Sat-
urdays and Sundays on the Joanic and Llefià platforms in Fig. 2, for
both warmer and colder periods. Similar daily trends of PMX and CO2

concentrationswere observed among the conventional stations (Joanic,
Santa Coloma and Tetuan), only Joanic is shown as example in Fig. 2.

The PMX daily pattern during weekdays of the warmer period pre-
sents a concentration increase in the morning with the arrival of the
first trains until the maximum concentration at around 6 a.m., when
the ventilation rate increased. From then the PMX concentration de-
creased towards a rather stable concentration throughout the day.
With the reduction of the ventilation rate at around 9 p.m. the PMX

levels rise again until midnight (when the trains operation stops) and
tends to decrease during the night. In the conventional stations, in-
creases in PMX concentration up to a factor of 2 were observed around
3 a.m., and they were associated with occasional night-time mainte-
nance or cleaning operations. However, for Joanic W (Fig. 2) there
were higher average concentrations during the night than during sub-
way operating hours, mainly due to the intense maintenance works or
cleaning operations, as previously discussed. The CO2 concentrations
can also have a slight peak caused by the workers' exhalation and by
the use of machinery. The highest peak of CO2 concentrations on week-
days was found in the morning rush hour between 7 and 9 a.m., due to
the higher influx of commuters. The commuters generate CO2 through
exhalation and at the same time they lead to the re-suspension of the
PMX created by walking. On weekends it is possible to observe the
same pattern in relation to the ventilation rate. On Saturday, the PMX

levels only decrease after 2 a.m., when the trains stop operating, and
on the night of Saturday to Sunday the PMX concentration decreases
gradually as the train frequency also decreases, which shows the train
frequency influence in the absence of strong ventilation. Hence, the
daily pattern of PMX and CO2 concentrations was primarily influenced
by the ventilation settings and secondarily by the train frequency. The
PMX concentrations on the platforms are the result of a dynamic system
controlled by the train frequency (source) and ventilation settings (re-
moval), however, it is evident that the impact of train frequency on
PMX levels only becomes relevant when lower ventilation rates occur
(Fig. 2).

In the colder period it is possible to observe that the stable and rela-
tively low concentration registered in thewarmer period (with stronger
ventilation) is replaced by higher concentrations that tend to increase
during the day, especially during weekend, reflecting the increasing
number of trains, and probably enhanced by the accumulation of parti-
cles in the station caused by the weaker ventilation during this time of
the year. During night-time however the pattern was very similar to
the one described above for the warmer period.

The results in Llefià station (equippedwith PSDs) for thewarmer pe-
riod showed that its stronger ventilation systems can achieve much
lower and stable PMX concentrations on the platforms, with only a
slighter increase of PM levels between 6 and 9 a.m. especially during
weekdays. Again, in the colder period, the daily pattern of PMX concen-
trations presents higher and less stable values during the whole week
due to the lower ventilation rates.

Regarding the three PMX size fractions, the PM1/PM10 and PM2.5/
PM10 ratios were lower in the warmer period (Fig. 2), indicating that
the ventilation of the subway system was more efficient removing
coarser particles. Thus, the PM1were the principal size fraction compos-
ing the PM in the subway system, especially during the warmer period.

On the platforms, the PMX concentrations were lower during week-
ends, probably due to the lower frequency of trains, as Aarnio et al.
(2005) and Johansson and Johansson (2003) observed in the Helsinki
and Stockholm subway systems, respectively. The average weekday
values were between 1.2 and 1.5 times higher than those measured
on weekends. Averages, maximum and minimum PM2.5 concentrations
for operating hours and standard deviations for the four stations are
summarized in Table S2 for weekdays and weekends.

3.1.4. Influence of different ventilation settings
Regarding ventilation settings, several protocols (Table 2)were test-

ed during weekly periods to detect PMX concentration differences and
determine the best operating conditions for optimizing the air quality
on the platforms. The ventilation modes varying during day/night and
platform/tunnel, were the same for the three old stations monitored,
being Joanic (old) shown as example in Fig. 3, together with Llefià
(new, with PSDs system).

Generally, on the old platforms, when comparing the I.W and II.W
modes (Table 2, with different ventilation in tunnel at night) higher
PMX concentrations were recorded in the situation II during night-
timehours (see shadowarea in Fig. 3a, b), evidencing that the impulsion
of outdoor air wasmore efficient than the extraction of indoor air for air
quality purposes. The same effect of ventilation resultwas obtained dur-
ing the I.C and III.C modes, also with different ventilation in tunnel at
night (only I.C mode shown in Fig. 3c). Note that the general concentra-
tions during the colder period were higher, attributed to the lower day-
time ventilation than in thewarmer period, as previously discussed. The
ventilation mode II.C (Fig. 3d) was tested to observe if the piston effect
(with no additional mechanical ventilation in the tunnel) produced by
the movement of the trains was enough to reach a good air quality in-
side the subway system. On average the PM2.5 concentrations were
around 29% higher during this week compared to the levels observed
with the normal ventilation in the colder period (I.C mode).

On Llefià platform, the ventilation III.W and IV.W modes resulted in
similar diurnal patterns (only III.Wmode shown in Fig. 3e) and the V.W
mode resulted in higher PMX concentrations during all day (Fig. 3f).
These results revealed that changes in the ventilation settings on the
platform did not influence the air quality in the station, while the oppo-
site was observed for the tunnel ventilation, demonstrating that only
the changes in the tunnel ventilation were relevant in the air quality
within the new system.

Therewere nodifferences among the ventilationmodes tested in the
colder period (IV.C, V.C and VI.C), but the use of a lower number of fans
on the platforms resulted in higher PMX concentrations.

3.1.5. Spatial and temporal variations along platforms
Some clear spatial and temporal trends were obtained among all

measurements, although in some platforms there were day-to-day
fluctuations in PMX concentrations. Representative cases are discussed
below (Fig. 4), whereas all the results for PM2.5 are displayed in
Table S1. As mentioned before, the PMX concentration on the platforms
was generally lower in the warmer period, when compared with the
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Fig. 3. Hourly average PM10, PM2.5, PM1 and CO2 concentrations and train frequency on the subway platforms of Joanic and Llefià stations with different ventilation settings. The night
ventilation is highlighted in grey (W — warmer period; C — colder period).
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colder period, due to the increased use of ventilation throughout the
station diluting PMX (Figs. 4a, b, 5). In addition in colder period, the
PMX concentrations on the platforms were generally more variable in
shorter time scales (five second periods) ranging for example from 33
to 133 μg PM2.5 m−3 in Joanic station.

High time resolution PMX measurements evidenced that PMX con-
centrations on the platform increased when the train entered the plat-
form pushing in polluted air from the tunnel (by piston effect) and
decreased when it departed. While the train was stopped in the station
the PMX concentration on the platformwas kept stable, due to polluted
air introduced by piston effect and PMX generated by resuspension. The
decrease of PMX concentrations when the train left the station can also
be explained by the reverse piston effect as the train moves polluted air
from the station, renewing the air of the platform. The same PMX time
patternswere described by Salma et al. (2007) for theBudapest subway,
although different patterns were found in other study (Ma et al., 2014).
The passage of trainswas a very important factor in the PMX concentra-
tions on some platforms, being especially strong in the new stations
(Fig. 4c) and with single rail track (Fig. 4d). In some stations with two
rail trackswithoutmiddlewall (Fig. 4e, f) this patternwas also observed
but in general less frequently.

In some stations, higher PMX mass concentrations, especially the
coarse particles, were recorded at one end of the platform, coinciding
with the train entry edge, and a clear decreasing trend for PMX concen-
trations was observed along the platform (Fig. 4c). This variation can be
attributed to the turbulence generated by the trains entry, due to the
wind blasts caused by the trains when they pull into the stations.

The results obtained in the new lines equipped with PSDs showed
that this system, despite being an effective security barrier, does not
prevent completely air exchange between the railway and the platform.
Therefore, the PMX values were also influenced by the arrival and
departure of trains similarly to older platforms.
Gorg station, which is located in the end of one of the new lines and
has an uncommon design (directly connected with the street level in
the P4 location), also shows high PMX concentrations at the point of
entry and exit of the train (P1, Fig. 4g) caused by the trains' motion.
Smaller concentration peaks were observed along the rest of the plat-
form related to the open PSDs while the train was stopped, allowing
air exchanges between the tunnel and the platform. In any case the
PMX concentrations in the rest of the platform were lower than those
measured in other stations, which can be strongly influenced by out-
door air that may enter the station, influencing the dilution of PMX.

In the areas closer to the passengers' access to the platforms there is
also a high probability of air turbulences, created by the commuters
walking and the air flowing in and out of the station. This turbulence
can cause PMX resuspension, which explains the higher mass concen-
trations measured in these points at Llucmajor and Encants stations
(Fig. 4e, f), as it has already been described by Moreno et al. (2014).
However, due to the design of both stations (one wide tunnel with
two rail tracks without middle wall) it is impossible to assure if the
nearest point of entry of the train had also influence in these results.
More specific measurements will be required in these cases.

Measurements carried out with normal ventilation used in the
colder period (C1) and without ventilation in the tunnel (C2, as the
II.C ventilation mode in Table 2), allowed evidencing different spatial
variation of PMX concentrations in some stations (Fig. 4d, h). When
the ventilation of the tunnel was turned off (i.e. only piston effect ven-
tilation, Table S1), average PMX concentrations on the platform were
26% higher than those registered on a fully operational ventilation sys-
tem, indicating an accumulation of PMX in the tunnel. This percentage
was very similar to the result obtained for the extensive campaigns on
the four platforms studied on daily basis (29%).

Overall, a substantial variation in PMX concentrations between
distinct subway stations was observed (averages ranging from 13 to
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154 μg m−3 of PM2.5, Table S1. — excluding the piston effect measure-
ments) and this might be related to the differences in the length and
design of the stations and tunnels, variations in the train frequency, pas-
senger densities and ventilation systems, among other factors (Moreno
et al., 2014 and references therein). In general, the stations composed by
a single tunnel with one rail track separated from the platform by awall
with PSDs (new system) showed on average PM2.5 concentrations
lower (around 50%) than the conventional system (Fig. 5), as previously
mentioned (Section 3.1.2). Among the conventional system, the stations
with single narrow tunnel and one rail track showed on average PM2.5

concentrations higher than those observed in stations with one wide
tunnel and two rail tracks separated by a middle wall. The stations
with onewide tunnel and two rail trackswithoutmiddlewall presented
average PMX concentrations much more variable (Fig. 5).
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3.2. PMX concentrations inside the trains

All measurements carried out inside trains from 6 different lines are
shown in Table 3. Lines 1–5 are the oldest ones whereas line 10 is one of
the newest, most technologically advanced lines with more efficient
mechanical ventilation system. PM2.5 concentrations inside the trains
in line 10 were on average 2.2 times lower than in the rest of the lines
(Table 3). Repetition of measurements showed important variations in
some cases (Table 3) indicating a possible dependency on variables
such as the number of passengers (not counted in this campaign) al-
thoughmeasurements were done at the same hours of the day. Regard-
ing seasonal variations, there was not a regular variability among all
results, perhaps influenced by changes of the air filters in the trains
(the trains are fitted with air filters coupled to the air conditioning sys-
tem that are changedmonthly). A future studywill be performed taking
into account the changes of the filters and analysing their influence in
the PMX measurements to obtain a conclusive result.

From themeasurements carried out with andwithout air condition-
ing, it is possible to conclude that the air conditioning had a clear effect
on both concentration and variability of PMX inside the trains. The re-
sults indicate that the ventilation system provides a clear abatement
of PM concentrations inside the trains (Fig. 6), resulting in lower PMX

concentrations (by around 47% for PM2.5) and finer particles (around
15% finer). Similarly, a study in Hong Kong also reported that the filter
in the air-conditioning systemwas supposed to be capable of removing
the larger portion of coarse particles (Chan et al., 2002a).

The PMX and CO2 concentration profiles during trips inside
trains showed dissimilar behaviours (Fig. 6). Generally, the PMX
Table 3
Average PM2.5 concentrations inside the trains in both periods of measurements.

Warmer period

Sampling date PM2.5 (μg m−3)

With air conditioning

Line 1 05 Jul 2013 74.8
Line 1 repetition 19 Jul 2013 59.5
Line 2 09 May 2013 34.4
Line 2 repetition 16 May 2013 30.2
Line 3 24 May 2013 43.8
Line 3 repetition 29 May 2013 49.4
Line 4 08 Apr 2013 29.3
Line 4 repetition 19 Apr 2013 51.1
Line 5 12 Jun 2013 43.3
Line 5 repetition 28 Jun 2013 41.2
Line 10 05 Jun 2013 30.7
Line 10 repetition 20 Jun 2013 20.3
concentrations monitored along the lines presented temporary in-
creases after the train doors close in a number of cases, possibly due
to turbulence and consequent PM re-suspension produced by the
movement of passengers inside the train. The CO2 concentration profile
wasmost probably proportional to the number of passengers inside the
carriages of the trains. Hence the CO2 concentrations presented always
the maximum peak in the central part of each line, coinciding with the
maximum influx of people.

3.3. Comparison with other studies

Table 4 shows a comparison of the average PM2.5 concentrations on
subway platforms worldwide with the results of this study. PM2.5 levels
measured in the conventional system were in the range of those mea-
sured in Budapest (Salma et al., 2007), Helsinki (Aarnio et al., 2005),
Los Angeles (Kam et al., 2011a), New York (Wang and Gao, 2011),
Mexico (Mugica-Álvarez et al., 2012) and Paris (Raut et al., 2009), and
were lower than those from London (Seaton et al., 2005), Buenos
Aires (Murruni et al., 2009) and Shanghai (Ye et al., 2010). The average
PM2.5 value referred by Kim et al. (2012) to the PSDs system present
also in Seoul was relatively higher than the result obtained in the cur-
rent study for a similar system (L10). The PM concentrations found in
the present study were lower than those found in a previous study per-
formed in July 2011 in 2 stations of Barcelona subway (Querol et al.,
2012) for both conventional and new systems.

Given that the lowest PMX concentrations were found in the new
line both on the platforms and inside the trains, it is possible to conclude
that PMX levels inside the trains were affected by the surrounding
Colder period

Sampling date PM2.5 (μg m−3)

With air conditioning Without air conditioning

11 Feb 2014 42.1 58.9
04 Mar 2014 38.9 56.6
26 Nov 2013 37.5 77.1
17 Dec 2013 46.4 98.8
11 Nov 2013 62.9 75.5
09 Dec 2013 71.6 90.9
29 Oct 2013 63.2 87.1
18 Nov 2013 43.9 72.9
20 Jan 2014 19.2 27.7
24 Feb 2014 39.1 47.1
14 Jan 2014 23.6 30.1
27 Jan 2014 18.6 21.2
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conditions, such as those on the platforms.Hence, air exchange between
platforms and the inside of the trains occurred when doors were open
with the consequent exchange of air pollutants. Table 4 presents the
PM2.5 levels inside the trains for different subway systems worldwide.
PM2.5 levels inside the trains in the conventional Barcelona subway sys-
tem are lower than those measured in Seoul (Kim et al., 2008; Park and
Ha, 2008), Beijing (Li et al., 2007) and London (Seaton et al., 2005), and
similar to those measured in Mexico (Gómez-Perales et al., 2004) and
NewYork (Chillrud et al., 2004). The average PM2.5 levels of the remain-
ing subway systems referred in Table 4 aremore similar to the value ob-
tained for the new system. Both in the conventional and new systems
the average concentrations inside the trains found in the present
study were higher than those from the previous study in Barcelona
(Querol et al., 2012).

Comparing the results with previous worldwide studies measuring
the concentrations of PMX on subway platforms and inside the trains,
there is a remarkable variation among respective results. This could be
explained by differences in the monitoring conditions such as the
time, place, or season of themeasurements, the differences in the length
and design of the stations and tunnels, the system age, the wheels and
rail-track materials, the type of brake mechanism, the train speed and
frequency, the measurement equipment used, the ventilation systems,
the passenger density, among other factors (Moreno et al., 2014 and
references therein). Therefore, the results are not always directly
comparable because of differences in sampling methods, data analysis,
duration of the measurements and the type of environment studied
(Nieuwenhuijsen et al., 2007).

The PM2.5 concentrations inside the trains were lower (around 15%)
than those on station platforms (Table 4). These measurements results
can be explained by PM that was re-suspended on platforms due to
train or commuter movement. Moreover, PM concentrations can also
be diluted rapidly via the air conditioners inside the trains as the
space is confined during operation. Nieuwenhuijsen et al. (2007) impli-
cated the air conditioning in trains as a possible factor favouring lowPM
levels inside the trains.

3.4. PM2.5 exposure during subway commuting

The PM2.5 exposure was calculated taking into account all data ob-
tained during both the intensive campaign on the 4 selected stations
and the additional 20 platform measurements. Regarding the
measurements inside the trains, the data used were obtained in the
commuters normal conditions during thewarmer period (with air con-
ditioning) and without air conditioning in the colder period for the ex-
posure calculations.

For a subway commuting travel of 30min in the train and5minon the
platform, the average PM2.5 exposure would reach 53 μg m−3. This value
was reduced to 27 μgm−3 in the case of line 10, whereas for L1, L2, L3, L4
and L5 lines the exposureswere 66, 62, 67, 59 and 40 μgm−3, respective-
ly. The average commuter exposure levels for the warmer and colder pe-
riods among all lines were 43 and 63 μg m−3 of PM2.5, respectively,
emphasizing that in the colder period the commuters are exposed to
worse air quality when commuting.When air conditioningwas switched
on, a decrease of 32%of PM2.5 exposure levelswas reached, being an effec-
tive approach to reduce exposure levels.

It has been recognized in several studies that concentrations inside
the trains are lower than in subway stations (Chillrud et al., 2004;
Aarnio et al., 2005; Seaton et al., 2005; Braniš, 2006), suggesting that
time spent in stations may be a better predictor of personal exposure
than total time spent underground. The exposure is repeated almost
every day for most commuters, whichmay cause cumulative or chronic
health effects over time. Nevertheless, higher health risks for sensitive
groups, such as children, the elderly, and individuals with pre-existing
health conditions exacerbated by air pollution (many respiratory and
cardiovascular diseases) may be significant, even for short periods
spent in underground environment (Salma et al., 2007). Train drivers
and other workers, who spend several hours a day within the under-
ground subway are subject to higher exposure to PMX levels than the
commuting public and thus possibly greater health risks. In a study of
PM exposure of pregnant women in Barcelona, a train/subway source
contribution was identified, and its contribution was found not related
to the time spent during commuting but only to the fact of using the
subway, pointing to a maximum exposure on the platform, as opposed
to inside the train (Minguillón et al., 2012).

The average PM2.5 exposure during subway commuting in Barcelona
obtained in the current study is higher than that reported (26 μg m−3)
by Querol et al. (2012), whichmight be related to the higher amount of
measurements carried out in this study. Comparing to subway systems
worldwide, the PM2.5 exposure obtained in the current study was also
higher than that reported in Mexico (33 μg m−3; Gómez-Perales et al.,
2007), Taipei (35 μg m−3; Tsai et al., 2008), Hong Kong (33 μg m−3;
Chan et al., 2002a) and Guanzhou (44 μg m−3; Chan et al., 2002b),



Table 4
Comparison of PM2.5 concentrations measured on platforms and inside the trains at different subway systems worldwide.

Measurement
environment

City PM2.5 (μg m−3) Reference

Range
(min–max)

Average

On the platform Budapest – 51 Salma et al. (2007)
Helsinki 23–103 60 Aarnio et al. (2005)
London – 270–480 Seaton et al. (2005)
Los Angeles 9–130 57 Kam et al. (2011a)
New York 60–77 68 Wang and Gao (2011)
New York – 62 Chillrud et al. (2004)
Buenos Aires – 152–270 Murruni et al. (2009)
Mexico 41–67 48 Mugica-Álvarez et al. (2012)
Paris – 61–93 Raut et al. (2009)
Seoul 82–176 129 Kim et al. (2008)
Seoul – 105 Park and Ha (2008)
Seoul 39–129 66 Kim et al. (2012)
Seoul PSDsa 20–166 58
Shanghai – 287 Ye et al. (2010)
Stockholm WDb 105–388 258 Johansson and Johansson (2003)
Stockholm WEc 24–334 185
Taipei 7–100 35 Cheng et al. (2008)
Barcelona L3d 110–186 125 Querol et al. (2012)
Barcelona L9e 12–99 46
Barcelona L1, L2, L3, L4 and L5d 18–154 66 Current study
Barcelona L10e 13–61 32

Inside the train Beijing – 113 Li et al. (2007)
Beijing 13–111 37 Li et al. (2006)
Guangzhou – 44 Chan et al. (2002b)
Helsinki 17–26 21 Aarnio et al. (2005)
Hong Kong 21–48 33 Chan et al. (2002a)
London – 130–200 Seaton et al. (2005)
Los Angeles 11–62 24 Kam et al. (2011b)
Mexico 31–99 57 Gómez-Perales et al. (2004)
Mexico 8–68 – Gómez-Perales et al. (2007)
New York 34–44 40 Wang and Gao (2011)
New York – 62 Chillrud et al. (2004)
Seoul 115–136 126 Kim et al. (2008)
Seoul – 117 Park and Ha (2008)
Sydney – 36 Knibbs and de Dear (2010)
Taipei 8–68 32 Cheng et al. (2008)
Taipei 3–48 24 Cheng et al. (2012)
Barcelona L3 and L5d 17–32 25 Querol et al. (2012)
Barcelona L9e 11–18 15
Barcelona L1, L2, L3, L4 and L5d 28–99 57 Current study
Barcelona L10e 20–31 26

a PSDs—platform screen doors.
b WD—weekdays.
c WE—weekends.
d Conventional system.
e New system.
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and lower than that referred for London (202 μg m−3; Adams et al.,
2001) and New York (62 μg m−3; Chillrud et al., 2004).

In addition, an assessment on PM2.5 exposure for different com-
muting modes reported in several studies worldwide (Querol et al.,
2012 and references therein) was done to compare the data obtain-
ed in the present study. The PM2.5 exposure while commuting by
bus and passenger car reached values in the range of
33–75 μg m−3 and 22–83 μg m−3, respectively, comparable to
those reported for subway commuting in Barcelona during
this study (27–67 μg m−3). Cycling/motorbike and pedestrian
commuting were reported with PM2.5 exposure levels of 68–88
and 63 μg m−3, respectively, being markedly higher than in the
Barcelona subway.
4. Conclusions

Subway aerosol particles have been monitored in Barcelona on di-
verse platform stations and inside the trains, focusing on particulate
matter mass concentration. The following main conclusions were
drawn:

• PMX concentrations on the platforms were higher than those in out-
door environment approximately 1.3–6.7 times, revealing the preva-
lence of PM sources on the platform and tunnel level.

• The new system (L10) with PSDs showed on average PMX concentra-
tions lower (around 50%) than the conventional system (L1–L5).

• The measured PM2.5 concentrations on all types of platforms were
lower or in the range of other reported subway systems worldwide.

• Themeasurements in thewarmer period (strong ventilation) showed
lower concentrations than in the colder period (weak ventilation).
Variations in PMX levels in different seasons were thus clearly influ-
enced by the ventilation system. This suggests that an appropriate
ventilation mode should be applied to the subway system to obtain
both PM reduction and energy saving.

• The piston effect alone (with no additional mechanical ventilation in
the tunnel) produced by themovement of the trainswas not an effec-
tive approach to obtain a good air quality in the subway system.
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• PMX concentrations displayed a typical diurnal cycle during theweek-
days, driven by the ventilation settings and secondarily by the train
frequency.

• Both lower PMX concentrations and lessmarked cycleswere observed
on Saturdays and Sundays.

• Real-time measurements of PMX showed temporal and spatial varia-
tions along the platforms, related to the differences in the time,
place, or season of the measurements, design of the stations and tun-
nels, variations in the train frequency, passenger densities and venti-
lation systems, among other factors.

• The use of air conditioning inside the trainswas an effective approach
to reduce exposure levels. The PMX concentrations inside the trains
were lower (around 15%) than those on station platforms.

• The ventilation and air conditioning systems were more efficient re-
moving coarse particles, resulting in a relatively fine-dominated PM
in the subway system.

• This study shows that the time spent commuting in the subway sys-
tem can contribute substantially to total daily exposure to PM2.5 and
be associated with adverse health effects.
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Conventional subway systems are characterized by high particulate matter (PM) con-
centrations. To relate PM exposure to adverse health effects it is important to determine
the dose of the inhaled particles in the human respiratory tract (HRT). Therefore, the total
and regional doses of particles for a healthy adult male using the dosimetry model ExDoM
in the subway system were estimated. The overall dose was determined using the average
exposure PM2.5 concentrations obtained from an extensive campaign in the Barcelona
subway system, including measurements on the platforms and inside the trains. Despite
the lower PM2.5 concentrations inside the trains with respect to those on station plat-
forms, the highest dose was observed inside the trains due to longer exposure time,
evidencing the importance of the exposure period in the estimation of the particle dose.
Overall, during a subway commuting travel, roughly 80% of the inhaled mass of subway
PM2.5 was deposited in the HRT. The highest amount of the inhaled particles was
deposited in the extrathoracic region (68%), whereas the deposition was much smaller in
the tracheobronchial tree (4%) and alveolar–interstitial region (10%). Individual's daily
exposure to PM2.5 and dose were estimated, considering a typical time-activity pattern of
an adult male who lives in Barcelona and commutes by subway. While a subject typically
spends approx. 3% of the day in the subway system, this microenvironment may account
for up to 47% of the total PM2.5 daily dose. These results might be similarly high for other
commuting modes due to the reported high PM exposure levels. The dose is mainly
dependent on the particle size and exposure concentrations.
& 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Urban population is daily exposed to air particulate pollution from a range of sources, including the ambient environ-
ment and three main microenvironments: home, workplace and commuting. In fact, the exposure to airborne particles
depends on the lifestyle of each individual and the different microenvironments frequented (Buonanno, Fuoco & Stabile,
2011; Buonanno, Marks & Morawska, 2013). Epidemiological and toxicological studies have shown associations between
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particulate matter (PM) and adverse health effects (e.g. Dominici et al., 2006; Katsouyanni et al., 2001; Pope & Dockery,
2006; Russell & Brunekreef, 2009; Schikowski et al., 2007; Valavanidis, Fiotakis & Vlachogianni, 2008). Although the large
majority of these studies relate health effects to PM exposure (the inhaled concentration), the negative outcomes are mainly
caused by the subsequent deposition of PM in the respiratory tract during breathing (Salma, Balásházy, Winkler-Heil, Hof-
mann & Záray, 2002). Hence, in order to understand the mechanisms behind the health responses, it is crucial to determine
the respiratory tract deposition fraction (DF) of aerosol particles, which is their probability to deposit, and the dose (amount
of inhaled particles deposited) (Löndahl et al., 2009). For aerosols this dose can be given as number, surface area or mass of
the deposited particles. The dose of particles in the human respiratory tract (HRT) depends on a number of factors, including
PM exposure concentrations, physicochemical characteristics of PM, exposure duration, and exposed subject characteristics,
such as age, gender, state of health, lung morphology, and breathing parameters (Broday & Agnon, 2007; Glyt-
sos, Ondráček, Džumbová, Kopanakis & Lazaridis, 2010; Heyder, 2004; Hofmann, 2011; Lazaridis, Broday, Hov & Georgo-
poulos, 2001; Patterson, Zhang, Zheng & Zhu, 2014). However, most of the studies on the health impact of aerosol inhalation
link the observed health effects with day-averaged concentrations from fixed ambient air quality monitoring stations, rather
than personal exposure to particles at the indoor and outdoor places where the individual may be active (Aleksan-
dropoulou, Mitsakou, Housiadas & Lazaridis, 2008).

Inhaled particles are carried with the tidal air through the respiratory system. However, when travelling along an airway,
particles will be exposed to different physical mechanisms forcing them to displace off the streamlines of the inhaled air
volume and eventually depositing on the surrounding airway surfaces. The most important mechanisms acting upon the
inhaled particles are diffusion (Brownian motion), inertial impaction, electrostatic charging, and sedimentation (gravita-
tional settling) (Hofmann, 2011; Hussain, Madl & Khan, 2011; Löndahl et al., 2014).

The deposited dose of atmospheric aerosols in the human respiratory tract is measured by monitoring the inhaled and
exhaled particle concentrations (e.g. Löndahl et al., 2008; Montoya et al., 2004; Morawska, Hofmann, Hitchins-Love-
day, Swanson & Mengersen, 2005). This provides an empirical estimation for the total deposition pattern of aerosol particles
in the respiratory system. Due to experimental limitations, the regional dose in the respiratory system (extrathoracic,
tracheobronchial, and alveolar–interstitial regions) cannot be determined experimentally and is typically estimated by
means of mathematical models. Several dosimetry models have been developed over the years (Aleksandropoulou &
Lazaridis, 2013; Asgharian, 2004; Georgopoulos & Lioy, 2006; Heyder & Rudolf, 1984; ICRP, 1994; Klepeis, 2006; Koblinger &
Hofmann, 1990; Lazaridis et al., 2001; Mitsakou, Mitrakos, Neofytou & Housiadas, 2007; Rudolf, Köbrich & Stahlhofen, 1990;
Sturm, 2007; Yeh & Schum, 1980). These models for both total and regional deposition have been compared to experimental
studies, with a reasonable correlation being obtained between model predictions and experimental measurements
(Asgharian & Price, 2007; Löndahl et al., 2008; Stuart, 1984).

Several studies on PM exposure in different commuting modes along complementary routes have stated that all com-
muting modes (passenger cars, bus, subway, motorbike, cycling and pedestrian) are characterized by high PM exposure
levels due to the fact that commuters are close to mobile emission sources. Moreover, in this assessment studies it is very
important to account for the breathing rates and journey times (e.g. de Nazelle et al., 2012; Gulliver & Briggs, 2004). Many
people living in metropolitan areas worldwide commute using underground subway transportation. Several studies have
investigated the air quality in underground subway systems (see Martins et al., 2015a and references therein), and most of
them reported elevated pollution levels in terms of PM in comparison to the outdoor ambient air. The PM in this micro-
environment is mostly generated internally by the motion of the trains and movement of passengers, but can also origin
from the inflow of outside air through the ventilation system, which promotes the mixing and resuspension of PM (e.g.
Querol et al., 2012). Despite the relatively short amount of time spent in the subway on a daily basis, or commuting in a
general way, PM exposure levels in such microenvironment are of concern given the relatively high PM concentrations.
Michaels and Kleinman (2000) reported that peak exposures of 1 h or less, just over the typical time spent in a transport
environment, may be extremely relevant in terms of health effects. In addition, the exposure to PM in the subway system
has been associated with adverse health effects (Bachoual et al., 2007; Bigert et al., 2008; Seaton et al., 2005). However there
is an uncertain and limited nature of the evidence for subway metalliferous PM toxicity (Moreno et al., 2015 and references
therein), as for example part of subway particles bioreactivity has been associated to the glass fibre filters in the extracted
samples (Karlsson, Ljungman, Lindbom & Möller, 2006), and no increased lung cancer risk has been found amongst subway
train drivers (Gustavsson, Bigert & Pollán, 2008).

To the authors' knowledge, there are no studies on the deposition of subway PM in the human respiratory tract.
Therefore, the main objectives of this study were to (i) determine the PM2.5 exposure of subway commuters, (ii) calculate
the total and regional doses in the respiratory tract based on the PM2.5 exposure during subway commutes, as a function of
the time spent on the platforms and inside the trains, and (iii) estimate the overall daily PM2.5 dose, considering a typical
time-activity pattern. The exposure and dose assessment was performed using aerosol measurements in the Barcelona
subway system and in the urban background of Barcelona (Spain), with limitations for the remaining indoor micro-
environments considered, as explained later in results and conclusions. In this study, the PM2.5 dose in the HRT was esti-
mated applying the dosimetry model Exposure Dose Model (ExDoM) (Aleksandropoulou & Lazaridis, 2013).
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2. Experimental method

2.1. Monitoring sites and measurements

The subway system of Barcelona is managed by the Transports Metropolitans de Barcelona (TMB) and it is one of the
oldest underground transport systems in Europe, with its first line beginning operation in 1924. The measurement cam-
paign was conducted in this subway system during two seasonal periods: warmer (2 April–30 July 2013) and colder (28
October 2013–10 March 2014). Different types of subway stations were considered in the experimental campaign in terms of
architectural design, in order to investigate the effects on the exposure concentration levels and dose. Particle aerosol
measurements were performed on the four stations described hereinafter:

– Joanic on the yellow line (L4): two platforms in the same tunnel with the two rail tracks in the centre, one for each
direction, separated by a middle wall.

– Santa Coloma on the red line (L1): one wide tunnel with two rail tracks without middle wall.
– Tetuan on the purple line (L2): one platform in a single narrow tunnel with one rail track.
– Llefià on the new light blue line (L10): a single narrow tunnel with the platform separated from the rail track by a glass

wall with mechanical doors that are opened simultaneously with the train doors (known as platform screen doors system
– PSDs). The system is automatic, with computer controlled driving system that optimises speed, braking and stopping
processes.

The techniques and procedures of the experimental study are described in detail elsewhere (Martins et al., 2015a), and
will be only briefly summarised here. PM2.5 samples were collected daily on quartz microfibre filters using a high volume
sampler (HVS, Model CAV-A/MSb, MCV) over 19 h (from 5 a.m. to midnight, subway operating hours). The filters were
gravimetrically analysed to determine the PM2.5 mass concentrations. PM2.5 mass concentrations (μg m�3) were deter-
mined continuously by a light-scattering laser photometer (DustTrak, Model 8533, TSI) with a 5-minutes time resolution.
These measurements were performed for each seasonal period during a month at each station. Furthermore, PM2.5 mass
concentrations were also determined inside the trains, from 6 subway lines (L1, L2, L3, L4, L5 and L10), with 5-seconds time
resolution using a DustTrak. PM2.5 concentrations provided by DustTrak monitor were corrected against the gravimetric
PM2.5. Additionally, in the current study the exposure concentrations represent the mean value of the measurements
performed at each station and inside the trains of the different lines, in order to simulate the overall PM exposure and dose
of a subway commuter. Air quality measurements were performed simultaneously at the urban background station of Palau
Reial to obtain mean concentrations of the outdoor environment.

2.2. Respiratory tract deposition model

Aerosol deposition in human respiratory systemwas calculated by the dosimetry model ExDoM. A detailed description of
this model has been reported by Aleksandropoulou and Lazaridis (2013) and Chalvatzaki and Lazaridis (2015). For modelling
purposes, the respiratory tract is divided into different anatomical regions: an extrathoracic (ET) region – anterior nasal
passages (ET1) and the posterior nasal passages, larynx, pharynx and mouth (ET2); a tracheobronchial (TB) tree – the
bronchial region, including trachea and bronchi (BB) and the bronchiolar region consisting of bronchioles and terminal
bronchioles (bb); and an alveolar–interstitial (AI) region, consisting of respiratory bronchioles, and alveolar ducts and sacs
surrounded by alveoli. The exposure is adjusted by the inhalability, which is the fraction of aerosol particles that enters in
the HRT during breathing. The PM deposition fractions for each region of the respiratory tract are calculated after accounting
for the filtering effect of the preceding airways (Aleksandropoulou & Lazaridis, 2013).

In particular, the dose depends on the exposure concentration and physicochemical characteristics of the PM, time-
activity pattern and the exposed subject characteristics, as the respiratory physiology parameters, physical activity level,
breathing pattern, gender and age, among others (Aleksandropoulou & Lazaridis, 2013; ICRP, 1994).

2.3. Exposure scenario and dose calculation

For the application of the dosimetry model ExDoM the following aspects were considered: (i) selection of the exposed
subject; (ii) identification of the microenvironments where the exposed subject spent time; (iii) estimation of the time spent
in each microenvironment, (iv) determination of the PM2.5 exposure concentrations, (v) election of the breathing mode; and
(vi) selection of breathing rate (volume of air inhaled per unit of time) to be used as a function of the corresponding specific
activity levels (classified as sleep, sitting/resting and light exercise).

Modelling of PM2.5 deposition in the HRT was conducted for a healthy Caucasian adult male breathing through the nose.
Lippmann, Yeates and Albert (1980) reported that the nasal passages are a more efficient particle filter than the oral ones,
thus, persistent mouth breathers deposit more particles in their respiratory system than those breathing entirely through
the nose. Additionally, Löndahl et al. (2007) conducted an intensive study determining the dose of particles in the HRT by
gender (male and female) and they found that the amount of deposited particles varied remarkably between genders,
increasing substantially for the male subjects, because of their higher breathing rate values. The lung of a child differs
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significantly from that of adults in terms of airway dimensions and breathing rate (Ménache, Hofmann, Ashgarian & Miller,
2008). Due to the combination of smaller airway sizes, smaller tidal volumes, but higher breathing frequencies, the total
deposition fraction in children is generally higher than in adults (Asgharian, Ménache & Miller, 2004). It is also worth
noticing that the dose is, in general, higher in subjects with lung problems (such as asthma, obstructive lung diseases, etc.)
than healthy subjects (e.g. Anderson, Wilson & Hiller, 1990; Kim & Kang, 1997; Chalupa, Morrow, Oberdörster, Utell
& Frampton, 2004).

The size distribution of the subway PM2.5 was considered monodisperse with a mass mean aerodynamic diameter
(MMAD) of 2.1 mm and a geometric standard deviation (GSD) of 1.7. Although particles were assumed spherical (shape factor
of 1) for the dose calculations it is known from scanning electron microscopy studies that a large fraction of subway PM is
laminar (Moreno et al., 2015; Querol et al., 2012). Another important factor determining the deposition of particles is their
density (Aleksandropoulou & Lazaridis, 2013). The density of the subway particles ranged from 2.2 to 3.1 g cm�3, based on
their chemical composition at each subway station and seasonal period (Martins et al., 2015b).

In the case of the subway microenvironment, the estimations were based on the assumption that the subject is under
light exercise and consequently the breathing rate equals to 1.5 m3 h�1 (reference values for adult Caucasian males; ICRP,
1994). Furthermore, the dose was determined for average exposure concentrations from the measurements on the plat-
forms and inside the trains in order to represent the overall dose in the subway system. The exposure time assumed was
based on the TMB information with an average subway commuting one-way travel of 5 min on the platform and 15 min
inside the train.

The dose is the amount of particles deposited in the respiratory tract during breathing, and it can be expressed as

C t QDose DF= × × ×

where DF is the deposition fraction of aerosol particles in the respiratory system (dimensionless), C is the airborne particle
concentration in units of mg m�3 (amount of particle inhaled per volume air), t is the exposure time in hours, and Q is the
breathing rate in m3 h�1. From these parameters, DF is the least accessible factor, because it depends on the exposed subject
characteristics, such as age, gender, health status, lungs morphology, respiratory parameters and activity, as well as on
numerous other parameters including particle size, density, shape, and chemical composition (ICRP, 1994; Löndahl et al.,
2007). DF increases with larger particle size leading to higher dose. Moreover, the DF is different for each region of the
respiratory system (extrathoracic, tracheobronchial, and alveolar–interstitial). The breathing rate not only depends on the
body size of the subject, but also of their activity and health status (Bennett & Zeman, 2004; ICRP, 1994). Furthermore, the
deposition calculations used in the model are based upon the empirical equations proposed in the ICRP human respiratory
tract model (Aleksandropoulou & Lazaridis, 2013).

To estimate the overall daily dose some activities were neglected, such as outdoor entertainment or indoor (at home and
workplace) activity, therefore, assuming no indoor sources. The daily dose was determined for a healthy adult male living in
Barcelona considering a typical time-activity pattern of a subject who has a sedentary job and commutes by subway. Time-
activity pattern was based on information from the Spanish national statistical institute (http://www.ine.es/) and previous
exposure studies carried out in Barcelona, which included Time-Microenvironment-Activity-Diaries (Schembari et al., 2013).
The exposure concentrations at home and workplace were estimated just taking into account the infiltration of PM2.5 from
outdoor, for naturally ventilated buildings (Morawska & Salthammer, 2003). Therefore, these concentrations are under-
estimated due to the non-consideration of indoor sources, such as e.g. cooking at home or printer emissions in an office.
Dosimetry calculations were performed using the aforementioned concentrations during exposure under variant physical
activities. The additional physical activity levels considered were sitting/resting and sleeping with breathing rates of 0.54
and 0.45 m3 h�1, respectively. The aerosol density outside the subway system was assumed equal to 1.5 g cm�3, which
corresponds to the average density of typical ambient aerosols (Zhang, Canagaratna, Jayne, Worsnop & Jimenez, 2005). A
monodispersed aerosol size distribution was considered with a MMAD of 0.21 mm and a GSD of 1.15.
Table 1
Average PM2.5 mass concentrations (mg m�3) on the subway platforms and at the urban background site (outdoor) for both measurement periods.

Warmer period Colder period

Measurement period Subway station Outdoor Measurement period Subway station Outdoor

2 Apr–2 May 2013 32.3 (Joanic) 14.9 28 Oct–25 Nov 2013 69.7 (Joanic) 10.5
1 Jul–30 Jul 2013 51.1 (Santa Coloma) 16.6 10 Feb–10 Mar 2014 65.0 (Santa Coloma) 13.2
2 May–31 May 2013 39.6 (Tetuan) 14.3 25 Nov–20 Dec 2013 91.3 (Tetuan) 23.3
31 May–1 Jul 2013 20.2 (Llefià) 15.4 13 Jan–10 Feb 2014 40.5 (Llefià) 11.4

http://www.ine.es/
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3. Results and discussion

3.1. Exposure concentrations

PM2.5 concentrations in the Barcelona subway obtained from this experimental study have been reported by Martins
et al. (2015a), and will only be summarised here.

Table 1 displays the average PM2.5 concentrations measured at each subway station and in the outdoor environment. The
outdoor concentrations were lower than those in the subway stations. Thus, the outdoor PM2.5 concentrations do not seem
to influence significantly the air quality in the subway stations, since most of the PM2.5 load in the underground stations is
generated within the subway system by the motion of the trains and the movement of the commuters (e.g. Querol et al.,
2012). These results are in agreement with Nieuwenhuijsen, Gómez-Perale and Colvile (2007), who also found high PM
concentrations in underground environments resulting from the generation or accumulation of PM in a confined space,
particularly in old subway systems. In Barcelona subway, higher PM2.5 concentrations were found in the stations during the
colder period, mainly due to platform ventilation differences between seasons, being stronger during the warmer period.
The new Llefià station showed on average lower PM2.5 concentrations (around 50%) in comparison with old conventional
stations (Joanic, Santa Coloma and Tetuan), which might be related to the design of the stations (with PSDs), but also due to
the lower train frequency and more advanced ventilation setup.

Regarding the measurements inside the trains no seasonal pattern was found, thereby, in the current study average PM2.5

concentrations under normal conditions inside the trains (with air conditioning) obtained in both measurement periods
were used. These concentrations were 53.8, 37.1, 56.9, 46.9, 35.7 and 23.3 mg m�3 in the lines L1, L2, L3, L4, L5 and L10,
respectively. Again PM2.5 concentrations inside the trains of older lines (L1-5) were higher than those in the trains of the
new PSDs line (L10). On average, the PM2.5 concentrations inside the trains were lower (around 15%) than those on station
platforms.

Table 2 displays a typical time-activity pattern and the exposure concentrations for a 24-h period, including both indoor
and outdoor environments considered for this study. The reported concentrations are the average values of all measure-
ments during both seasonal periods to obtain overall exposure concentrations. For a subway commuting travel of 15 min
inside the train and 5 min on the platform, the average PM2.5 exposure would reach 44.5 μg m�3 (Table 2), based on the
exposure concentrations of 42.3 and 51.2 μg m�3 inside trains and on platforms, respectively. Exposure concentrations at
home and workplace were estimated taking into account the mean value of the indoor/outdoor ratio of 0.91 for PM2.5, for
naturally ventilated buildings in the absence of indoor sources (Morawska & Salthammer, 2003). Thus, the exposure con-
centrations at home and workplace were obtained based on the average PM2.5 outdoor concentration of 15.0 mg m�3

(Table 2). However, in addition to the particles from outdoor origin, aerosols are also generated in the presence of indoor
activities (e.g. Abt, Suh, Allen & Koutrakis, 2000a; Abt, Suh, Allen, Catalano & Koutrakis, 2000b; Morawska & Salthammer,
2003; Afshari, Matson & Ekberg, 2005; Hussein, Hämeri, Heikkinen & Kulmala, 2005; Hussein et al., 2006; Lazaridis et al.,
2006; Glytsos et al., 2010; Abdullahi, Delgado-Saborit & Harrison, 2013), and this should be taken into account when
interpreting the dose results. Moreover, the natural ventilation does not provide a constant indoor/outdoor ratio (Hussein
et al., 2006, 2005; Minguillón et al., 2012).

3.2. Particle dose in the subway system

The deposited PM2.5 mass in the different regions of the HRT (ET, TB and AI) for a subway commuting travel, assuming
the typical exposure time of 5 min on the platforms and 15 min inside the trains, is shown in Fig. 1. Particle dose in the HRT
Table 2
Daily time-activity pattern and PM2.5 exposure concentrations.

Time Duration Microenvironment Activity level PM2.5 exposure

Start End (h) (mg m�3)

00:00 07:00 7.0 Home Sleeping 13.6
07:00 08:10 1.2 Home Light exercise 13.6
08:10 08:20 0.2 Outdoor Light exercise 15.0
08:20 08:40 0.3 Subway system Light exercise 44.5
08:40 09:00 0.3 Outdoor Light exercise 15.0
09:00 18:00 9.0 Workplace Sitting 13.6
18:00 18:20 0.3 Outdoor Light exercise 15.0
18:20 18:40 0.3 Subway system Light exercise 44.5
18:40 18:50 0.2 Outdoor Light exercise 15.0
18:50 21:00 2.2 Home Light exercise 13.6
21:00 23:00 2.0 Home Sitting/resting 13.6
23:00 00:00 1.0 Home Sleeping 13.6
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was proportional to the exposure concentrations. Thus, higher PM2.5 dose occurred during the colder period in the subway
stations (Fig. 1a), mainly due to platform ventilation differences between seasonal periods, as previously discussed.

Based on the intensive study performed in several subway stations of Barcelona by Martins et al. (2015a), different PM2.5

concentrations were found among stations depending on the architectural design. The PM2.5 dose for commuters in the new
stations with PSDs (e.g. Llefià) was lower than in the older conventional stations. Among the latter, the stations with single
narrow tunnel and one rail track (e.g. Tetuan) showed higher PM2.5 doses than those observed in the rest of stations, taking
into account that in the stations with one wide tunnel and two rail tracks without middle wall (e.g. Santa Coloma) a much
more variable particle dose is expected, related to the large variability of PM2.5 concentrations. Furthermore, the particle
dose when a subject is in the subway stations may be affected by several influential parameters (Martins et al., 2015a).
Experimentally, PM2.5 concentrations showed clear differences during distinct times of the day and location on the platform,
reflecting the influence of the ventilation settings, design of the stations and tunnels, train frequency and commuter density.
Concentrations were lower during weekends, probably due to the lower frequency of trains. When travelling inside the
trains in the oldest lines (L1-5), the PM2.5 dose in the HRT was also higher than that in the new line 10 (Fig. 1b), as expected
due to higher PM2.5 concentrations.

During the subway commuting travel the highest dose was observed inside the trains as a result of the longer exposure
time, evidencing that the exposure period is an important factor in the estimation of the particle dose, since the con-
centrations inside the trains were lower (around 15%) than those on station platforms. However, it is worth observing that
the particle dose inside the trains was more than double (averagely 2.5 times higher) of those on the platforms.

Salma et al. (2002) reported that the biological response to airborne particles is assumed to be related to the amount of
PM deposited in the different compartments of the HRT. With respect to deposition efficiencies, a large percentage (81.7%) of
the inhaled mass of PM2.5 was deposited in the whole human respiratory system and the remaining was exhaled. These total
deposition follows the tendencies derived from the superposition of the regional depositions (Dtotal¼DETþDTBþDAI). As
shown in Fig. 1(a) and (b), the deposition fraction over the total inhaled mass showed substantial differences among the
regions of the human respiratory tract (ET, TB and AI). The extrathoracic airways received the highest amount of the inhaled
PM2.5 mass deposited in the HRT (68.5%). This fraction reflects that the deposition of particles occurred mainly in the upper
region of the respiratory tract, which does not penetrate into the lung, and is removed much more rapidly than the particles
deposited in deeper regions of the respiratory system (e.g. Carvalho, Peters & Williams, 2011; Löndahl et al., 2014). In
contrast, the lowest amount of inhaled PM2.5 mass was deposited in the tracheobronchial region (3.7%) and the remaining
mass in the alveolar–interstitial region (9.6%).
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3.3. Estimated personal PM2.5 daily dose

The current study deals with the individual’s exposure to PM2.5, in order to identify the activities and microenvironments
that contribute most to an average daily dose. Given that short-term exposure may contribute significantly to average daily
exposure to PM2.5 mass concentration, the daily doses of total and regional deposited mass were calculated, considering a
typical time-activity pattern (Table 2). Figure 2 shows the effect of PM2.5 exposure concentrations on dose for total and
regional respiratory tract. The deposition increases by increasing the exposure concentration.

In Table 3, dose, deposition rate and the contribution of the different activities/microenvironments for total PM2.5

deposited mass are reported for a typical time-activity pattern (Table 2), considering no indoor sources at home and
workplace. The minimum 24-h total dose of PM2.5 in an adult male was around 78 mg. This value presents the lowest
estimate of the particle dose and it is expected to be higher in real-life conditions after considering indoor sources of aerosol
particles and spatial variability of outdoor aerosols. Abt et al. (2000a, 2000b) conducted an intensive study characterizing
sources of indoor particles and they found that cooking activities, cleaning and the movement of people has a significant
impact on indoor particle concentrations. Moreover, the difference in the absolute value is expected to yield higher personal
exposure and dose depending on the residence and workplace of the subject being close to a road, in commute traffic,
background environment, etc. (e.g. Buonanno et al., 2011; Knibbs, Cole-Hunter & Morawska, 2011; Minguillón et al., 2012;
Salma et al., 2015; Wang, Morawska, Jayaratne, Mengersen & Heuff, 2011). In the current study, the outdoor concentrations
were measured at a background station located in the urban area of Barcelona, despite the exposure and dose for people
living and working nearby major roads and road junctions can be significantly higher, due to very high PM2.5 concentrations
recorded close to road traffic (Minguillón et al., 2014). Furthermore, as previously mentioned the particle dose is expected to
increase while breathing through the mouth.

Regarding the total deposition fraction, 29.4% of the daily inhaled PM2.5 was deposited in the HRT and the remaining was
exhaled. The dose in the tracheobronchial and in the extrathoracic regions represented from 3.9% to 14.0% of the inhaled
particles. The remaining particles were deposited in the alveolar–interstitial region (11.5%). Comparing the daily particle
deposition with the particle deposition taking place only at the subway micro environment, the deposition fraction of the
inhaled particles in the extrathoracic region and consequently the total deposition fraction were much lower for the daily
deposition, due to the smaller particle size of the aerosol outside the subway system (see size distribution in Section 2.3).
The decrease in deposition with decreasing particle size is in agreement with predictions of the ICRP model (ICRP, 1994). The
deposition fraction in the alveolar–interstitial region was higher in the daily results since the smaller particles can penetrate
into deep lung regions and can deposit there. Thus, these results showed that the regional distribution of deposited particles
(i.e. the mass of particles that are deposited in each of the respiratory tract regions) is strongly dependent on particle size.
However, for health effect purposes, the smaller particles depositing deeper in the lungs are less efficiently cleared com-
pared to the larger particles that deposit preferentially in the upper airways where they are more easily cleared (Carvalho
et al., 2011). The clearance mechanisms are a natural defence of the human body and operate in different regions of the
lungs to eliminate the trapped foreign material (Hussain et al., 2011). Furthermore, comparing same mass deposits of large
and small particles, the latter contains a much higher number of particles that need to be cleared (Carvalho et al., 2011).
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Table 3
Summary of PM2.5 dose and time spend for each microenvironment.

Microenvironment Dose Daily dose fraction Time exposure Daily time fraction Deposition rate
(mg) (%) (h) (%) (mg h�1)

Home 24.4 31.2 13.3 55.6 1.8
Outdoor 3.9 5.0 1.0 4.2 3.9
Subway system 36.4 46.7 0.7 2.8 54.6
Workplace 13.3 17.1 9.0 37.5 1.5
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There are considerable differences in the distribution of particle dose in the regions of the HRT along the day (Fig. 2)
which are attributed to the different exposure concentrations and size distribution of PM2.5 but also to the different physical
activity levels. Brand et al. (1999) reported that for all particle sizes, the particle dose for each region of the HRT increases
with increasing breathing rate. Increasing the breathing rate demonstrate the effect of inertial impaction in larger particle
size, by increasing deposition in the upper respiratory tract and consequently increases the deposition fraction in the
extrathoracic region. For smaller particle size, increasing the amount of aerosol inhaled due to high air velocity promotes an
increase of particle deposition in the deeper lung.

An increase of physical activity from rest to exercise led to an increase of the dose, as also reported by Löndahl et al.
(2007) and Daigle et al. (2003), because of the combined increase in deposition fraction and breathing rate. However, the
effect of changing the breathing rate on the distribution of the daily particle dose in the HRT is lower compared to the
particle size and the exposure concentrations.

Table 3 shows the contributions of the different microenvironments to the total particle daily dose. An important
contribution arises from the commuting time spent in the subway (E3%), which accounted for a maximum of approxi-
mately 47% of the overall daily dose, corresponding to more than 36 mg per day. Therefore, commuting in the subway system
represents the activity with the highest dose received per time unit (54.6 mg h�1), due to the high particle concentrations
and large particle size that contribute disproportionally to dose. Therefore, the high contribution of the subway exposure to
the daily dose, despite the low time exposure, is mainly due to the higher PM concentrations and the larger particle size.
Moreover, in relative terms, it becomes more relevant due to an underestimation of the dose received by people living/
residing in microenvironments where higher particle concentrations are usually experienced, namely considering the
indoor sources, as explained before.

Dose at home becomes less important (1.8 mg h�1), partly because it includes night hours with lower PM concentrations
and the exposed subject is under low activity level. However, this deposition rate was lower at home and workplace
compared to background levels (outdoor), which is typical of an indoor microenvironment without any relevant particle
mass sources as considered for this study (Table 3). It should be noted that a high PM dose is expected for all types of
commuting means of transport due to the high PM exposure levels, as mentioned previously. Moreover, the particle size of
the subway PM2.5 is larger than the remaining means of transport, thus for a given concentration lead to a higher dose.
4. Conclusions

PM dosimetry models substantially improve personal dose assessment in replacing experimental investigations because
they save time, efforts, and money in assessing the health effects arising from exposure to aerosol particles. However,
modelling of the deposited dose require: a detailed description of the exposed subject characteristics and the time-activity
pattern, a good estimate of the indoor and outdoor exposure levels to aerosol particle, physicochemical properties of inhaled
particles, and a precise deposition fraction of aerosol particles in the different regions of the respiratory system. In this
study, the above mentioned factors were taken into account and the dosimetry model ExDoM was applied for the esti-
mation of the respiratory tract dose received by a healthy adult male exposed to PM2.5 in the Barcelona environment,
especially on subway system. Note that a monodispersed aerosol was considered for the dosimetry model, whereas it is
possible that a finer mode is also present, and hence the reported results may underestimate the amount of particle mass
that is deposited in the deeper regions of the respiratory system.

The dose of PM2.5 during a subway commuting travel was calculated assuming the typical exposure time of 5 min on the
platforms and 15 min inside the trains. Particle dose was proportional to the exposure concentrations both on the platforms
and inside the trains. The highest dose was observed inside the trains due to the longer exposure time, evidencing that the
exposure period is an important factor in the estimation of the particles deposited dose, despite concentrations inside the
trains were lower than those on station platforms. Concerning the deposition fractions, a large percentage (82%) of the
inhaled mass of PM2.5 was deposited in the whole human respiratory system. The separation made for regional dose in the
HRT for health effect purposes, shows that the highest amount of the inhaled particles deposited in the extrathoracic
airways. However, the particles deposited in this region is removed much more rapidly than the ones in the deeper regions
of the respiratory system.

Individual's typical daily exposure to PM2.5 and dose were estimated for an adult male who lives in Barcelona and
commutes by subway, considering no indoor sources at home and workplace. The distribution of deposited particles in the
HRT showed considerable differences along the day, most dependent on the particle size and exposure concentrations.
Changing the breathing rate had a minor effect on the distribution of deposited particles in the HRT.

The daily PM2.5 dose obtained in this study represents the lowest estimate and it is expected to be higher in real-life
conditions where aerosols are generated by indoor activities and outdoor exposure may take place at more polluted
locations than the urban background environment, for example considering a traffic or a city-centre environment. Com-
muting by subway represented the highest dose received per time unit during the day, contributing to around 50% of the
total particle dose, although the amount of time spent in the subway system accounts for only 3% of a day, owing mainly to
the higher concentration and the larger particle size. However, the relative contribution to the total daily dose of PM2.5 due
to subway commuting is overestimated, and it should be interpreted as the maximum daily dose of particles received by a
subject in this microenvironment. Given the relevance of the commuting dose with respect to the total daily dose, it is
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important to mention that a high impact on PM2.5 dose is expected regardless of the mean of transport, as reported in
several studies, revealing that this result is not exclusive for subway commuting.

The results of this work show the importance of individual exposure and dose assessment, in order to provide infor-
mation for the protection of public health. Personal exposure studies are an essential tool to identify health risks, set, and
review air quality standards and evaluate effective policy interventions.
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a b s t r a c t

The present work assesses indoor air quality in stations of the Barcelona subway system. PM2.5 con-
centrations on the platforms of 4 subway stations were measured during two different seasons and the
chemical composition was determined. A Positive Matrix Factorization analysis was performed to
identify and quantify the contributions of major PM2.5 sources in the subway stations. Mean PM2.5

concentrations varied according to the stations design and seasonal periods. PM2.5 was composed of
haematite, carbonaceous aerosol, crustal matter, secondary inorganic compounds, trace elements,
insoluble sulphate and halite. Organic compounds such as PAHs, nicotine, levoglucosan and aromatic
musk compounds were also identified. Subway PM2.5 source comprised emissions from rails, wheels,
catenaries, brake pads and pantographs. The subway source showed different chemical profiles for each
station, but was always dominated by Fe. Control actions on the source are important for the achieve-
ment of better air quality in the subway environment.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

People living in urban areas usually spend a considerable
amount of their daily time commuting, with underground subway
being one of the public transport modes most used in cities around
the world. Several studies concerning the air quality in subway
systems worldwide have been conducted, focussing mainly on the
concentrations of particulate matter (PM) (Martins et al., 2015 and
references therein), as the exposure to PM can be related to the
occurrence of adverse health effects such as respiratory and car-
diovascular diseases (e.g. Pope et al., 2004), and the subway emis-
sions have been shown to contribute to personal exposure to PM
(Bachoual et al., 2007; Bigert et al., 2008; Minguill�on et al., 2012).
However, other authors such as Gustavsson et al. (2008) found no
increased lung cancer incidence among the subway drivers in
Stockholm, and Seaton et al. (2005) stated that those principally at
tal Assessment and Water
arcelona, Spain.
rtins).

Ltd. This is an open access article u
risk from dust inhalation by working or travelling in the London
Underground should not be seriously concerned. Studies indicate
that PM may enter from outdoor ambient air in addition to that
generated internally in the system by the motion of the trains, and
the movement of passengers which promotes the mixing and
resuspension of PM (Aarnio et al., 2005; Adams et al., 2001; Brani�s,
2006; Cheng et al., 2008; Chillrud et al., 2004; Johansson and
Johansson, 2003; Karlsson et al., 2005; Kim et al., 2008;
Nieuwenhuijsen et al., 2007; Park and Ha, 2008; Ripanucci et al.,
2006; Salma et al., 2007; Seaton et al., 2005). The less common
manuscripts dealing with chemical composition of subway PM
show that this consists mainly of Fe, which accounts between 40
and 80% of its mass fraction, as well as several other transition
metals such as Cu, Ba, Cr, Si, Mn, and Zn (Aarnio et al., 2005; Jung
et al., 2010; Loxham et al., 2013; Moreno et al., 2015; Mugica-
�Alvarez et al., 2012; Querol et al., 2012; Salma et al., 2007), which
are reported as being mostly generated by the abrasion of rail
tracks, wheels, catenaries, brake pads and pantographs produced
by the motion of the trains (Chillrud et al., 2004; Jung et al., 2012,
2010; Park et al., 2012; Querol et al., 2012). There is a large vari-
ety of factors influencing the concentration and composition of PM
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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in subway systems. These factors include differences in the depth
and design of the stations and tunnels, system age, wheel and rail
track materials and braking mechanisms, train speed and fre-
quency, passenger densities, ventilation and air conditioning sys-
tems and cleaning frequencies (Moreno et al., 2014 and references
therein). The results of different studies are not always directly
comparable due to differences in sampling strategies, measure-
ment methods, analytical procedures, and data analysis
(Nieuwenhuijsen et al., 2007).

Most of the studies have investigated the PM composition in a
reduced number of stations, limited number of samples and
without quantifying the contribution of the potential sources. On
the other hand, the study of the organic compounds contained in
the subway PM is lacking. Therefore, there is a need for extensive
studies of entire subway systems, covering stations of the vast di-
versity of lines, providing an overview of the overall characteriza-
tion of PM in this environment.

With this in mind, the purpose of the present work was to study
the PM2.5 chemical composition on the platforms of four different
subway stations from four subway lines in the city of Barcelona,
including a new line equipped with platform screen doors (PSDs).
This chemical composition was obtained in terms of major and
trace elements, ions, total carbon, and organic compounds. The
measurements were performed during two seasonal periods,
covering a high number of samples (approx. 240). Additionally, a
source apportionment study was performed to identify and quan-
tify the contributions of major PM2.5 sources in the subway stations,
with the aim of identifying possible abatement measures.

2. Methodology

2.1. Field study

Barcelona's subway system (managed by Transports Metropol-
itans de Barcelona, TMB) comprises 8 lines stretching 102.6 km and
including 140 stations (Fig. S1). Currently, over 1.25 million pas-
sengers commute in this subway system on a daily basis, absorbing
around 50% of the urban commuting load (Querol et al., 2012). In
this study, subway PM2.5 samples were collected at four under-
ground stations with highly contrasting designs belonging to
different lines (Fig. S1): Joanic (L4), Santa Coloma (L1), Tetuan (L2),
and Llefi�a on the new line (L10). Each station has a different
architectural design (Table S1): one wide tunnel with two rail
tracks, separated by a middle wall in Joanic station and without
middle wall in Santa Coloma, a single narrow tunnel with one rail
track in Tetuan, and a single tunnel with one rail track separated
from the platform by a glass wall with platform screen doors (PSDs)
that are opened simultaneously with the train doors in Llefi�a. The
PSDs new system includes advanced platform ventilation systems
and driverless trains with computer-controlled driving system that
optimises speed, braking and stopping processes. All trains are
operated electrically with a frequency between 2 and 15 min,
depending on the day (weekend or weekday), subway line and time
of day. The mean train frequency on each of the four selected sta-
tions is displayed in Table S1. The braking system is electric when
approaching the platform, changing to non-asbestos pneumatic
braking when slowing down below a 5 km h�1 velocity for all lines
independently of the platform design, using either frontal or lateral
brake pads.

Themeasurements were conducted continuously at each station
during a month in two different periods: warmer (2 April e 30 July
2013) and colder (28 October 2013 e 10 March 2014) (Table S1). For
comparison purposes, outdoor ambient PM concentrations were
measured concurrently at the urban background station of Palau
Reial which was used as a reference site (Fig. S1) (Rivas et al., 2014).
2.2. Sampling methodology

PM2.5 samples were collected on quartz microfiber filters by
means of a high volume sampler (HVS, Model CAV-A/MSb, MCV),
programmed to sample daily over a 19 h period (from 5 a.m. to
midnight, subway operating hours) at a sampling flow rate of
30 m3 h�1. A field filter blank per period was taken at each station.
The aerosol samples (123 and 113 in thewarmer and colder periods,
respectively) and blank filters were placed in aluminium foil until
analysis. The instrument was placed at the end of the platform
corresponding to the train entry point, far from the commuters'
access-to-platform point, and behind a light fence for security
protection. This location was chosen as a compromise between
meeting conditions for undisturbed measurement and minimizing
the annoyance to commuters.

In the urban background station of Palau Reial the measure-
ments were performed using the same protocol but working for
24 h every third day.

2.3. Sample analysis

2.3.1. PM2.5 concentrations
All filters were weighed before and after sampling by a micro-

balance (Model XP105DR, Mettler Toledo), after being stabilized for
at least 48 h in a conditioned room (20 �C and 50% relative hu-
midity) to determine PM2.5 mass concentrations by standard
gravimetric procedures.

In order to have PM characterisation representative of thewhole
platform, the PM mass and chemical compounds concentrations
reported here are those corrected for spatial variation at each
platform, based on the measurements described in Martins et al.
(2015), where the PM2.5 concentrations were measured at four
different sites along the platforms.

2.3.2. Analysis of inorganic and organic compounds
One quarter of each filter was acid digested and subsequently

analysed by Inductively Coupled Plasma Atomic Emission Spec-
trometry (ICP�AES) and Mass Spectrometry (ICP�MS) to deter-
mine major and trace elements, respectively. A few milligrams of a
standard reference material (NIST 1633b) were added to a fraction
of a blank filter to check the accuracy of the analysis of the acid
digestions. Another quarter of filter was water leached with de-
ionized water to extract the soluble fraction and analysed by ion
chromatography for determination of soluble anions (Cle, SO4

2�,
and NO3

e), and by specific electrode for ammonium (NH4
þ). A third

portion of filter (1.5 cm2) was used to measure total carbon (TC)
using the ThermaleOptical Transmittance (TOT) method bymeans
of a laboratory OCeEC Sunset instrument. A detailed description of
the analytical methodology is given by Querol et al. (2012). Blank
filters were analysed in the batches of their respective filter sam-
ples and the corresponding blank concentrations were subtracted
from each sample in order to calculate the ambient concentrations.
Uncertainties were calculated as described by Escrig et al. (2009).

In addition a quarter of 54 selected samples (6e7 per station and
period) was extracted in a solvent mixture of methanol and
dichloromethane. The usage of this organic solvent mixture allows
the extraction of a wide range of organic compounds with different
polarities. The extracts were analysed on a gas-chromatograph
coupled to a mass-spectrometer (GCeMS) after derivation of
COOH and OH groups into trimethylsilyl (TMS)-esters and TMS-
ethers. The quantified compounds in the present study are poly-
cyclic aromatic hydrocarbons (PAHs; phenanthrene, anthracene,
fluoranthene, pyrene, retene, benz[a]anthracene, chrysene, benzo
[bþjþk]fluoranthene, benzo[e]pyrene, benzo[a]pyrene, indeno
[123cd]pyrene, benzo[ghi]perylene, coronene), 17(H)a-21(H)b-29-
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norhopane, 17(H)a-21(H)b-hopane, nicotine, levoglucosan, methyl-
dihydrojasmonate, galaxolide, xylitol, a-glucose, b-glucose,
mannitol, dibuthyl phthalate (DBP) and di(ethylhexyl) phthalate
(DEHP). Methyl-dihydrojasmonate, galaxolide, DBP, and DEHPwere
analysed for the first time in PM filter samples, while the applied
method for the other compounds is described in more detail else-
where (Alier et al., 2013). The new compounds were identified with
authentic standards, retention times in the GCeMS and the
following ions: methyl-dihydrojasmonate (m/z 153), galaxolide (m/
z 243), DBP (m/z 149), and DEHP (m/z 149) in the fraction of the
extract that was used for the analyses of TMS-derivated compounds
in scan mode. The limit of detection (LOD) was between 0.1 and
0.4 ng m�3 for these compounds. Methyl-dihydrojasmonate and
galaxolide were under LOD in blank filters, while DBP and DEHP
had blank levels of 1 and 0.8 ng m�3, respectively, representing
maximum 5% of the concentration found in the samples. No cor-
rections for blanks were applied on the sample concentrations.
2.4. Source apportionment

The source apportionment of the PM composition was carried
out by means of a Positive Matrix Factorization (PMF; Paatero and
Tapper, 1994), using USeEPA PMF 5.0 software. This multivariate
receptor model factorizes the chemical composition matrix X,
containing n samples (rows) with m species (columns), into two
submatrices, the chemical profiles F and the time series G, so that p
different sources of emissions or secondary components are iden-
tified and their contribution is quantified. The residual E matrix
corresponds to the fraction of X not explained by the solution.

X ¼ GF þ E (1)

The G and F matrices are adjusted until a minimum for the
objective function Q for a given number of factors p is found:

Q ¼
Xn
i¼1

Xm
j¼1

 
eij
sij

!2

(2)

where eij is the residual associated with the jth species concen-
tration measured in the ith sample, and sij is the user defined un-
certainty for the jth species in the ith sample.

PMF analyses were performed separately for each subway sta-
tion with datasets including both seasonal periods. The source
apportionment was applied using the sum of all chemical species
analysed, as the total variable hence excluding the non-determined
Fig. 1. PM2.5 concentrations in the four subway platforms and at the u
mass due to humidity and heteroatoms. The selection of the species
included in the model was done according to their signal to noise
ratio, the percentage of samples above detection limit and the
significance of the species (knowledge of its presence in possible
PM sources).
3. Results and discussion

3.1. Mass concentrations

Mean PM2.5 concentrations in the warmer and colder periods
were 31 and 70, 51 and 65, 40 and 93, and 21 and 32 mg m�3, for
Joanic, Santa Coloma, Tetuan and Llefi�a stations, respectively (Fig. 1).

The lower PM2.5 concentrations in Llefi�a station compared to the
old conventional stations by a factor of around 2.0 and 2.4 in the
warmer and colder periods, respectively, may be attributed to the
PSDs installed in this station that prevent the air from the tunnel
entering the platform, but also to the more advanced ventilation
setup and the lower train frequency. Kim et al. (2012) and Querol
et al. (2012) also reported that the PSDs were helpful reducing
PM levels on the platform.

During the colder period, with constant ventilation efficiency,
PM2.5 concentrations in the station with single narrow tunnel and
one rail track (Tetuan) were on average higher than those in the
station with one wide tunnel and two rail tracks separated by a
middle wall (Joanic), probably due to the less efficient dispersion of
air pollution. In the stationwith onewide tunnel and two rail tracks
without middle wall (Santa Coloma) were observed PM2.5 con-
centrations much more variable (See interquartile range in Fig. 1).
These results are in accordance with the concentrations measured
in 24 stations with distinct designs (Martins et al., 2015).

Seasonal differences among the four stations showed that the
values in the colder period were higher and also more variable than
in the warmer period (Fig. 1), probably due to more intensive
ventilation in the warmer period controlling the air quality of the
subway system. Similar seasonal results were reported in other
studies (Brani�s, 2006; Furuya et al., 2001; Querol et al., 2012).

The mean PM2.5 concentrations on the platforms were between
1.4 and 5.4 times higher than in the Barcelona's outdoor ambient air
(measured at the urban background station of Palau Reial) (Fig. 1),
which is similar to other studies (Adams et al., 2001; Colombi et al.,
2013; Johansson and Johansson, 2003; Kamani et al., 2014; Querol
et al., 2012). These results indicate the presence of indoor partic-
ulate sources in the underground stations, as will be discussed
further below.
rban background station during the warmer and colder periods.



Table 1
Mean PM2.5 concentrations and the associated elemental components on the four subway platforms in both periods. (sd e standard deviation; TC e total carbon; ws e water
soluble; CM e crustal matter; CA e carbonaceous aerosol; SIC e secondary inorganic compounds). The SiO2 was estimated by multiplying Al2O3 by a factor of 3. The CO3

2� was
estimated by multiplying Ca by a factor of 1.5. (n z 30 per station and period).

Warmer period Colder period

Joanic Santa Coloma Tetuan Llefi�a Joanic Santa Coloma Tetuan Llefi�a

mean sd mean sd mean sd mean sd mean sd mean sd mean sd mean sd

mg m¡3

PM2.5 30.9 6.7 51.5 7.5 40.3 7.3 20.7 2.9 69.6 13.0 65.3 15.2 93.2 18.3 32.0 6.1
TC 7.5 1.9 9.5 1.5 6.8 1.8 3.2 0.9 10.2 2.4 17.1 5.3 16.4 4.3 6.9 2.6
ws-Cl� 0.2 0.2 0.1 0.1 0.3 0.2 0.1 0.1 0.3 0.1 0.3 0.2 0.5 0.2 0.4 0.2
ws-NO3

� 0.7 0.3 0.4 0.1 0.6 0.2 0.3 0.1 0.5 0.2 1.1 0.9 2.3 1.0 0.6 0.3
ws-SO4

2� 1.5 0.7 2.6 0.6 1.7 0.7 1.5 0.6 0.9 0.5 1.1 0.6 2.1 0.6 0.6 0.3
ws-NH4

þ 0.4 0.2 0.6 0.2 0.3 0.2 0.4 0.1 0.1 0.1 0.2 0.2 0.5 0.3 0.2 0.1
Ca 0.2 0.1 0.6 0.1 0.5 0.1 0.3 0.1 0.7 0.2 1.5 0.7 1.8 0.5 0.7 0.3
Mg 0.1 <0.1 0.3 0.1 0.1 <0.1 <0.1 <0.1 0.2 <0.1 0.4 0.1 0.3 0.1 0.1 <0.1
Na 0.1 0.1 0.1 0.1 0.2 0.1 0.1 0.1 0.2 0.1 0.2 0.1 0.3 0.1 0.2 0.1
SO4

2� 1.9 0.8 3.4 0.7 1.9 0.8 1.8 0.6 1.3 0.4 2.1 0.6 2.5 0.7 0.8 0.3
Fe2O3 8.6 2.7 22.8 4.2 19.0 3.9 6.9 1.9 45.4 11.7 24.9 6.9 52.4 12.5 15.5 3.9
CO3

2� 0.4 0.1 1.0 0.2 0.7 0.2 0.4 0.1 1.1 0.2 2.2 1.0 2.7 0.7 1.0 0.4
Al2O3 0.3 0.1 0.3 0.1 0.2 0.1 0.1 0.1 0.6 0.1 0.8 0.3 0.7 0.1 0.2 0.1
SiO2 0.8 0.4 1.0 0.4 0.5 0.3 0.4 0.2 1.7 0.4 2.3 1.0 2.0 0.4 0.7 0.3
K2O 0.1 <0.1 0.1 <0.1 0.1 <0.1 0.1 0.1 0.3 0.1 0.3 0.2 0.6 0.2 0.2 0.1
TiO2 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.1 <0.1 <0.1 <0.1 <0.1 <0.1
P2O5 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.1 <0.1 0.1 <0.1 0.1 <0.1 <0.1 <0.1
ng m¡3

Ba 45.7 13.0 567.9 141.7 26.1 10.3 7.5 8.3 146.7 34.6 838.4 245.5 72.9 13.4 15.0 7.4
Cu 113.1 36.2 98.3 21.0 84.8 27.3 21.1 6.2 465.3 146.5 104.1 31.1 231.2 45.2 41.4 13.3
Mn 63.6 19.1 127.4 24.9 122.6 23.9 46.9 15.9 304.3 69.6 197.6 54.8 364.8 87.7 103.5 24.8
Zn 92.8 27.9 129.7 29.5 64.2 19.4 37.4 25.3 266.2 64.0 198.2 60.8 193.8 86.8 71.2 25.0
Cr 8.8 2.5 12.9 2.7 15.7 3.5 7.5 2.6 39.5 9.9 22.0 6.3 45.5 11.0 16.5 4.2
Sr 1.6 0.7 13.9 3.2 2.1 0.6 1.2 1.3 4.1 0.8 19.1 5.3 8.5 2.9 1.7 0.6
Zr 10.1 1.6 10.5 1.0 10.7 1.7 7.9 1.3 8.1 1.3 6.3 1.6 16.1 1.9 14.3 1.7
Mo 17.6 6.8 16.1 3.9 11.5 6.3 6.8 7.7 18.3 6.4 24.6 11.7 10.1 4.9 16.1 4.1
Sb 35.9 10.2 1.4 0.3 14.5 6.1 3.3 1.1 95.0 17.2 3.5 1.1 36.5 9.5 15.0 5.8
Sn 4.0 1.8 5.2 1.1 3.5 1.2 2.1 0.7 7.9 1.6 8.0 2.2 9.7 2.2 3.4 1.3
Ni 5.7 2.5 7.2 1.4 5.3 2.0 2.8 1.3 11.2 2.4 10.1 3.0 6.8 1.5 3.6 1.0
As 0.8 0.2 1.2 0.2 0.8 0.2 0.4 0.1 2.6 0.6 1.5 0.4 1.9 0.4 0.7 0.3
Pb 6.1 2.2 5.2 1.7 3.6 1.7 2.7 1.6 12.6 3.4 10.6 4.2 11.6 5.3 7.0 5.4
V 4.8 4.9 6.0 2.0 6.2 5.2 4.7 2.3 3.5 2.2 4.5 1.5 5.4 2.8 2.6 1.4
Co 0.5 0.2 0.9 0.2 0.6 0.1 0.2 0.1 1.9 0.4 1.1 0.3 1.5 0.3 0.5 0.1
W 0.8 0.3 1.1 0.2 0.5 0.2 0.2 0.1 1.9 0.4 0.4 0.4 2.3 0.6 0.5 0.3
Li 0.2 0.1 0.3 0.1 0.2 0.1 0.1 <0.1 0.3 0.1 0.5 0.2 0.6 0.1 0.2 0.1
Hf 0.3 0.1 0.5 <0.1 0.5 0.1 0.3 0.1 0.4 0.1 0.2 0.1 0.7 0.1 0.7 0.1
Rb 0.3 0.1 0.4 0.1 0.3 0.1 0.2 0.1 0.7 0.1 0.8 0.3 1.2 0.3 0.5 0.1
Nb 0.4 0.2 0.9 0.1 0.3 0.1 0.2 0.1 0.6 0.2 0.8 0.4 1.4 0.3 0.3 0.1
Ge 0.3 0.1 <0.1 0.1 0.3 0.1 0.1 0.2 0.4 0.1 0.7 0.3 0.6 0.1 0.4 0.2
Ga 0.1 <0.1 0.2 <0.1 0.2 <0.1 0.1 <0.1 0.4 0.1 0.3 0.1 0.4 0.1 0.1 <0.1
U 0.3 0.2 0.1 <0.1 0.2 0.1 0.1 0.1 0.2 0.1 0.2 0.1 0.2 0.1 0.2 <0.1
Y 0.2 0.1 0.1 0.1 0.2 0.1 0.1 0.1 0.3 0.1 0.3 0.1 0.3 0.1 0.2 0.1
Th 0.2 0.1 0.1 <0.1 0.1 <0.1 <0.1 <0.1 0.2 <0.1 0.1 0.1 0.2 <0.1 0.1 <0.1
Cd 0.1 0.1 0.1 <0.1 0.1 <0.1 0.1 <0.1 0.2 0.1 0.2 0.1 0.3 0.1 0.2 0.1
Bi 0.2 0.1 0.2 0.1 0.1 0.1 0.1 0.3 0.2 0.1 0.9 1.5 0.5 0.2 0.6 1.5
Se 0.3 0.1 0.2 0.1 0.2 0.1 0.2 0.1 0.2 0.1 0.3 0.1 0.3 0.1 0.3 0.1
La 0.4 0.1 0.3 <0.1 0.2 0.1 0.1 <0.1 0.6 0.1 0.5 0.1 0.5 0.1 0.2 0.1
Ce 0.8 0.2 0.5 0.1 0.5 0.1 0.2 0.1 1.2 0.2 1.0 0.3 1.1 0.2 0.4 0.2
Pr <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.1 <0.1 0.1 <0.1 0.1 <0.1 <0.1 <0.1
Nd 0.1 <0.1 0.1 <0.1 0.1 <0.1 <0.1 <0.1 0.2 <0.1 0.2 0.1 0.2 <0.1 0.1 <0.1
mg m¡3

Fe2O3 8.6 2.7 22.8 4.2 19.0 3.9 6.9 1.9 45.4 11.7 24.9 6.9 52.4 12.5 15.5 3.9
CM 1.9 0.7 3.4 0.9 2.1 0.7 1.4 0.5 4.7 0.9 7.6 3.2 8.2 2.0 2.9 1.1
CA 10.4 2.7 13.3 2.1 9.5 2.5 4.5 1.2 14.3 3.4 23.9 7.4 23.0 6.0 9.6 3.6
Insoluble SO4

2� 0.4 0.2 0.8 0.2 0.2 0.3 0.4 0.2 0.4 0.1 1.0 0.3 0.4 0.2 0.2 0.1
SIC 2.7 1.1 3.5 0.8 2.6 1.1 2.1 0.8 1.4 0.7 2.4 1.4 5.0 1.8 1.4 0.6
Halite 0.3 0.2 0.2 0.1 0.5 0.3 0.2 0.2 0.5 0.2 0.5 0.2 0.8 0.3 0.6 0.3
Trace elements 0.4 0.1 1.0 0.2 0.4 0.1 0.2 <0.1 1.4 0.3 1.5 0.4 1.0 0.2 0.3 0.1
% determined 80.1 4.9 87.4 3.7 85.1 6.0 75.6 5.8 98.1 5.0 94.6 4.4 97.4 5.3 95.3 4.1
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3.2. PM chemical composition

Mean elemental concentrations of PM2.5 collected at the four
selected platforms are summarized in Table 1. Assuming that all the
Fe is in the haematite oxidised form (Lu et al., 2015; Querol et al.,
2012) and for a better mass closure, concentrations are reported
as Fe2O3, although magnetite and Fe metal can be still present as
nanometric aggregates in much smaller proportion normally sur-
rounded by haematite rims (Moreno et al., 2015). Subway particles
were grouped into seven categories, based on their chemical
composition: haematite (Fe2O3); crustal matter (CM, the sum of Ca,
Mg, Al2O3, SiO2, CO3

2�, K2O, TiO2 and P2O5); carbonaceous aerosol
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(CA, calculated from the TC concentrations, assuming an elemental
to organic carbon (EC/OC) ratio of 0.5 (Querol et al., 2013), and an
organic matter to organic carbon (OM/OC) ratio of 1.6 (Minguill�on
et al., 2011) for Barcelona); insoluble sulphate (SO4

2�); secondary
inorganic compounds (SIC, the sum of water-soluble sulphate (ws-
SO4

2�), nitrate (ws-NO3
�) and ammonium (ws-NH4

þ)); halite (the
sum of Na and Cl) and trace elements.

The analysed chemical species accounted for 75.6e98.1% of the
total PM2.5 on the platforms (Table 1 and Table S2). The distribu-
tions of the chemical components were similar at the four subway
stations (Fig. 2). The haematitewas themost abundant species at all
stations, accounting for 27.9e65.3% of PM2.5, except for Joanic sta-
tion in the warmer period, where the CAwas the main component,
closely followed by haematite. These results are in agreement with
the high levels of iron reported in other subway systems (Aarnio
et al., 2005; Adams et al., 2001; Chillrud et al., 2004; Furuya
et al., 2001; Grass et al., 2010; Johansson and Johansson, 2003;
Murruni et al., 2009; Nieuwenhuijsen et al., 2007; Raut et al.,
2009; Ripanucci et al., 2006; Salma et al., 2007; Seaton et al.,
2005). The mean concentration of haematite in Tetuan station in
the colder period was the highest among the four stations (Fig. 2).
This could be related to the weaker ventilation in the colder period,
enhancing the accumulation of PM, which is more common in the
stations with a single narrow tunnel (Martins et al., 2015; Moreno
et al., 2014). Jung et al. (2010) reported the generation of Fe parti-
cles in the tunnels, indicating that at narrow platforms there is a
larger dependence on strong ventilation to maintain relatively low
PM concentrations. In Llefi�a station the haematite concentration
was around 60% lower than in the conventional stations, which is
probably attributable to the more advanced ventilation setup, the
lower train frequency, and especially the presence of PSDs that
restrict the air-exchange of Fe particles from the tunnel to the
platform.

Some studies have reported EC and OC concentrations in sub-
way environments (Aarnio et al., 2005; Kam et al., 2013, 2011;
Midander et al., 2012). However, the iron acts as a catalyser for
EC oxidation during the TOT analysis (Chow et al., 2001), and hence
the high iron concentrations in the subway environment lead to
artificially high OC/EC ratios (Querol et al., 2012). Therefore only TC
concentrations were measured in the present study. The mean
concentrations of CA ranged between 4.5 and 23.9 mg m�3, repre-
senting the second largest component of PM2.5. Highest concen-
trations were measured in Santa Coloma station in the colder
period, although variations were not as large as for haematite
(Table 1).

The crustal matter was the third most abundant chemical spe-
cies on the subway platforms, with relative amounts in the range of
5.2e11.7% (Table S2), and mean concentrations ranging from 1.4 to
3.4 mg m�3 in the warmer period and from 2.9 to 8.2 mg m�3 in the
colder period.

The SIC account for 2.0e10.2% of the total PM2.5 concentrations
(Table S2). The highest ws-SO4

2� concentrations were recorded in
the warmer period and the highest ws-NO3

� were recorded in the
colder period, according to the outdoor concentrations, which have
a similar seasonal variation. The relative amount of SIC in the total
PM2.5 was higher (10.2%) in the new station, given that the indoor
sources for this station were lower (Table 1). Concentrations of
insoluble sulphate (SO4

2�) were very low and very similar at both
seasonal periods in each platform, with mean concentrations
ranging between 0.2 and 1.0 mg m�3 (Table 1). Higher relative
amounts of insoluble SO4

2� in the total PM2.5 were observed in the
warmer period (Table S2). The halite reached similar levels among
the stations (0.2e0.8 mg m�3), with higher values in the colder
period (Table 1).

The highest concentration of trace elements was observed in
Santa Coloma station in both periods (Table 1) while the opposite
was obtained in Llefi�a station. Fig. 3 shows the concentration of the
more enriched trace elements in the aerosols collected in the
warmer and colder periods, including Ba, Cu, Mn, Zn, Cr, Sr, Zr, Mo,
Sb, Sn, Ni, Pb, V and Co. As expected, the trace elements concen-
trations in the colder period were higher than those in the warmer
period due to the different ventilation programs, as previously
stated. The elements with higher enrichment comparing to the
simultaneous mean outdoor concentrations at Palau Reial (e.g. Ba,
Mn, Cu, Cr, Sb, Sr) were those associated with the presence of
particulate sources in the underground stations. It is worth to
mention the following (Fig. 3):

- Ba was especially enriched in Santa Coloma station, with con-
centrations 165 and 171 times higher than outdoors, in the
warmer and colder periods, respectively;

- The highest Sb and Cu concentrations were found in Joanic
station, with concentrations of Sb 35 and 98, and of Cu 18 and 54
times higher than those at the urban background, in thewarmer
and colder periods, respectively;

- The lowest concentration of trace elements was observed in
Llefi�a station;

- Mn, Cr, Zn, Zr, Sn, among other trace elements, showed similar
concentrations among the stations.

- The Mo, Pb and V concentrations were similar among the sub-
way stations and similar to simultaneous outdoor concentra-
tions, implying that their sources can be located outdoors rather
than being originated within the subway environment.

Differences in trace elements concentrations among stations are
associated to the different chemical composition of wheels, rail
tracks, catenaries (C-rich), brake pads (lateral vs frontal, of different
composition) and pantographs (Cu vs C), which are different
depending on the subway line, as observed in previous findings
(TMB data not published). Therefore, a more intense ventilation
and low metal specifications for any of the above components of
the railway and trains would reduce considerably commuter's
exposure to metals.

3.3. Particulate organic chemical composition

Polycyclic aromatic hydrocarbons (PAHs, 13 in total) were
detected in all PM2.5 analysed samples. Although it is possible that
maintenanceworks during night-time can still affect daily platform
concentrations, part of these compounds could enter the subway
systems from outdoor air through ventilation. The highest con-
centrations were observed in the colder period in Tetuan station,
where the mean

P
PAH was 11 ng m�3, in contrast to the moder-

ated values found in other conventional stations (Joanic:P
PAHcolder¼ 4 ngm�3, Santa Coloma:

P
PAHcolder¼ 6 ngm�3). The

lowest colder time levels were observed in the station of the
modern subway system, Llefi�a, where

P
PAHcolder ¼ 3 ng m�3 and

benzo[a]pyrene ¼ 0.2 ng m�3. The low cold-period PAHs concen-
trations found in Llefi�a are similar to those observed in the other
stations during the warmer time (Table 2), while the levels in Llefi�a
station in the warmer period were lower; PAHwarmer ¼ 1 ng m�3.
Hence the colder time concentrations were 2 times higher than
those in the warmer time, similarly to the differences observed in
the outdoor air in Barcelona (Reche et al., 2012). In general the
subway PAHs concentrations are in the range of the ones observed
in urban road traffic sites of the city, although the observed varia-
tion among the stations is probably caused by their different de-
signs. The higher levels of PAHs in Tetuan station may be caused by
the narrow single track structure of the station. The low concen-
tration observed in the new Llefi�a station is probably a direct effect



Fig. 2. PM2.5 chemical components concentrations during the warmer and colder periods in the subway stations: a) Joanic; b) Santa Coloma; c) Tetuan; d) Llefi�a (W d warmer period; C d colder period). The line within the box shows
the median, while the box bottom and top represent the 25th and 75th percentile, respectively. The whiskers represent the lower and the upper bounds.
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Fig. 3. Mean concentrations of trace elements (ng m�3) for the four subway stations and the simultaneous urban background range (ambient site) a) in the warmer and b) in the
colder periods.
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of the isolation of the platform from the tunnel, and its more
advanced ventilation setup.

The warmer time PAHs levels are correlated (R2 ¼ 0.7) with the
detected hopanes (17(H)a-21(H)b-29-norhopane and 17(H)a-21(H)
Table 2
Mean concentrations of organic compounds (ng m�3) and standard deviations (sd) on th

Warmer period

Joanic Santa Coloma Tetuan Lle

mean sd mean sd mean sd me

Phenanthrene 0.14 0.05 0.51 0.15 0.20 0.03 0.0
Anthracene 0.01 0.01 0.04 0.01 0.02 0.00 0.0
Fluoranthene 0.27 0.11 1.29 0.36 0.56 0.10 0.1
Pyrene 0.31 0.12 0.80 0.22 0.62 0.12 0.2
Retene <LOD e <LOD e <LOD e <LO
Benz[a]anthracene 0.12 0.06 0.09 0.02 0.17 0.03 0.0
Chrysene 0.25 0.10 0.31 0.07 0.35 0.05 0.1
Benzo[bþjþk]fluoranthene 0.46 0.21 0.82 0.22 0.73 0.28 0.3
Benzo[e]pyrene 0.43 0.21 0.40 0.12 0.54 0.12 0.1
Benzo[a]pyrene 0.26 0.14 0.17 0.08 0.26 0.05 0.0
Indeno[123cd]pyrene 0.02 0.02 0.02 0.01 0.04 0.03 0.0
Benzo[ghi]perylene 0.44 0.20 0.21 0.05 0.34 0.05 0.1
Coronene 0.08 0.03 0.04 0.01 0.07 0.02 0.0
PAHs 2.8 1.2 4.7 1.1 3.9 0.8 1.3
Norhopane 2.0 0.8 6.3 1.1 3.7 0.6 2.1
Hopane 1.9 0.8 6.2 1.4 3.2 0.5 1.5
Nicotine 6.1 2.0 6.4 1.7 4.2 1.7 1.3
Levoglucosan 16.7 6.7 5.7 1.4 6.6 4.2 5.1
Methyl-dihydrojasmonate 44.2 21.7 6.4 3.4 44.4 13.4 5.5
Galaxolide 7.2 2.0 1.8 0.6 11.2 5.9 1.0
Xylitol 0.2 0.0 1.8 1.1 0.8 0.4 0.8
a-glucose 4.8 0.8 7.2 6.0 2.9 0.8 2.6
b-glucose 5.1 1.0 8.3 7.1 3.1 0.7 2.9
Mannitol 0.7 0.2 2.1 1.1 1.6 0.6 0.7
DBP 97.2 7.9 29.9 10.7 48.1 10.1 174
DEHP 29.7 5.0 81.1 15.2 30.7 5.0 44.

LOD e limit of detection.
b-hopane) in the four stations (Fig. 4a), with the lowest hopane
levels in Llefi�a station. Hopanes are molecular markers for mineral
oils, and their presence in PM can be related to lubricating oil
residues from primary road traffic emissions penetrating indoor
e four subway platforms in both periods. (n ¼ 6e7 per station and period).

Colder period

fi�a Joanic Santa Coloma Tetuan Llefi�a

an sd mean sd mean sd mean sd mean sd

9 0.02 0.16 0.04 0.34 0.03 0.38 0.06 0.11 0.05
1 0.00 0.02 0.01 0.04 0.01 0.08 0.04 0.02 0.01
4 0.04 0.38 0.09 0.60 0.14 0.67 0.23 0.24 0.06
0 0.06 0.43 0.11 0.46 0.14 0.86 0.30 0.34 0.08
D e 0.02 0.01 0.04 0.02 0.07 0.05 0.07 0.03

4 0.01 0.16 0.03 0.23 0.08 0.61 0.11 0.19 0.08
1 0.03 0.33 0.07 0.37 0.20 0.99 0.15 0.35 0.12
3 0.11 0.78 0.32 1.20 0.17 2.75 0.46 0.60 0.25
9 0.07 0.49 0.21 0.53 0.09 1.35 0.18 0.31 0.13
8 0.02 0.34 0.11 0.38 0.10 1.07 0.16 0.23 0.13
2 0.01 0.17 0.06 0.33 0.09 0.55 0.22 0.23 0.11
1 0.03 0.59 0.15 0.78 0.19 1.26 0.34 0.48 0.13
2 0.01 0.19 0.06 0.33 0.14 0.39 0.11 0.19 0.08

0.4 4.1 1.1 5.6 0.7 11.0 1.6 3.4 1.1
0.8 3.5 2.5 6.2 3.5 6.1 2.9 0.9 0.6
0.6 2.8 1.8 3.5 1.7 4.9 2.3 0.7 0.3
0.5 8.0 2.3 8.9 1.0 12.2 2.4 2.4 1.1
1.7 17.6 6.1 87.8 14.2 132.3 60.6 70.7 54.0
6.2 99.5 101.1 109.7 81.1 42.5 26.7 9.6 3.0
0.9 17.3 16.1 17.7 12.4 9.6 6.4 4.3 2.3
0.5 3.0 0.9 3.3 1.7 5.8 1.2 2.9 2.3
0.8 12.3 3.0 11.4 3.4 14.8 3.1 5.0 2.0
0.8 14.0 3.6 12.0 3.8 15.4 3.2 5.3 2.1
0.3 2.5 0.5 2.2 0.5 4.3 0.6 1.7 0.8

.4 79.5 105.8 40.9 85.4 15.3 41.9 5.8 99.4 11.3
3 8.1 71.2 14.7 40.9 5.4 34.1 2.5 30.7 3.3



Fig. 4. Comparison of the analysed PAHs and Hopanes concentrations in the a) warmer and b) colder periods, and the methyl-dihydrojasmonate and galaxolide concentrations in
the c) warmer and d) colder periods.
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(Rogge et al., 1993; Schauer et al., 2007), but also the possible in-
fluence of night-time diesel trains for maintenance activities which
can be still measured during daytime. In the colder time, hopane
concentrations were similar to the ones observed in the warmer
period (Table 2). Nevertheless, the correlation between PAHs and
hopanes concentrations in the colder period is weaker, or they are
even anti-correlated in Tetuan (Fig. 4b). In contrast to hopanes,
PAHs are emitted during incomplete combustion and their emis-
sions generally increase at lower ambient temperatures.

An indication for the potential influences of outdoor combustion
sources in the subway environment could be the presence and
abundance of tracer compounds for biomass burning or cigarette
smoke, since these activities are not allowed in the subway system.
Nicotine is an alkaloid present in high concentrations in environ-
mental tobacco smoke and although it is mainly present in the gas-
phase due to its relatively high volatility, it can be detected at trace
levels on particulate urban samples (Alier et al., 2013; Bi et al.,
2005; Rogge et al., 1994). Nicotine was detected in low concentra-
tions on the platforms of all stations, ranging from 1.3 ng m�3 in
Llefi�a station in thewarmer period to 12 ngm�3 in Tetuan station in
the colder period, which corresponds to the lower range of the
outdoor concentrations measured in Barcelona (Alier et al., 2013).
This suggests that active smoking is probably not an important
source, but that the translocation of outdoor air to the subway
environment may introduce the nicotine inside, although other
sources, including the transport of nicotine on passenger cloths,
skin, and hair can not be excluded.

Levoglucosan is a monosaccharide anhydride generated by
thermal alteration of cellulose, which is emitted in large quantities
during biomass burning (Fine et al., 2004; Simoneit, 2002). The
levels at the subway platforms ranged from 5 ng m�3 in Llefi�a
station inwarmer time to 132 ngm�3 in Tetuan station in the colder
period. This concentration is in the range of that observed in the
outdoor atmosphere in Barcelona (around 100 ng m�3; van Drooge
et al., 2014).

In both warmer and colder periods there were substantial cor-
relations between the PAHs levels and the outdoor tracers for
cigarette smoke (nicotine: R2

warmer ¼ 0.5; R2
colder ¼ 0.6 for data of

all stations). In the colder period there was a substantial correlation
of PAHswith the outdoor tracer for biomass burning (levoglucosan:
R2

colder ¼ 0.5). These results indicate that a significant part of the
detected PAHs in the subway systems could indeed have been
generated by outdoor combustion sources.

Other organic compounds, such as aromatic musk compounds
(methyl-dihydrojasmonate and galaxolide) are widely used as
fragrance in cleaning agents, personal care and consumer products
(Matamoros and Bayona, 2006) and may form part of the indoor
atmosphere from desorption from its users and after subway and
train cleaning operations. This study shows for the first time that
these compounds can be detected in rather high concentrations on
the platforms of subway stations, with the lowest concentrations in
Llefi�a station in warmer time (methyl-dihydrojas
monate¼ 5 ngm�3, galaxolide¼ 1 ngm�3) and the highest in Santa
Coloma station in the colder period (methyl-
dihydrojasmonate ¼ 110 ng m�3, galaxolide ¼ 18 ng m�3). The
Joanic and Tetuan stations, situated in the center of Barcelona,
showed high levels in both warmer and colder periods. Overall,
there were strong correlations between these two tracers for fra-
grances (R2

warmer¼ 0.8; R2
colder¼ 0.9 for data of all stations; Fig. 4(c

and d), indicating similar mixtures, despite concentration varia-
tions. However, there were only moderate correlations between
these compounds and primary saccharides in the colder period



Table 3
Contribution (mg m�3) of the different sources found in the PM2.5 on the four subway platforms in both periods.

Subway station Period Sources

Secondary Secondary warmer Secondary colder Sea salt Fuel oil combustion Subway

Joanic Warmer 5.9 e e 5.9 2.0 3.2
Joanic Colder 0.6 e e 6.2 0.8 43.0
Tetuan Warmer 4.8 e e 9.2 5.3 7.4
Tetuan Colder 8.6 e e 7.7 2.1 44.4
Santa Coloma Warmer e 23.2 1.4 e e 20.8
Santa Coloma Colder e 0.9 19.6 e e 20.3
Llefi�a Warmer e 9.7 0.9 2.8 e 2.7
Llefi�a Colder e 0.6 5.4 2.3 e 13.5
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(R2 ¼ 0.3), indicating that these tracers were rather independent
and may be related to the amount of commuters passing the plat-
forms and partially from local cleaning operations.

Primary saccharides: a- and b-glucose are an important fraction
of organic matter in organic dust. These compounds can be emitted
into the atmosphere as constituents in particles originating from
wind erosion and up whirling of dust (Simoneit et al., 2004). At the
subway platforms these dust particles can be originated from the
air (wind) movements in the tunnels by the passing trains, and
were also related to other compounds, such as alcohol saccharides
(xylitol and mannitol), which are reduced saccharides and also
constituents of organic matter in dust. Moreover, mannitol is
related to funghi (Simoneit et al., 2004). These compounds were
detected in moderate concentrations, compared to typical outdoor
concentrations, with the lowest concentrations in Llefi�a station
(
P

saccharides ¼ 7 ng m�3). The concentrations were 3e5 times
higher in the colder period, although the concentrations in Llefi�a
increased only by a factor of 2, indicating that the isolation of the
platform from the tunnel in Llefi�a station reduces also the influence
of organic dust particles.

Dibuthyl phthalate (DBP) and di(ethylhexyl) phthalate (DEHP)
are phthalate esters that are widely used as plasticizers in furniture
and building materials (Otake et al., 2001). Both DBP and DEHP
were detected in all stations in high concentrations (ranging from
30 ng m�3 to 174 ng m�3 for DBP and from 30 ng m�3 to 81 ng m�3

for DEHP). Interestingly, the highest DBP concentration was recor-
ded in the warmer period in Llefi�a station, and the DEHP concen-
tration was also high (44 ng m�3), which can be attributed to the
application of new building material in this site, given that these
compounds were not correlated with any of the other tracer
compounds.

3.4. Source apportionment

The number of sources identified by PMF analysis varied from
one station to another, but they can be grouped into outdoor and
subway sources, the latter including all emissions generated by the
circulation of trains (rail tracks, wheels, brake pads, catenaries and
pantographs).
Fig. 5. Source profile of the subway source in Joan
The outdoor PM2.5 sources were secondary sources, sometimes
split in two, one of them corresponding mainly to the colder period
and the other one to the warmer period. The warmer secondary
source is characterized by a high contribution of sulfate, whereas
the colder secondary source is dominated by nitrate. The sea salt
source was identified for three of the datasets (Joanic, Tetuan and
Llefi�a stations), whereas it was merged with the secondary sources
for the fourth dataset (Santa Coloma station). This source was
mainly characterized by the presence of Na and Cl, with similar
contributions in the warmer and the colder periods (Table 3).
Moreover, a source dominated by V was identified for two datasets
(Joanic and Tetuan stations), representing the fuel oil combustion
(Agrawal et al., 2008), and otherwise merged with the secondary
source for the warmer period. The differences among stations are
attributed to the different influence of outdoor air, which is influ-
enced by the time of the year, among other factors, and to the
different characteristics for each station, leading to different in-
fluences of the subway emissions on the platform environment.

The subway source identified has a different chemical profile for
each of the stations (Fig. 5). Whereas the Fe dominates the
composition of this source at all stations, its content varies from
53% in Santa Coloma to 68% in Joanic, which would correspond to
76e86% if Fe2O3 is considered. Moreover, the relative abundance of
specific elements varies from station to station. Thus, the Cu/Fe
ratio varies from 0.004 to 0.007 in Llefi�a, Santa Coloma, and Tetuan
to 0.013 in Joanic. This higher Cu/Fe ratio in Joanic reflects the in-
fluence of pantograph emissions, given that some of the trains
operating in the subway line 4 are still equipped with pantographs
containing Cu in their composition, in contrast with the rest of the
lines where pantographs are C-rich (graphite). Another relevant
difference is the Ba/Sr ratio, which varies from 8 to 10 in Tetuan and
Llefi�a to 39e45 in Joanic and Santa Coloma. This probably reflects
the differences in brakes composition used in the different subway
lines. These differences evidence the relevance of the composition
of the different elements present in the subway system, which is
directly reflected in the ambient concentrations in the subway
environment.

Table 3 summarizes the contribution of each source for each
station and period. The subway contribution is much lower during
ic, Santa Coloma, Tetuan and Llefi�a stations.



Fig. 6. Percent of species concentration apportioned by the subway source in Joanic, Santa Coloma, Tetuan and Llefi�a stations.
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the warmer period, ranging from 9 to 17% of PM2.5, than during the
colder period, ranging from 41 to 58% of PM2.5 for Joanic, Tetuan
and Llefi�a. These differences are attributed to the different venti-
lation, which allows for a better dispersion of the subway emission
in the warmer period. Santa Coloma station shows similar subway
emissions contribution for both seasonal periods (29e32%), in
agreement with the PM2.5 concentrations, also similar for both
periods, reflecting the relatively limited ventilation of this station
compared to others. The contribution of this source to each of the
species is shown in Fig. 6. The subway source is responsible for
more than 50% to the concentration of Al2O3, Ca, Fe, Cr, Mn, Cu, Sr,
Ba, Pr, and Nd at all the stations, and also of Mg, Li, Ti, Co, Zn, and Ce
for the old stations (Joanic, Tetuan and Santa Coloma).

4. Conclusions

The subway environment has been monitored in Barcelona on
four distinct platforms of four different subway lines during two
seasonal periods (warmer and colder), focusing on PM2.5 mass
concentration and chemical composition.

PM2.5 mass concentrations were clearly lower in the new station
(with PSDs) with respect to old conventional stations, but also a
very significant reduction of the concentrations was observed by
the different ventilation conditions in the warmer compared to
colder period. The low concentrations observed in the PSDs-
equipped station was probably a direct effect of the isolation of
the platform from the tunnel, more advanced ventilation setup and
the lower train frequency. Additionally, the mean PM2.5 concen-
trations on the subway platforms were between 1.4 and 5.4 times
higher than those outdoors.

Subway aerosol is a complex mixture of compounds character-
ized by high concentrations of haematite (mainly from the wearing
of wheels and rail tracks) and carbonaceous aerosol. The relative
abundance of particles of outdoor origin, such as SIC, varies
somewhat among seasons, reflecting the differences in the venti-
lation and the outdoor concentrations. In the new stationwith PSDs
the amount of haematite in the PM2.5 mass was around 60% lower
than in the old conventional stations, clearly indicating that these
particles predominating in the subway stations are originated from
the tunnel.

Particulate organic compounds such as PAHs were also detected
in the subway stations. Similarly to the inorganic PM components,
the highest concentrations of PAHs in the subway PM2.5 were
observed in the colder period and in the conventional stations.
Aromatic musk compounds (methyl-dihydrojasmonate and galax-
olide) used as fragrance in cleaning agents and personal care
products were also identified for the first time on the platforms of
subway stations.

The concentrations of the PM chemical components varied not
only due to the different seasonal periods (warmer vs colder) but
also to the distinct stations design and the chemical composition of
rail tracks, wheels, brake pads, catenaries and pantographs.
Some trace elements (Ba, Mn, Cu, Cr, Sb, Sr, among others) were
recorded in higher concentrations than outdoors, with higher
levels in the colder time, and their concentrations varied among the
subway stations. These differences are associated to the variations
on ventilation intensity but also to the distinct components of rail
tracks, wheels, catenaries, brake pads and pantographs, and to
different characteristics of each station, influencing the subway
emissions on the platform environment as shown by the source
apportionment results. The subway PM2.5 contribution obtained by
receptor model was much lower during the warmer period than
during the colder period and is responsible formore than 50% to the
ambient concentrations of Al2O3, Ca, Fe, Cr, Mn, Cu, Sr, Ba, Pr, and Nd
at all the stations, with a common feature of being dominated by Fe
(53%e68%).

This study provided a comprehensive assessment of PM2.5
chemical characterization of subway transport environment. In
addition, the results reported may be useful to help the control and
improve the air quality in the subway systems. Thus, controlling the
ventilation conditions and the composition of the subway compo-
nents (brakes, panthographs, etc) may result in an improvement of
the particle ambient concentrations in the subway environment.
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Sampling campaigns using the same equipment and methodology were conducted to assess and com-
pare the air quality at three South European subway systems (Barcelona, Athens and Oporto), focusing on
concentrations and chemical composition of PM2.5 on subway platforms, as well as PM2.5 concentrations
inside trains. Experimental results showed that the mean PM2.5 concentrations widely varied among the
European subway systems, and even among different platforms within the same underground system,
which might be associated to distinct station and tunnel designs and ventilation systems. In all cases
PM2.5 concentrations on the platforms were higher than those in the urban ambient air, evidencing that
there is generation of PM2.5 associated with the subway systems operation. Subway PM2.5 consisted of
elemental iron, total carbon, crustal matter, secondary inorganic compounds, insoluble sulphate, halite
and trace elements. Of all metals, Fe was the most abundant, accounting for 29–43% of the total PM2.5

mass (41–61% if Fe2O3 is considered), indicating the existence of an Fe source in the subway system,
which could have its origin in mechanical friction and wear processes between rails, wheels and brakes.
The trace elements with the highest enrichment in the subway PM2.5 were Ba, Cu, Mn, Zn, Cr, Sb, Sr, Ni,
Sn, Co, Zr and Mo. Similar PM2.5 diurnal trends were observed on platforms from different subway
systems, with higher concentrations during subway operating hours than during the transport service
interruption, and lower levels on weekends than on weekdays. PM2.5 concentrations depended largely on
the operation and frequency of the trains and the ventilation system, and were lower inside the trains,
when air conditioning system was operating properly, than on the platforms. However, the PM2.5 con-
centrations increased considerably when the train windows were open. The PM2.5 levels inside the trains
decreased with the trains passage in aboveground sections.
& 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Underground subway is one of the major transportation modes
in most metropolitan areas worldwide, due to its convenience,
safety, efficiency, high speed, large transport capacity (in terms of
number of commuters) and low emission system (electrical).
Furthermore the shift from private transportation mode to subway
system allows reducing road traffic congestion. It is also a dis-
tinctive microenvironment since it is a confined space poorly
Inc. This is an open access article u

ntal Assessment and Water
Barcelona, Spain.
rtins).
ventilated that may promote the concentration of pollutants both
from the outside atmosphere and also generated internally
(Nieuwenhuijsen et al., 2007).

Particulate matter (PM) in the underground subway micro-
environments are of great concern since many people spend
considerable time commuting on a daily basis, and the exposure to
this pollutant in the subway systems has been linked to adverse
human health effects (e.g. Bachoual et al., 2007; Bigert et al., 2008;
Salma et al., 2009). Exposure studies in subways from different
countries have reported concentrations of PM in subway systems
usually several times higher than in the outdoor environments
(see Martins et al., 2015b and references therein). Furthermore,
there are some evidences that the PM of subway air is sub-
stantially different from the above outdoor air or other transport
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air, in terms of number, mass, size, concentration and chemical
composition (e.g. Adams et al., 2001; Furuya et al., 2001; Martins
et al., 2016; Moreno et al., 2015b; Querol et al., 2012; Salma et al.,
2007).

Particles in the subway system are mainly generated by me-
chanical wear and friction processes at the rail–wheel–brake in-
terfaces, and at the interface between power conductive materials
providing electricity and the current collectors attached to trains,
as well as by the erosion of construction material and resuspen-
sion (Jung et al., 2010; Loxham et al., 2013; Sundh et al., 2009). A
railway is generally powered either by an overhead catenary with
the current drawn through the contact material of the pantograph
or by a third rail with the current drawn through the current-
collecting component (contact shoe) on the train. Since PM
emission sources in the underground subway systems are very
different from those in the aboveground environment, the che-
mical composition of PM is also distinct. To know the chemical
composition of PM on a subway platform is an essential pre-
requisite for understanding the indoor air quality of the subway
system and subsequently to access on remediation measures. The
air quality measurements at these microenvironments can also
provide relevant information to evaluate the potential for health
effects from exposures to PM as well as the effectiveness of ven-
tilation systems (Martins et al., 2015a, 2015b and references
therein). Several studies have reported Fe as the major chemical
element constituting underground subway PM, while significant
amounts of Mn, Si, Cr, Cu, Ba, Ca, Zn, Ni and K have been also
observed (Aarnio et al., 2005; Chillrud et al., 2004; Martins et al.,
2016; Murruni et al., 2009; Nieuwenhuijsen et al., 2007; Querol
et al., 2012; Salma et al., 2009, 2007). Wear and friction processes
initially produce iron-metal particles that react with oxygen in the
air resulting in the formation of iron oxides (Guo et al., 2014; Jung
et al., 2010; Moreno et al., 2015b). Moreover, the chemical com-
position of PM derived by sample analysis can be further utilised
for the assessment of its source inventory (Martins et al., 2016;
Park et al., 2014). The determination of the concentration of trace
metals (Ba, Mn, Cr, Cu, Ni, Zn, etc.) is indispensable for risk as-
sessment and although the trace metals represent only about 1% of
the total PM, they can play a critical role in the source identifica-
tion (Lim et al., 2010).

Concentration and chemical composition of subway particles
depend on various factors, such as: outdoor air quality; differences
in the depth and design of the stations and tunnels; system age;
composition of wheels, rail tracks, brake pads and current supply
materials; power system; braking mechanisms; train speed and
frequency; passenger densities; ventilation and air conditioning
systems; cleaning frequency; and other operational conditions
(Johansson and Johansson, 2003; Kwon et al., 2015; Martins et al.,
2016, 2015b; Moreno et al., 2014; Park and Ha, 2008; Ripanucci
et al., 2006; Salma et al., 2007). Furthermore, results are not al-
ways directly comparable because of differences in sampling and
measurement methods, data and sample analyses and the type of
environment studied (Kim et al., 2008; Nieuwenhuijsen et al.,
2007).

Starting from this consideration, the aim of this study was to
assess the exposure concentrations and chemical composition of
PM2.5 (particulate matter with an aerodynamic diameter less than
2.5 mm) in the subway systems of three South European cities,
including Barcelona (Spain), Athens (Greece) and Oporto (Portu-
gal), to better understand the main factors controlling air quality
in this environment. The study was based on air quality campaigns
following the same sampling, measurement and analysis methods,
and data treatment. Specific objectives of the study included:
(1) determining concentrations of PM2.5 and their chemical com-
position in selected subway stations; (2) comparing the levels of
PM2.5 and chemical elements among subway systems;
(3) comparing PM2.5 exposure levels on the subway platforms with
outdoor levels; (4) studying the spatial and temporal variations in
PM2.5 in the subway stations; and (5) evaluating real-time varia-
tions in PM2.5 levels inside trains.
2. Experimental section

2.1. Sampling methodology

The Barcelona subway system is one of the oldest underground
transport systems in Europe, with its first line beginning operation
in 1924. It comprises 8 lines, numbered L1 to L5 and L9 to L11,
covering 102 km of route and 139 stations. The system carries
around 376 million passengers a year and about 50% of people
choose it as their mode of public transport in the city. The Athens
Metro is a rapid-transit system in Greece. Line 1 was a conven-
tional steam railway constructed in 1869, which was converted to
electrical railway in 1904, and runs almost entirely aboveground.
Lines 2 and 3 opened in 2000 and are underground. The entire
system is 82.7 km long, with 61 stations (new stations are added
continually) and is used by about 494 million passengers per year.
The Oporto subway system is a light rail network with its first line
opened in 2002. The network has 6 lines (LA, LB, LC, LD, LE and LF)
and currently has a total of 81 operational stations across 67 km of
double track commercial line. The system is underground in cen-
tral Oporto (8 km of the network) and aboveground into the city's
suburbs, carrying about 57 million passengers per year.

In the three South European subway systems (Barcelona,
Athens and Oporto), aerosol measurements were performed both
on the subway platforms and inside the trains. One station plat-
form was selected from each of the subway systems to determine
the exposure concentrations and chemical composition of PM2.5.
Additional real-time measurements were carried out on the plat-
forms of 24 stations from Barcelona subway, and 5 stations from
both Athens and Oporto subways. Inside the trains the samplings
were performed in 5 lines in Barcelona, and 2 lines both in Athens
and Oporto. Whereas the measurements performed in the Barce-
lona subway system have been published previously (Martins
et al., 2016, 2015b), the measurement campaigns in Athens and
Oporto were carried out exclusively for this study, as well as the
simultaneous outdoor aerosol measurements performed at these
two cities. Information on the subway systems, selected stations as
well as the characteristics of the measurements carried out are
summarised in Table 1.

2.1.1. Subway platforms
Continuous aerosol sampling and monitoring was performed

on one station platform selected from each of the subway systems
(Barcelona, Athens and Oporto). For comparison purposes, the
measurements were performed on the platform of stations with
the same architectural design: wide tunnel with two rail tracks in
the middle with lateral platforms.

For the collection of PM2.5 samples on the subway platforms
different instruments were used among subway systems. In Bar-
celona and Athens campaigns the samplings were conducted using
a High Volume Sampler (HVS, Model CAV-A/MSb, MCV S.A.) with a
PM2.5 head operating at an airflow rate of 30 m3 h�1. In Oporto
campaign a high volume sampler (TE-5200, Tisch Environmental
Inc.) operating at 67.8 m3 h�1 was used to collect coarse (PM2.5–10)
and fine (PM2.5) particles. However, for purposes of comparison
among the three subway systems only the PM2.5 data were used in
this study. A comparison of PM2.5 concentrations measured with
both high volume samplers presented a squared Pearson correla-
tion (R2) equal to 0.91 and a linear regression with a slope close to
unity. The particles were collected daily on quartz microfibre



Table 1
Sampling subway systems information.

Subway system Barcelona Athens Oporto

Began operation 1924 1869 2002
Network extension (km) 102 83 67
Stations number 139 61 (41 are underground) 81 (only 14 stations are underground)
Ventilation Forced and natural Natural Natural
Stations with ballasta Yes No Yes
Lines 8 3 6
Operating hours 5:00 to 00:00 5:30 to 00:30 6:00 to 01:00
Passengers’ number (million year�1) 375,7 493,8 56,9
Power supply (electric) Overhead wire Third railb Overhead wire
Wheels composition Metal Metal Metal
Air-conditioned trains Yes Yes Yes
Ability to open the windows in the trains No Yes No
Sampling period 1 Jul–30 Jul 2013 28 Apr–19 May 2014 27 Oct–14 Nov 2014

10 Feb–10 Mar 2014
Selected station (building year) Santa Coloma (1983) Nomismatokopio (2009) Bolhão (2002)c

Mean train frequency (trains h�1)d 29 21 37
Nº of additional selected platforms 24 5 5
Measurements inside trains (nº of lines) 5 2 2

a None of the selected stations have ballast.
b Third rail in the underground sections.
c Bolhão station is followed by an aboveground and an underground station in opposite extremes.
d Mean train frequency in the selected station.
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filters during the subway operating hours (see Table 1). Field filter
blanks were also collected. A real-time laser photometer (Dust-
Trak, Model 8533, TSI) for the monitoring of PM2.5 mass con-
centration was simultaneously operated at 5-minute time resolu-
tion during 24 h day�1. PM2.5 concentrations provided by Dust-
Trak monitor were corrected against the in-situ and simultaneous
gravimetric PM2.5 measurements for each subway station. Fig. S1
displays the comparison of PM2.5 concentrations measured with
the DustTrak and those determined gravimetrically in the selected
platform of each subway system.

The location of the sampling and monitoring devices was
chosen as a compromise between meeting conditions for un-
disturbed measurement, obstructing pedestrian traffic as little as
possible, and the availability of power supply. The aerosol inlets
were placed at roughly 1.5 m above the ground level.

2.1.2. Additional platform measurements
Additional platforms were selected to study the temporal and

spatial variations in the PM2.5 concentrations. A total of 24 plat-
forms from Barcelona subway system, 5 platforms from Athens
subway system, and 5 platforms from Oporto subway system were
studied. In Barcelona the platforms were those with the most
common station designs present in the subway system: a wide
tunnel with two rail tracks both with and without a middle wall,
and a single narrow tunnel with one rail track both without and
with a glass wall with platform screen doors (PSDs) separating the
rail from the platform. The selected Athens subway stations have
two different architectural designs: (i) a wide tunnel with two rail
tracks in the middle with lateral platforms or (ii) a wide tunnel
with two rail tracks with a central platform (only Monastiraki
station selected with this design). In Oporto subway system all
lines are double track with lateral platforms.

Measurements were performed at 4 positions approximately
equidistant along the platform, during 1 h divided into periods of
15 min. Real-time PM2.5 mass concentrations were registered
using a DustTrak monitor set at 5-second time resolution. All
measurements were carried out during weekdays after 9 a.m. The
times of trains entering and departing the station were manually
recorded. The described procedure was conducted twice at each
subway platform, making a total 96 (48 at each period campaign)
platform measurements in Barcelona and 10 platform
measurements in each Athens and Oporto subway systems.

2.1.3. Inside the trains
Measurements inside the trains from 5 lines in Barcelona

subway system (L1, L2, L3, L4 and L5), 2 lines in Athens (L2 and L3),
and 2 lines in Oporto (LA and LD) were performed. Each of the
lines was studied according to the following protocol: PM2.5 con-
centrations were measured using a DustTrak monitor and CO2

concentrations were monitored by means of an Indoor Air Quality
meter (IAQ-Calc, Model 7545, TSI) in the middle of the central
carriage of the train during a two-ways trip along the whole
subway line. The total duration of the trip depended on the length
of the line and ranged from 45 to 90 min approximately. Both
instruments were set at 5‐second time resolution. The in-
strumentation was transported in a bag with the air uptake inlet
placed at shoulder height when sitting. The measurements were
carried out after 10 a.m. on weekdays, and they were performed
twice at each of the selected lines, making a total of 18 measure-
ments. A manual record of the time when train doors open and
close was performed. The effect of the carriage windows left open
in the Athens lines and the differences between underground and
aboveground sections in the Oporto lines were also analysed.

2.1.4. Outdoor environment
For comparison purposes, ambient PM2.5 samples were col-

lected concurrently at an urban station, which was used as a re-
ference site. The Barcelona and Athens outdoor measurements
were performed using a HVS in the sampling urban background
stations of Palau Reial (Rivas et al., 2014) and Demokritos
(Eleftheriadis et al., 2014), respectively. The measurements were
carried out during 24 h every third day at Palau Reial station and
19 h (subway operating hours, see Table 1) every second day at
Demokritos station. The Oporto outdoor measurements were
conducted in the urban traffic station of Francisco Sá Carneiro –

Campanhã with two low-volume Tecora samplers (TCR, Model
2.004.01) operating at a flow of 2.3 m3 h�1. PM2.5 samples were
collected onto quartz filters (47 mm diameter) in both TCR sam-
plers simultaneously during 19 h (subway operating hours, see
Table 1) every second day. This urban traffic station was selected
because it is frequently used for air quality studies in Oporto
(Amato et al., 2015). A map indicating the positions of the outdoor
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sampling stations and the selected subway stations is shown in
Fig. S2.

2.2. PM2.5 mass concentrations and chemical composition

The filters were equilibrated for at least 48 h in a conditioned
room (20 °C and 50% relative humidity) and then weighed before
and after sampling to determine gravimetric PM2.5 mass con-
centrations. Once the gravimetric determination was performed
the filters were cut into several sections and analysed for the de-
termination of the chemical composition of PM2.5.

The first section was acid digested and subsequently analysed
by means of Inductively Coupled Plasma Atomic Emission Spec-
trometry (ICP-AES) and Mass Spectrometry (ICP-MS) to determine
major and trace elements, respectively. The second section was
extracted using deionized water and the soluble fraction was
dispensed for ion chromatography (IC) analysis to determine wa-
ter-soluble anions (Cl� , −SO4

2 and −NO3), and for specific electrode
(SE) analysis to obtain the ammonium ( +NH4) concentrations. An-
other portion was used to determine the total carbon (TC) con-
centration by means of thermal-optical methods using a Lab OC-
EC Aerosol Analyser (Sunset Laboratory Inc.). The chemical species
concentrations in PM2.5 samples, blank filters, and standard sam-
ples were determined for quality control purposes under the same
analytical conditions. The final concentrations were calculated
after the subtraction of analytical blank values from the corre-
sponding samples. A detailed description of analytical procedures
and experimental set-up used for chemical analyses has been re-
ported by Querol et al. (2012).

In order to have PM2.5 characterisation representative of the
whole platform, the PM2.5 mass and chemical components con-
centrations reported in this study are those corrected for spatial
variation at each selected platform (Santa Coloma, Nomismato-
kopio and Bolhão), based on the measurements described in Sec-
tion 2.1.2., where the PM2.5 concentrations were measured at
4 different positions along the platform. On the station platforms
selected for carried out the continuous aerosol sampling and
monitoring, one of the 4 measurement positions coincided with
the sampling site (devices location). Hence, the concentrations
measured at the selected platforms were multiplied by a PM2.5

correction factor for spatial variation. These correction factors
were obtained by dividing the average PM2.5 concentrations along
the platform (including the concentrations recorded at the 4 po-
sitions) by the average PM2.5 concentrations at the selected sam-
pling point for continuous measurements (gravimetric and che-
mical composition PM2.5). In general, due to the station design, the
concentration gradient along the platform was small (correction
factors were very close to 1), since the air mixing is promoted by
trains moving along the platform and by ventilation. Therefore, the
concentrations measured at the sampling sites were very similar
to the exposure levels of commuters waiting elsewhere along the
platform.
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Fig. 1. Mean PM2.5 gravimetric concentrations and standard deviations
3. Results and discussion

3.1. PM2.5 mass concentrations on subway platforms

Mean PM2.5 gravimetric concentrations and standard devia-
tions (sd) on the subway platforms and in the corresponding
outdoor ambient air are presented in Fig. 1. The lowest mean PM2.5

concentration was found in Santa Coloma station with mean7sd
of 58.3713.7 μg m�3, while the highest PM2.5 concentration was
recorded in Bolhão station (83.7745.7 μg m�3). In the No-
mismatokopio station a mean PM2.5 concentration of
68.3711.3 μg m�3 was obtained. These results may be associated
to differences in the ventilation system among subway systems.
Based on managers’ information of each subway system, the Bar-
celona subway system is equipped with a ventilation system in all
its length, whereas in both Athens and Oporto subway systems
only natural ventilation occurs, with air exchange with the out-
door air happening mainly through draught relief outlets (“blast
shafts”) in the tunnels adjacent to the platform. Thus, the main
ventilation flow of the platform was due to train movements
through the tunnels to the platform. The forced ventilation is a
relevant factor to improve the air quality within the subway sys-
tem (Martins et al., 2015b). The majority of the underground
sections in the Oporto subway system are composed by curved or/
and sloping rail tracks, which may imply higher emissions from
the rail–wheel–brake interfaces while trains are stopping on the
platform (Jung et al., 2010) resulting on higher particle mass
concentration on the platform. The frequency of train passages in
the Oporto subway station is higher than in the stations of Bar-
celona and Athens, as trains from 5 different lines (LA, LB, LC, LE
and LF) pass through Bolhão station using a common platform
whereas in Barcelona and Athens subway systems only trains of
one line circulate at each studied station.

Moreover, other factors not studied such as the differences in
the engineering and power systems, braking mechanisms, tech-
nical and operational conditions, dimensions of the underground
spaces, normal cleaning frequency, and passenger densities could
also be reasons of differences in these results. For example, Mu-
gica-Álvarez et al. (2012) and Johansson and Johansson (2003)
reported that the subway cleaning operations decreased the mass
concentrations of airborne particles in the Mexico city and Stock-
holm subway systems, respectively, due to the removal of de-
posited particles and hence the decrease in the resuspension of
these particles with the consequent decrease in the ambient PM
concentrations. Besides, the type of braking (either pneumatic or/
and electric brakes) and power supply systems (overhead wire or
third rail) have been considered as the major differences influen-
cing the particulate air quality in some subway systems (Fromme
et al., 1998; Ripanucci et al., 2006; Seaton et al., 2005).

The outdoor mean PM2.5 concentrations were 15.773.5,
9.973.0 and 37.5714.6 μg m�3, for Barcelona, Athens and
Oporto, respectively. Thus, the PM2.5 concentrations on the plat-
forms were on average 3.7, 6.9 and 2.2 times higher than those
kopio (Athens) Bolhão (Oporto)

Outdoor

n = 9

n = 15

n = 8

on the subway platforms and outdoor. (n – number of samples).



V. Martins et al. / Environmental Research 146 (2016) 35–46 39
simultaneously recorded in ambient air, respectively (Fig. 1). Si-
milar results have been reported in other subway systems, such as
in London (Adams et al., 2001), Los Angeles (Kam et al., 2011),
Milan (Colombi et al., 2013), Rome (Ripanucci et al., 2006),
Stockholm (Johansson and Johansson, 2003) and Tehran (Kamani
et al., 2014). The highest ambient PM2.5 concentrations were found
in Oporto because the measurements were conducted in an urban
traffic station, whereas urban background stations were used in
Barcelona and Athens.

The PM2.5 mass concentrations in the subway stations and in
ambient air were strongly correlated for Oporto (squared Pearson's
correlation coefficient R2¼0.74) and Athens (R2¼0.60), indicating
Fig. 2. Temporal variation of mean 1 h PM2.5 mass concentrations and train frequency on
stations. The grey box represents the median, and the 25th and 75th percentile of hour
PM2.5 concentrations. Note the different scales for each of the three plots.
that the PM levels at the Bolhão and Nomismatokopio stations
were markedly influenced by outdoor PM (see Fig. S3). Therefore,
there is an important influence of airborne particles introduced
through the ventilation grids, corridors and by commuters. The
Bolhão station is followed by an aboveground station which fa-
vours the air exchange with outdoor environment. Hence, the
highest PM2.5 concentrations observed in the Bolhão station can
also be explained with its location in the central area of the city
(Fig. S2). Cheng et al. (2008) also suggested that PM can originate
outside in ambient air and enter the stations via the subway
tunnels and accumulate in the underground system, thereby in-
ducing relatively high PM levels. In Barcelona there was no clear
the weekdays in the Santa Coloma (a), Nomismatokopio (b) and Bolhão (c) subway
ly PM2.5 concentrations. The whiskers show the 10th and 90th percentile of hourly



Fig. 3. Profiles of PM2.5 concentrations (mg m�3) on platforms from Athens subway (a and b) and Oporto subway (c and d) at 4 different positions (P1, P2, P3 and P4). Train
arrival/departure and direction are indicated. Locations of commuters’ accesses to platforms are represented either between two points (P) or in the extreme of a point. L is
the line belonging to each station.
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correlation (R2¼0.08), evidencing that in the Santa Coloma station
the outdoor PM2.5 concentrations do not drive the subway air
quality, whereas the emissions generated within the subway sys-
tem do.

3.1.1. Daily pattern
The PM2.5 mass concentrations discussed in this section are

those determined by the DustTrak monitor after being corrected
against the gravimetric measurements (see Fig. S1). Fig. 2 shows
the mean weekdays daily pattern for 1 h PM2.5 mass concentra-
tions and train frequency in the Santa Coloma (a), Nomismato-
kopio (b) and Bolhão (c) stations. Similar daily trends were ob-
served among the subway platforms. The PM2.5 mass concentra-
tion during the day varied largely depending on the train fre-
quency. An increase in PM2.5 mass concentration was marked in
the morning rush hour period, between 07:00 and 10:00 h, which
was attributable not only to the influx of commuters but also to
the higher train frequency; the motion of the trains promotes the
resuspension of PM2.5 and their generation due to the abrasion of
rail tracks, wheels, brake pads and current supply materials, and
the movement of the commuters leads mainly to the PM2.5 re-
suspension. Afterwards, PM2.5 mass concentration varied slightly
with relatively low levels until late afternoon. An increase in the
PM2.5 concentrations was registered during the evening rush
hours (from 18:00 to 21:00 h) at both Santa Coloma and Bolhão
stations. However, this phenomenon was much more pronounced
in the Bolhão station where the increase in train frequency was
higher (Fig. 2). In Nomismatokopio this trend was not observed
because train frequency decreased during these hours. In the case
of Santa Coloma station there was also a late peak (22:00–24:00 h)
which was attributable to the changes in the ventilation settings
(Martins et al., 2015b). During the night, there was a continuous
decrease in PM2.5 concentrations due to transport service inter-
ruption for several hours, which brought about settlement of a
large quantity of PM2.5. Salma et al. (2007) reported a similar be-
haviour in the continuous measurement of PM10 levels in the
Budapest subway, where two peaks were observed, one at 7:00 h
and other at 17:00 h approximately, with a substantial decrease
during the night. In sum, the variations of PM2.5 levels depend
largely on the operation and frequency of the trains and the
ventilation system, and therefore, the personal exposure to PM2.5

concentrations is dependent on the time of the day used to
commute.

Furthermore, the PM2.5 concentrations among sampling days
were much more variable in the Bolhão station than in the other
two stations (see interpercentile range in Fig. 2), because during
the sampling period the weather conditions and consequently the
PM2.5 concentrations in the ambient air were considerably variable
(see Fig. S4). These factors are important because the air quality
within the Bolhão station is markedly influenced by the outdoor
air, as discussed previously.

Daily mean, standard deviation, minimum and maximum PM2.5

concentrations for the 3 monitored European platforms during the
subway operating hours are displayed in Table S1 for weekdays
and weekends. The concentrations of PM2.5 on the weekdays were
on average 1.4 times higher than those on weekends, probably due
to the lower number of commuters and frequency of trains. Similar
results have been observed in studies conducted in other subway
systems (Aarnio et al., 2005; Johansson and Johansson, 2003;
Mugica-Álvarez et al., 2012; Raut et al., 2009). The difference be-
tween the weekdays and weekends in PM2.5 concentrations were
more pronounced in the Bolhão station and less in the No-
mismatokopio station. In summary, the experimental results in-
dicate the presence of PM2.5 sources in the subway system, which
lead to higher concentrations during train operating hours than at
night when the system is closed and on weekdays more than on
weekends.

3.1.2. Temporal–spatial variations
PM2.5 concentrations measurements were performed at 4 dif-

ferent positions along the platforms in the 3 European subway
systems. The results for Barcelona subway have been reported by
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Martins et al. (2015b), and will only be summarised here. Ex-
perimentally, PM2.5 concentrations in the stations of Barcelona
subway system showed clear differences over time and location on
the platform, reflecting the influence of the ventilation settings,
passage and frequency of the trains, design of the stations and
tunnels and location of passengers’ access to the platforms.

Mean PM2.5 concentrations and standard deviations at each
studied station in Athens and Oporto subway systems, along the
4 different positions, are summarised in Table S2, whereas the
specific cases are represented in Fig. 3. In some cases PM2.5 con-
centrations on the platforms increased when the train entered the
Table 2
Mean concentrations of PM2.5 and elemental components on the subway platforms an
carbon; ws – water soluble).

Barcelona Athens

Subway platform Outdoor Subway pla
Mean Sd Mean Sd Mean

lg m�3

PM2.5 58.3 13.7 11.0 3.5 68.3
TC 13.2 5.4 3.8 1.1 6.2
Fe 16.7 4.0 0.1 o0.1 29.1
Crustal matter (lg m�3)
Al2O3 0.6 0.3 0.1 0.1 0.6
SiO2 1.7 1.0 0.4 0.3 1.8
Ca 1.1 0.6 0.1 o0.1 1.2
Mg 0.4 0.1 o0.1 o0.1 0.2

−CO3
2 1.6 1.0 0.1 0.1 1.9

Ti o0.1 o0.1 o0.1 o0.1 o0.1
K 0.2 0.2 0.1 o0.1 0.2
P o0.1 o0.1 o0.1 o0.1 o0.1
Secondary inorganic compounds (lg m�3)
ws- −NO3 0.7 0.7 0.5 0.5 0.8

ws- −SO4
2 1.8 0.9 2.4 1.7 2.8

ws- +NH4 0.4 0.3 1.0 0.6 0.7

Insoluble sulphate (lg m�3)
−SO4

2 0.9 0.3 0.1 0.1 0.7

Halite (lg m�3)
Na 0.1 0.1 0.1 o0.1 0.3
Cl 0.2 0.2 0.1 0.1 0.3
Trace elements (ng m�3)
Ba 700.8 240.2 3.2 2.0 85.8
Cu 101.2 26.4 6.8 2.5 58.7
Mn 161.9 54.9 5.2 2.5 248.6
Zn 163.3 58.4 63.4 44.3 148.5
Cr 17.3 6.6 1.7 1.0 134.0
Sb 2.4 1.3 0.8 0.3 2.9
Sr 16.5 5.1 0.6 0.4 3.6
Mo 20.3 9.6 11.0 12.5 143.5
Zr 8.4 2.5 5.6 3.1 8.5
Ni 8.6 2.7 2.0 1.0 15.7
Pb 7.9 4.2 8.0 4.1 5.7
Sn 6.6 2.2 2.3 1.3 9.0
V 5.3 1.9 4.6 3.1 7.2
As 1.3 0.3 0.3 0.1 1.8
Co 1.0 0.3 0.1 o0.1 1.7
Li 0.4 0.2 0.1 o0.1 0.2
Ga 0.2 0.1 0.1 o0.1 0.4
Ge 0.4 0.4 o0.1 o0.1 0.3
Se 0.3 0.1 0.2 0.2 0.3
Rb 0.6 0.3 0.2 0.1 0.5
Y 0.2 0.2 0.2 0.1 0.3
Nb 0.9 0.3 0.1 0.2 0.8
Cd 0.1 0.1 0.2 0.1 0.3
La 0.4 0.1 0.1 0.1 0.4
Ce 0.7 0.3 0.2 0.2 0.6
Pr o0.1 o0.1 o0.1 o0.1 o0.1
Nd 0.2 0.1 0.1 o0.1 0.1
Hf 0.3 0.2 0.1 0.2 0.2
Bi 0.5 1.1 0.2 0.1 0.2
U 0.1 0.1 0.1 0.1 0.1
Accounted (mg m�3) 40.7 – 9.1 – 47.7
% Determined 69.9 – 83.0 – 69.8
platform pushing in polluted air from the tunnel (by piston effect)
and decrease when it departs as the train moves polluted air from
the station, renewing the air on the platform (Fig. 3a–c). The same
phenomenon was described for the Barcelona subway (Martins
et al., 2015b). In some subway stations in Barcelona, higher PM2.5

concentrations were observed in the train entry edges and in the
areas closer to the commuters’ access to the platforms. However,
in the Athens and Oporto cases this was not clearly observed be-
cause there were day-to-day fluctuations in PM2.5 concentrations
along the platforms (see Table S2).

In the Syntagma station (Fig. 3a) PM2.5 concentrations were
d in the corresponding outdoor ambient air. (sd – standard deviation; TC – total

Oporto

tform Outdoor Subway platform Outdoor
Sd Mean Sd Mean Sd Mean Sd

11.3 9.9 3.0 83.7 45.7 37.5 14.6
1.1 1.7 0.7 11.3 7.6 14.5 7.8
5.3 0.1 o0.1 32.9 18.9 0.4 0.3

0.1 0.2 0.1 1.0 0.8 0.4 0.5
0.4 0.5 0.2 2.9 2.5 1.2 1.4
0.3 0.3 0.2 0.4 0.3 0.1 0.1
o0.1 0.1 o0.1 0.2 0.1 0.1 o0.1
0.5 0.5 0.3 0.7 0.4 0.2 0.2

o0.1 o0.1 o0.1 o0.1 o0.1 o0.1 o0.1
o0.1 0.1 o0.1 0.6 0.4 0.3 0.3
o0.1 o0.1 o0.1 o0.1 o0.1 o0.1 o0.1

0.3 0.4 0.1 0.8 0.5 5.3 3.8
1.5 2.7 1.5 1.5 0.6 3.5 4.5

0.5 0.8 0.6 0.2 0.2 3.7 2.1

0.3 0.1 0.1 0.4 0.4 0.7 0.5

0.2 0.2 0.2 1.5 0.6 0.5 0.4
0.1 0.2 0.1 2.4 1.3 5.9 4.8

28.6 5.0 4.0 53.2 41.9 9.6 6.3
12.4 2.5 1.7 404.8 235.1 13.8 8.2
42.8 2.3 0.9 287.3 174.5 4.7 3.6
34.9 14.3 5.2 86.8 59.0 44.5 30.0
20.6 1.3 0.7 21.2 15.0 1.4 1.1
0.9 0.5 0.2 38.4 17.4 2.3 1.2
0.8 0.7 0.3 2.4 1.6 0.9 0.8
77.8 6.8 6.6 0.1 0.4 0.9 1.2
1.6 1.3 1.3 12.0 3.8 9.4 1.9
2.8 1.6 0.9 16.7 11.5 0.8 1.0
2.9 2.6 1.1 11.4 10.3 8.4 6.6
1.5 1.1 0.6 8.0 6.2 5.9 3.2
3.2 3.0 2.4 2.9 2.2 1.3 1.5
0.3 0.2 0.2 1.4 0.8 0.5 0.3
0.3 0.1 o0.1 1.1 0.8 0.1 0.1
0.1 0.1 o0.1 0.6 0.4 0.2 0.2
0.1 o0.1 o0.1 0.3 0.2 0.1 0.1
0.2 o0.1 o0.1 0.3 0.2 o0.1 o0.1
0.2 0.3 0.1 0.3 0.2 o0.1 0.1
0.1 0.2 0.1 1.6 1.1 0.9 0.7
0.1 0.2 0.2 0.1 0.1 o0.1 o0.1
0.1 0.1 0.2 0.3 0.1 0.6 0.3
0.1 0.1 o0.1 0.2 0.2 0.2 0.1
0.2 0.2 0.2 0.3 0.3 0.1 0.1
0.2 0.2 0.1 0.7 0.6 0.5 0.3
o0.1 o0.1 o0.1 0.1 o0.1 o0.1 0.1
o0.1 0.1 o0.1 0.2 0.2 0.1 0.1
0.2 o0.1 0.1 0.6 0.2 0.3 0.1
o0.1 o0.1 o0.1 0.2 0.1 0.2 0.1
0.1 0.1 0.1 0.1 0.1 0.1 o0.1
– 7.9 – 57.7 – 36.9 –

– 80.2 – 69.0 – 98.5 –



Fig. 4. Relative abundance of chemical components of PM2.5 in the subway plat-
forms and outdoor air. (SIC – secondary inorganic compounds; TC – total carbon).
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higher than those in Argiroupoli station (Fig. 3b) even belonging to
the same line (L2), which is probably attributable not only to the
fact that Argiroupoli is a new station (opened in 2013), but also
because it is located in the periphery of the line (out of the central
area of the city) and the train frequency is lower (since some trains
do not run the entire route). Measurements in the transfer station
of Syntagma (Lines 2 and 3 intersect, see Table S2) showed that the
PM2.5 concentrations were higher in the Syntagma platform of
Line 2 than that of Line 3, which may be related to the age of the
lines and consequently the different materials used.

PM2.5 mass concentrations were found to vary both spatially
and temporally. The time scale for large variations was small,
showing that commuters may be exposed to very high con-
centrations during very low time periods, which may have im-
plications on health effects (Martins et al., 2015a). In some stations
the levels were relatively constant throughout the time and the
location on the platform (e.g. Faria Guimarães station in Fig. 3d).
Therefore, in these cases the exposure levels of commuters were
very similar whenwaiting anywhere along the platform. The PM2.5

concentrations on the platforms in the Athens subway were gen-
erally more variable than in the Oporto platforms (see standard
deviations in Table S2). The stations with passage of trains be-
longing to several lines (e.g. Campo 24 de Agosto in Fig. 3c) were
associated with higher PM2.5 concentrations.

In general, the air quality varies in time and space within a
subway station. These features complicate the comprehensive
characterisation and comparison of subway systems.

3.1.3. PM2.5 chemical composition
Table 2 summarizes the mean chemical composition of PM2.5

on the subway platforms and outdoors. The elemental species
were grouped into seven different categories: (1) Elemental iron
(Fe), (2) Total carbon (TC), (3) Crustal matter (CM, the sum of Ca,
Mg, Al2O3, SiO2,

−CO3
2 , Ti, K and P), (4) Secondary inorganic com-

pounds (SIC), the sum of water-soluble nitrate (ws- −NO3), sulphate
(ws- −SO4

2 ) and ammonium (ws- +NH4), (5) Halite (NaCl), (6) In-
soluble sulphate and (7) Trace elements. As the oxidation state
cannot be determined from the analysis performed, only ele-
mental concentrations are shown in Table 2, but for the chemical
mass balance, the oxide concentrations were calculated for Al2O3.
Because silicon data were not acquired, SiO2 was estimated by
multiplying Al2O3 with a factor of 3, and −CO2

3 by multiplying Ca by
a factor of 1.5 (Querol et al., 2001).

In the Barcelona, Athens and Oporto measurements, the ana-
lysed chemical elements accounted for, on average, 70%, 70% and
69% of the total PM2.5 on the platform and 83%, 80% and 98% in the
outdoor air, respectively. The unaccounted mass can be explained
by the presence of oxide species, heteroatoms from the carbo-
naceous compounds and some water molecules (moisture, for-
mation and crystallisation water).

The relative chemical composition of PM2.5 was markedly dif-
ferent between subway platform and ambient air due to distinct
emission source contributions. The percentage contributions of
each group of chemical components to PM2.5 are plotted in Fig. 4.

Fe was the most abundant element in PM2.5 found in the sub-
way stations, with relative contribution to the bulk PM2.5 ranging
from 29% to 43% (41–61% if Fe2O3 is considered). The considerable
amount of Fe in the subway stations is mainly attributed to me-
chanical friction and wear processes between rails, wheels and
brakes (Johansson and Johansson, 2003; Jung et al., 2010; Kam
et al., 2013; Moreno et al., 2015a; Querol et al., 2012). High mass
concentrations of Fe have also been found in other subway sys-
tems (Aarnio et al., 2005; Adams et al., 2001; Furuya et al., 2001;
Johansson and Johansson, 2003; Mugica-Álvarez et al., 2012;
Nieuwenhuijsen et al., 2007; Querol et al., 2012; Ripanucci et al.,
2006; Salma et al., 2007; Seaton et al., 2005). Furthermore, the
relative abundance of Fe particles on the platform in the Santa
Coloma station (17–36%) was much lower than that on the plat-
forms in the Nomismatokopio (36–46%) and Bolhão (27–45%)
stations. Considering that all three subway systems have metallic
wheels, this marked decrease of abundance of Fe particles on the
platform of Santa Coloma station might be attributable to the
existence of forced ventilation in the subway system. The venti-
lation system promotes the outflow of particles, generated in the
subway system (such as Fe), to the outdoor atmosphere. Outdoor
aerosol samples contained less than 1% of Fe particles.

Total carbon (TC) particles represented the second largest
component of the subway PM2.5, with mean relative contributions
ranging from 9% to 23%. In the ambient urban atmosphere, TC
concentrations were generally lower, but their relative contribu-
tion to PM2.5 was higher, accounting for 17–39%, due to the lower
bulk PM2.5 concentrations. It is important to note that in the three
subway systems all trains are powered by electricity, thus, there
are no combustion sources of TC, and hence it is somewhat un-
expected to find relatively high levels of TC. However, in Barcelona
and Athens the TC concentrations on the platforms (13.2 and
6.2 mg m�3) were around 3.5 times higher than those in the as-
sociated outdoor air (Table 2). Possible sources of this TC are die-
sel-powered trains used for maintenance activities running at
night, and the abrasion of C-bearing brake pads and current supply
materials (Moreno et al., 2015a). In contrast, in Oporto the TC
concentrations were very similar between the platform and the
outdoor air, indicating the clear influence of outdoor air in the
Bolhão station which is followed in the line by an aboveground
station. These experimental results indicate that the carbonaceous
particles on the platform can arise from the outdoor environment
in addition to those generated inside. Hence, the outdoor con-
centrations of TC in Oporto (14.5 mg m�3) were significantly higher
than in Barcelona (3.8 mg m�3) and Athens (1.7 mg m�3) (Table 2)
because the measurements were conducted in an urban traffic
station, as stated previously.

Elements of crustal origin (Al, Ca, K, Ti, Mg and P) were found in
higher concentrations in subway PM2.5 samples in comparison to
ambient air, with relative contributions of crustal matter in the
range of 7–9% (Fig. 4). Crustal matter is expected to be present in
outdoor PM samples, as these elements mainly derive from soil
and urban mineral dust. This implies that the crustal particles
found in the subway platforms flowed in from the outdoor en-
vironment by the commuters and by air-exchange between the
indoor and outdoor environments. Moreover, crustal particles on
the subway platforms could be originated from the resuspension
of particles generated by wind erosion and weathering of con-
struction material in both platform and tunnel, and can also be
tracers of occasional construction works in the subway systems.
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SIC particles were observed in subway aerosol samples, with
their relative abundances ranging from 3% to 6%. In general, sec-
ondary particles (water-soluble nitrate, sulphate and ammonium)
are one of the most abundant aerosol types in the outdoor at-
mosphere, accounting for 33–39% of the total PM2.5, indicating
that these particles in the subway environment might arise from
the outdoor environment. Concentrations of insoluble sulphate
were very low and very similar at both environments, with mean
concentrations ranging between 0.1 and 0.9 μg m�3 (Table 2).

The halite present in the subway environment is expected to
come from outdoors by both air and water infiltration. Its con-
centrations were similar at both Santa Coloma and Nomismato-
kopio stations, and comparable to the corresponding outdoor
concentrations. In Oporto the halite concentrations were higher
both in the subway environment and outdoors, possibly due to the
location of the city next to the Atlantic Ocean.

Higher amounts of other metal particles in addition to Fe, such
as Ba, Cu, Mn, Zn, Cr, Sb, Sr, Mo, Ni, Sn, As, Zr and Co (Table 2), were
found in the subway PM2.5 compared to the simultaneous outdoor
samples, pointing towards the presence of metal particle sources
in the subway stations. Concerning the enrichment of these trace
metals on the subway platforms the following were observed:

1. the sum of trace metals concentrations were similar (0.9–
1.2 mg m�3) among the three subway platforms;

2. Ba was especially enriched in Santa Coloma station, with con-
centrations 217 times higher than outdoors, and 13 and 8 times
higher than in Bolhão and Nomismatokio subway platforms;

3. Cu was the most enriched trace metal in the Bolhão station,
with concentrations 29 times higher than in ambient air, and
7 and 4 times higher than in Nomismatokopio and Santa
Coloma;

4. The mean concentrations of Mn were similar between the No-
mismatokopio (248.6 ng m�3) and Bolhão (287.3 ng m�3),
being about 1.7 higher than in Santa Coloma station
(161.9 ng m�3);

5. The mean concentrations of Zn were similar between the Santa
Coloma (163.3 ng m�3) and Nomismatokopio (148.5 ng m�3),
being about 1.8 higher than in Bolhão station (86.8 ng m�3);

6. The highest Cr, Sn, Mo and As concentrations were found in
Nomismatokopio station;

7. Cu, Mn, Sb and Ni were metals with the highest concentrations
in Bolhão station.

Although the trace metals represent less than 2% of the total
PM2.5, they are important for source identification. Differences in
the metal concentrations among the stations and subway systems
might be associated to the different chemical composition of
wheels and rails (Mn, Cr), brakes (Ba, Sb, Cu, Zn, Pb, Ni, Sr), and
Fig. 5. Scatter plots of the concentrations of Ba vs. Sr (a) and Cu vs. Fe (b) in several subw
et al. (2016).
current supply materials (e.g. Cu-rich catenaries and Cu vs C
pantographs) (Moreno et al., 2015a). The metals can be originated
from mechanical wear and friction processes among these man-
ufactured materials, as reported by other studies in subway sys-
tems (Furuya et al., 2001; Gustafsson et al., 2012; Martins et al.,
2016; Querol et al., 2012). Therefore, a low metal specification for
any of the above components of the railways and trains would
reduce considerably commuters' exposure to metals.

The relative abundance of specific elements of the subway
PM2.5 varies from station to station. Representative cases are
shown as example in Fig. 5a and b. The Ba/Sr ratio (both elements
being present in brake pads) varied from 8 in Tetuan to 45 in Santa
Coloma. All stations except Tetuan show close Ba/Sr ratios which
can be interpreted as coming from a similar subway source
(Fig. 5a). Another relevant difference was the Cu/Fe ratio, which
varied from 0.001 in Nomismatokopio to 0.013 in Joanic. In this
case Santa Coloma and Tetuan show comparable ratios (0.006–
0.007, Fig. 5b). However, in the Bolhão station the Cu/Fe ratio was
very variable among sampling days, which is probably attributable
to the major influence of outdoor sources. It is also interesting to
notice the relative lower concentrations of Cu in Nomismatokopio
possibly due to the use of a third rail for power supply in the
Athens subway system instead of the catenary used in Barcelona
and Oporto.

The remaining trace elements (Zr, Pb, V, Li, Ga, Ge, Se, Rb, Y, Nb,
Cd, La, Ce, Pr, Nd, Hf, Bi and U) represented a negligible amount
(o0.1%) of the total PM2.5 and, in general, their mass concentra-
tions in the subway PM2.5 and in ambient PM2.5 were similar,
implying that subway concentrations are associated with the in-
filtration of ambient air in the subway systems.

3.2. PM2.5 and CO2 concentrations inside trains

The PM2.5 and CO2 concentration profiles during trips inside
the trains showed dissimilar behaviours. The CO2 concentrations
were most probably driven by the number of passengers inside the
train carriages. The maximum influx of people corresponds to
stations located in the central area of each city. Average PM2.5

concentrations are reported in Table S3.
Generally, the PM2.5 concentrations along the lines presented a

constant level, while short-term peaks were often observed after
the train doors closed, probably due to turbulence and consequent
PM resuspension produced by the movement of passengers inside
the trains. The trains of the 3 subway systems are equipped with
air conditioning system, and this can induce the relative constant
and low PM2.5 concentrations along the lines.

In the Athens subway system, carriage windows were usually
open, despite the existence of air conditioning. This resulted in an
increase in PM2.5 concentrations inside trains when passing
ay stations. The results of Tetuan and Joanic stations have been reported by Martins



Fig. 6. PM2.5 and CO2 concentrations measured inside the train of Line 2 in the Athens subway system (a) and of Line D (b) and A in two different days (c1 and c2) in the
Oporto subway system. The times of train doors open and closed are indicated. The central area of the city is grey shadowed. Arrows represent peaks in the PM2.5

concentration registered while travelling in the same section of the tunnel. The aboveground sections of the lines are highlighted in blue. The mean daily outdoor PM2.5

concentrations were 53.3 mg m�3 in c1 and 17.3 mg m�3 in c2. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

V. Martins et al. / Environmental Research 146 (2016) 35–4644
through some tunnel sections between stations, due to the en-
trance of PM from the tunnel into the trains. An example is shown
in Fig. 6a for Line 2, where a clear peak in the PM2.5 concentration
was registered while travelling inside a tunnel section in both
directions (see arrows in Fig. 6a). The results indicate that the
passengers might be exposed to higher PM2.5 levels while the train
is travelling in the subway tunnel because it is a more confined
microenvironment and may present high PM2.5 concentrations;
tunnel particles can enter into the trains through the windows and
be resuspended by the passengers’ motion. When comparing the
3 subway systems, the highest PM2.5 concentrations inside the
trains were found in the lines belonging to Athens subway system
(Table S3).

In general, in the Oporto subway system, the real-time mea-
surements of PM levels inside the trains travelling both in
aboveground and underground sections of lines LA and LD showed
lower PM2.5 and CO2 concentrations while travelling in the
aboveground section where clean air entering the trains produced
an environmental “cleaning effect” (Fig. 6b and c1, Table S4). Si-
milar results have been reported in other subway systems, such as
in Los Angeles (Kam et al., 2011) and Taipei (Cheng and Yan, 2011;
Cheng et al., 2012). The PM2.5 concentrations inside the trains of
this subway system are greatly dependent on ambient air quality,
as shown by the notably different levels of PM2.5 concentrations
inside the trains between the two days (Fig. 6c1 and c2)
corresponding to high and low outdoor concentrations,
respectively.

3.3. PM2.5 concentrations on platforms vs inside trains

Comparing the PM2.5 concentrations inside the trains (Table S3)
with those found on the platforms (Fig. 1) corresponding to the
same subway system, it was possible to observe that in the Bar-
celona and Oporto subway systems the concentrations inside the
trains were in general lower than those on the platform, which
may be attributed to the air conditioning system operating inside
the trains, and in Oporto also by the predominance of above-
ground stations along the lines (Table S4). In contrast, in Athens
system, despite having also air conditioning, the concentrations
inside the trains were higher than on the platform, since the trains
run with most of the windows open, hence favouring the entrance
of polluted tunnel and platform air into the trains. Therefore, the
air conditioning system is not being effectively used, and safety,
energy-saving and environmental awareness of the commuters
should be applied.

In terms of personal exposure, a subject who commutes by
subway typically spends some time of the day in the subway
system, being most of this time spent inside the trains. Thus, the
subway commuters are predominantly exposed to the relatively
low PM2.5 concentrations inside the trains, whereas the exposure
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to higher PM2.5 concentrations on the platforms lasts shorter.
Besides the time spent commuting in the subway, there are

many other microenvironments to which the citizen is exposed at
different times of the day, with the air quality of most of them
being very different from that measured in the subway system.
Thus, it is extremely important to consider this fact when esti-
mating the daily exposure to PM2.5 and subsequent deposition in
the respiratory tract during breathing (Martins et al., 2015a). For
instance, Moreno et al. (2015b) have studied the variations in ur-
ban air quality experienced during travelling on different modes of
public transport (tram, subway and bus) and walking in Barcelona
city, and they concluded that the air pollutant concentrations
regularly inhaled by urban commuters vary greatly depending on
the transportation mode used to travel.
4. Conclusions

Air quality sampling campaigns were conducted in 3 South
European subway systems: Barcelona (Spain), Athens (Greece) and
Oporto (Portugal), both on platforms and inside trains. The PM2.5

concentration and their elemental composition were determined.
The following main conclusions were drawn:

1. Mean PM2.5 concentrations in the 3 subway stations were sev-
eral times higher (between 2.2 and 6.9) than those in the cor-
responding ambient air. On the platforms the highest PM2.5

concentrations were measured in the Bolhão station in the
Oporto subway system, which is naturally ventilated and the
frequency of train passages is higher than in the other 2 Eur-
opean subway stations.

2. PM2.5 diurnal cycles showed higher concentrations during
subway operating hours than during the night when the system
is closed, and lower levels on weekends than on weekdays.
PM2.5 concentrations depended largely on the operation and
frequency of the trains and the ventilation system.

3. In general, PM2.5 concentrations varied in time and space within
a subway platform. These features complicate the comprehen-
sive characterisation and comparison of subway systems.

4. PM2.5 differs substantially between the subway system and
outside, not only in terms of mass concentration but also the
chemical composition, owing to different PM emission sources.

5. Higher metal concentrations were found on the subway plat-
forms compared to ambient air. Fe was the most abundant
element, accounting for 29–43% of the total PM2.5 mass (41–61%
if Fe2O3 is considered).

6. The significant enrichment of metals present in the alloys used
in the production of rails, wheels, brakes and current supply
materials (Ba, Cu, Mn, Zn, Cr, Sb, Sr, Mo, Zr, Ni, among others),
clearly suggests the wear of metal parts as the most important
PM subway source.

7. The use of air conditioning inside the trains was responsible for
reducing the PM2.5 levels. Real-time measurements showed that
PM2.5 concentrations increase considerably when the train
windows were open. The opposite effect happened in the
aboveground section where clean air entering the trains pro-
duced an environmental “cleaning effect”.

8. Data from this study can be further used to assess health risks to
improve policies and strategies for an indoor air quality man-
agement in the subway transportation system.
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ABSTRACT 

Millions of people use public transport around the world, with the rail subway being one of the 

most desirable for its efficiency. However, particulate matter (PM) concentrations in these 

underground environments are often higher than outdoors leading to the need to identify and 

quantify the aerosol sources in this environment to improve the air quality. An extensive aerosol 

monitoring campaign was carried out in 11 subway stations in the Barcelona metro system, 

belonging to seven different subway lines. PM2.5 samples were collected daily, for different 

periods of time, using a high volume sampler during the metro operating hours. The samples 

were chemically analysed to determine major and trace elements, inorganic ions, and total 

carbon, and the chemical compositions of subway components such as brake pads, rail tracks 

and pantographs were determined. 

The mean PM2.5 concentrations varied widely from one station to another, ranging from 26 µg 

m-3 to 86 µg m-3. Subway PM2.5 was mainly constituted by Fe2O3 (30-66%), followed by 

carbonaceous aerosol (18-37%) for the old stations, while for new stations equipped with 

Platform Screen Doors (PSD) these percentages go down to 21-44% and 15-30%, respectively. 

Many species were in concentrations higher than outdoors, pointing to an indoor origin. Both 

the absolute concentrations and the relative abundance of key species were different for each 

subway station, although common patterns were found for stations belonging to the same 

subway line. This is a result of the different emission chemical profiles for different subway lines 

(using different types of brakes and/or pantographs). The co-variance of different key species 

may be a result of a common source or different co-emitted sources, which poses a problem for 

the separation of the contribution of each of them by receptor models. Nevertheless, Positive 

Matrix Factorisation was applied to the comprehensive dataset and resulted in ten different 

sources, five of them subway-specific: Rail, Rail+Brake, Brake_A, Brake_B, Pb. The sum of the 

subway-specific sources accounted for 43% to 91% of bulk PM2.5 for the old stations and 21% to 

52% for the new stations equipped with PSD. The decrease of the activity (both train frequency 

and passenger influx) during the weekends resulted in a decrease in the subway-specific sources 

contribution to the –already lower– bulk PM2.5 concentrations compared to weekdays, which 

can be as high as 56%. The health-related elements, when in high concentrations, are mainly 

apportioned (>60%) by subway sources.  
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1 INTRODUCTION 

People living in large urban areas spend a significant amount of time commuting. The subway 

system is one of the major transport modes in many metropolitan areas worldwide, due to its 

convenience, safety and high speed. This particular environment may present specific conditions 

regarding air quality, such as relatively high particulate matter (PM) concentrations, with a 

chemical composition clearly different from that typically present outdoors, as pointed out by 

several studies in subway systems worldwide (e.g. Martins et al., 2016b, 2015b). In Barcelona, 

currently, over 1.25 million passengers commute in this subway system on a daily basis, 

absorbing around 50% of the urban commuting load. 

It is known that the exposure to PM is linked to health effects, and the subway emissions have 

been shown to contribute to personal exposure to PM (Martins et al., 2015a; Minguillón et al., 

2012). However, results so far show little clarity on whether subway PM is relatively more toxic 

than outdoor PM dominated by road traffic-generated particles. Thus whereas some studies 

indicate higher subway OP values (Janseen et al., 2014), ROS activity (Kam et al., 2011b) or 

genotoxicity (Karlsson et al., 2005) compared to outdoor PM samples, other workers concluded 

that there is no evidence for increased health risk in breathing subway air (e.g. Grass et al., 2005; 

Kaarlson et al., 2008; Gustavsson et al., 2008; Spagnolo et al., 2015; Moreno et al., 2017). 

Interestingly, what evidence there is for enhanced oxidative stress induced by breathing subway 

air implicates the presence of trace elements such as Cu and Sb rather than the dominant 

ferruginous component (Moreno et al., 2017), so that investigating the chemistry and sources 

of subway PM has become more of a priority. 

The concentration and chemical composition of subway airborne particles depend on various 

factors, such as outdoor air quality, station and tunnel design, chemical composition of subway 

components (wheels, rail tracks, brake pads, and current supply materials), power system, 

braking mechanisms, train speed and frequency, passenger influx, ventilation and air 

conditioning systems, cleaning frequency, and other operational conditions (Johansson and 

Johansson, 2003; Kwon et al., 2015; Moreno et al., 2014; Park and Ha, 2008; Ripanucci et al., 

2006; Salma et al., 2007). Studies including chemical composition of subway PM, on top of bulk 

PM concentrations, are more scarce but demonstrate  that subway PM mainly consists of Fe, 

accounting between 40-80%, and other transition metals such as Cu, Ba, Cr, Si, Mn, and Zn 

(Aarnio et al., 2005; Jung et al., 2010; Loxham et al., 2013; Moreno et al., 2015; Mugica-Álvarez 

et al., 2012; Querol et al., 2012; Salma et al., 2007). The presence of these components is 

attributed to the abrasion of rail tracks, wheels, catenary, brake pads and pantographs produced 

by the motion of the trains (Chillrud et al., 2004; Jung et al., 2012, 2010; Park et al., 2014; Querol 

et al., 2012). Colombi et al. (2013) identified some clusters attributed to different sources: wear 

of electric cables, abrasion of wheels, rails and brakes, or crustal origin. However, the 

contribution of the potential sources is very rarely quantified four studies. Jung et al. (2010) used 

a single-particle analytical technique and identified four major particle types in subway 

platforms: Fe-containing (most prevalent, 29-87% in number of particles), soil-derived, 

carbonaceous, and secondary nitrate and/or sulfate particles. Park et al. (2012) identified and 

quantified PM10 sources in passenger cabins using Positive Matrix Factorization: soil and road 

dust sources (27%), railroad-related sources (48%), secondary nitrate sources (16%), and a 

chlorine factor mixed with a secondary sulfate source (9%). Park et al. (2014) identified and 

quantified PM10 sources in subway tunnels: rail, wheel, and brake wear (60%), soil combustion 
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(17%), secondary aerosols (10%), electric cable wear (8%), and soil and road dust (5%). Martins 

et al. (2016b) identified and quantified PM2.5 sources in platforms (data also used in the present 

study), grouping all the subway contributions (rail tracks, wheels, brake pads, catenaries and 

pantographs) in a single source accounting for 53% to 68% of PM2.5. 

This study aims to identify and quantify the sources of PM2.5 within the subway 

microenvironment, and relates those to the wide variety of conditions and the different 

materials used within the subway network of Barcelona, with the final purpose of serving as a 

guide for possible abatement measures and health risk assessments applicable not only to the 

studied subway network but also transferable to other underground systems. 

 

2 METHODOLOGY 

2.1 Sampling campaigns 

The subway network in Barcelona (managed by Transports Metropolitans de Barcelona, TMB) 

comprises 8 lines stretching 102.6 km and including 140 stations. A total of 11 subway stations 

with highly contrasting designs and belonging to seven different lines were selected for the 

present study (Table 1, Figure S1). Stations from lines L1 to L5 have an old design (built <1980): 

one wide tunnel with two rail tracks, with or without middle wall; a single narrow tunnel with 

one rail track; or two wide tunnels with one rail track separated by a middle platform; whereas 

stations from lines L9 and L10 have a new design: a single tunnel with one rail track separated 

from the platform by a glass wall with platform screen doors (PSD). The stations from these lines 

have advanced platform ventilation systems and driverless trains.  

The measurements were conducted continuously at each station during varying periods of time. 

The ventilation settings in the Barcelona subway system are different for the warmer (April to 

September) and colder (October to March) periods, with more intense ventilation in the tunnel 

sections during the warmer period with the aim to achieve temperature comfort. Many stations 

were monitored during different campaigns, each of them falling in a different season period. 

See the details in Table 1. 

Aerosol monitoring was daily carried out during train operational hours, hence including 

weekdays and weekends, which have a different train frequency (Table 1). The aerosol 

instrumentation was placed at the end of the platform corresponding to the train entry point, 

far from the commuters’ access-to-platform point whenever possible, and protected by a light 

fence. The location is a compromise between meeting conditions for undisturbed measurement 

and minimizing the annoyance to commuters. 

 

2.2 Instrumentation and chemical analyses 

PM2.5 samples were collected on quartz microfiber filters by a high volume sampler (HVS, Model 

CAV-A/MSb, MCV) at a sampling flow rate of 30 m3 h-1 over a 19 h period (from 5 a.m. to 12 

p.m., subway operating hours) on a daily basis. A field filter blank per period was taken at each 

station. 



4 
 

PM2.5 concentrations were determined gravimetrically weighing the filters before and after 

sampling after being stabilized for at least 48 h in a conditioned room (20°C and 50% relative 

humidity). A microbalance (Model XP105DR, Mettler Toledo) with a sensitivity of ±10 µg was 

used. 

One quarter of each filter sample was acid digested with HNO3:HF:HClO4 and subsequently 

analysed by Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES) and Mass 

Spectrometry (ICP-MS) to determine major and trace elements, respectively. A few milligrams 

of a standard reference material (NIST 1633b) were added to a fraction of a blank filter to check 

the accuracy of the analysis of the acid digestions. Another quarter of each filter sample was 

water leached with de-ionized water to extract the soluble fraction and analysed by ion 

chromatography for determination of soluble anions (Cl–, SO4
2–, and NO3

–), and by selective 

electrode for ammonium (NH4
+). Soluble anions analyses are available for 408 samples but are 

missing for 273 samples due to laboratory analytical problems. A third portion of the filter 

sample (1.5 cm2) was used to measure total carbon (TC) using the Thermal – Optical 

Transmittance (TOT) method by means of a laboratory OC–EC Sunset instrument or an 

elemental C analyzer. Blank filters were analysed in the batches of their respective filter samples 

and the corresponding blank concentrations were subtracted from each sample in order to 

calculate the ambient concentrations. Uncertainties were calculated as described by Escrig et al. 

(2009). 

For simplicity, chemical components were grouped into seven categories: iron oxide (Fe2O3), 

calculated from Fe concentrations assuming that all the Fe is in this oxidized form (Lu et al., 

2015; Querol et al., 2012), although magnetite and metal Fe can be still present (Moreno et al., 

2015); crustal matter, sum of Ca, Mg, Al2O3 (assuming all Al is in this form), SiO2 (estimated as 

3*Al2O3), CO3
2- (estimated as 1.5*Ca), K2O (assuming all K is in this form), TiO2 (assuming all Ti is 

in this form), and P2O5 (assuming all P is in this form); carbonaceous matter, calculated from the 

TC concentrations, assuming an elemental to organic carbon (EC/OC) ratio of 2 (Querol et al., 

2013), and an organic matter to organic carbon (OM/OC) ratio of 1.6 for Barcelona (Minguillón 

et al., 2011); insoluble sulfate, calculated as the difference between total sulfate (calculated 

from total S) and soluble sulfate; secondary inorganic compounds, sum of water-soluble sulfate 

(ws-SO4
2-), nitrate (ws-NO3

-) and ammonium (ws-NH4
+)); halite, sum of Na and Cl; and trace 

elements, sum of the concentrations of 28 elements analyzed. 

 

2.3 Source apportionment 

Source apportionment of the PM2.5 was carried out by means of a Positive Matrix Factorization 

(PMF; Paatero & Tapper, 1994), using EPA Positive Matrix Factorization 5.0 software. The PMF 

method is based on the mass conservation principle: 

ij ik kj ij

k 1

 
p

x g f e         (1) 

with i=1, 2, …, n; j=1, 2, …, m; k=1, 2, …, p; n is the number of samples; m is the number of 

species; p is the number of independent factors, representing different sources; xij is the jth 

species concentration measured in the ith sample, gik is the contribution of the kth source to the 
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ith sample, fkj is the concentration of the jth species in the kth source and eij is the residual 

associated with the jth species concentration measured in the ith sample. 

The values gik and fkj are adjusted until a minimum for the objective function Q for a given 

number of factors p is found: 

2
n m

ij ik kj

i 1 j 1 ij

Q
 

 
  

  


x g f
       (2) 

where σij is the user defined uncertainty for the jth species in the ith sample. 

A single compiled dataset, which included all the data available for all the subway stations, was 

used for PMF analysis, so that the variability of the different concentrations was increased. In 

total, 653 samples were used. Ws-NO3
- concentrations were estimated as the mean of all 

concentrations with a very high uncertainty when the original concentrations were not available. 

S concentrations were used, and therefore the ws-SO4
2- concentrations were not used in the 

model. The species included in the model were selected depending on their signal to noise ratio, 

the percentage of samples above detection limit and the significance of the species (knowledge 

of its presence in possible PM sources in the environment of study). Some species were included 

but uncertainty was increased by a factor of 10. The previous information can be found in the 

Supplementary Information (Table S1). 

 

2.4 Chemical composition of subway components 

A selection of subway components that may get worn out and hence emit particles was chosen 

to determine their chemical composition. The results from these analyses were used to support 

the source apportionment results found with the ambient data. The selection includes: ballast, 

catenary, brush, pantograph (three types), brakes (four types, namely Brake1, Brake2, Brake3, 

Brake4), rails (two types), wheels (6 types). The type of brakes used in each of the subway lines 

within Barcelona subway network is shown in Table S2. While trains in L1 and L3 use a 

combination of Brake3 and Brake4, and L4 uses a combination of Brake1 and Brake2, trains in 

L2, L9 and L10 use a single type of brake (Brake1), as well as trains in L5 (Brake4). Rails and 

wheels are very similar among them and hence differences are not relevant for this study. On 

the contrary, pantograph used in L4 differs from the rest of the lines, since 30% of the 

pantograph within L4 is Cu-bearing, while the remaining 70% and the 100% in the rest of the 

lines is made of graphite. 

The chemical composition of the rails and wheels was provided by the manufacturer; hence no 

chemical analyses were performed on those. The chemical composition of the rest of the 

components was determined following a similar methodology as that used for the filter samples. 

The samples were acid digested and subsequently analyzed by Inductively Coupled Plasma 

Atomic Emission Spectrometry (ICP-AES) for determination of major and certain trace elements, 

and by using Mass Spectrometry (ICP-MS) for the trace elements. 
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These chemical compositions are a proxy for the chemical composition of the emissions 

generated by these components. It is possible that the particulate emissions originated from the 

wear and abrasion of these components differ from the chemical composition of the bulk 

material, but this is the best proxy that can be obtained so far. 

 

3 RESULTS AND DISCUSSION 

3.1 PM2.5 concentration 

The mean PM2.5 concentrations vary widely from one station to another and, for a given station, 

they change from one season to another (Table 2). Days affected by unusual conditions, such as 

changes in ventilation settings or construction works have not been considered. Average PM2.5 

concentrations varied between 29 µg m-3 and 86 µg m-3 for the old stations, and from 26 µg m-3 

to 34 µg m-3 for the new stations, equipped with PSD and with an intense ventilation. The lowest 

PM2.5 concentrations (19 µg m-3) were registered at Collblanc2, which is a platform currently not 

in use of this new station in L9. The difference in concentration with the in used platform below 

(named here Collblanc) indicates the contribution of the subway source. In general, for a given 

station, the average PM2.5 concentration was higher during the cold season than during the 

warm season, except for Santa Coloma and Palau Reial. The cold-warm differences are 

attributed to the different ventilation settings within the subway network (lower in colder 

months), as stated by Martins et al. (2015). 

 

3.2 PM2.5 chemical composition 

The chemical composition of the subway PM2.5 is dominated by iron, thus iron oxide accounts 

on average for 30% to 66% (being higher than 50% for many stations) of ambient PM2.5 in the 

old stations. This agrees with the high iron concentrations found in other subway systems 

(Aarnio et al., 2005; Adams et al., 2001; Chillrud et al., 2004; Cusack et al., 2015; Furuya et al., 

2001; Grass et al., 2010; Johansson and Johansson, 2003; Martins et al., 2016a; Murruni et al., 

2009; Nieuwenhuijsen et al., 2007; Raut et al., 2009; Ripanucci et al., 2006; Salma et al., 2007; 

Seaton et al., 2005). The following component in importance is the carbonaceous matter, 

accounting on average for 18% to 37% of bulk PM2.5 in the old stations. In the new stations 

equipped with PSD, these percentages are 21% to 44% for iron oxide and 15% to 30% for the 

carbonaceous matter. Crustal matter, secondary inorganic compounds (soluble sulfate, nitrate 

and ammonium), and halite account for 5% to 13%, 2% to 9%, and 0.3% to 1.4% of bulk PM2.5, 

respectively, in the old stations. Finally, the sum of trace elements concentrations ranges from 

1% to 3% of bulk PM2.5, while insoluble sulfate ranges from 0.4% to 2% of bulk PM2.5 (Figure 1). 

The very different chemical profile compared to the usual PM2.5 chemical composition found 

outdoors points to subway sources as responsible for the ambient PM2.5 in the subway 

microenvironment. The higher concentrations of different species when compared to usual 

concentrations in urban outdoor air (Querol et al., 2013, 2008) is a hint for the chemical 

fingerprint of these subway sources. Figure 2 shows the average concentrations of major 

components and trace elements in PM2.5 in the different subway stations studied compared to 
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the usual range of concentrations found outdoors. The iron concentrations are clearly higher 

than the urban outdoor concentrations, by two orders of magnitude. The Al, Ca and Mg 

concentrations are also higher at some of the subway stations when compared to the outdoor 

concentrations, as well as the sulfate and the TC concentrations. On the other hand, Na, nitrate, 

chloride and ammonium concentrations are within the usual urban range or even below. 

Regarding trace elements, except for V, the rest of the elements were recorded in 

concentrations above the usual range in urban areas in Spain. Hence, the species with higher 

concentrations in the subway environment can be originated by specific sources within this 

environment and its confined characteristics may favour the accumulation of pollutants leading 

to higher concentrations. On the contrary, the similar concentrations to outdoor urban 

environment for some species point to outdoor origin. Note that the location of the subway 

ventilation grills near busy roads may result in the injection of highly polluted urban air into the 

subway environment, resulting on relatively high concentrations of specific road traffic tracers 

which would be more similar to the range found in traffic hot spots. 

The highest concentrations of trace elements were recorded in old stations, and usually for the 

colder periods (diamonds with black border in Figure 2). While the lowest concentrations were 

recorded in Llefià and Collblanc new stations, both equipped with PSD. Note that the 

concentrations in the non-used platform at Collblanc (Collblanc2, empty diamonds in Figure 2) 

have also been plotted, illustrating the lower values recorded at this location. Depending on the 

element, the highest concentrations correspond to different stations. Thus, while highest Sb and 

Cu concentrations were recorded for Joanic, the highest Sr and Ba concentrations were recorded 

for Palau Reial, Maria Cristina, Tarragona and Poble Sec, all of them belonging to L3 subway line. 

For other elements, such as Mn, Cr, Zn or Sn there is not a clear pattern among stations/lines. 

Pb concentrations are within the urban range for all the stations except for Sagrera, which 

indicates that its sources can be located outdoors rather than within the subway environment 

but that there can be a specific source in Sagrera (see source apportionment section for further 

comments). 

These differences in trace (and some major) elements concentrations among stations, and more 

specifically the different relative abundance of specific species regardless of their absolute 

concentrations, are the key to identify the different subway sources. It is known that the species 

present in subway ambient air can be originated from mechanical wear and friction processes 

of wheels, rail tracks, catenaries, brake pads and pantographs used in the different subway lines 

(Furuya et al., 2001; Martins et al., 2016b; Querol et al., 2012). The chemical composition of 

these materials differs among different subway lines in the Barcelona subway network. The 

percentage of use of each of the brake types and pantograph types in the different subway lines 

is shown in Table S1. Species used in PMF, signal to noise (S/N), percentage of samples above 

detection limit (%>DL) and uncertainty used (original one (calculated according to Escrig et al., 

2009), or original one multiplied by 10. 

Table S2. The rest of the components (rails, wheels) have a very similar composition for all lines 

and hence no additional information can be extracted from them. Therefore the emissions 

generated in each subway line will also have different chemical composition. These differences 

are then reflected on the ambient concentrations. Note that the co-variance of different key 

species may indicate a common source or different co-emitted sources. The nature of the 
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subway environment and the emissions taking place results in the co-emission from different 

sources. Hence, the wear of brakes takes place simultaneously to the wear of rails and wheels. 

This poses a problem for the separation of the contribution of the different sources when using 

receptor models. 

A selection of species has been made in this section based on their presence in the different 

subway components and their concentrations in the subway platforms. Thus, concerning brakes, 

one of the key components is Ba, and its relation with other important brake tracers such as Sr, 

Sb, Sn (only shown in Supplementary Material, Figure S2) and TC was assessed. Note that the 

pantographs are made of graphite, and hence they are a potential source of TC as well. Likewise, 

TC may also come from outdoor sources, both in form of elemental and organic carbon. The use 

of Cu pantographs in L4 makes it interesting as a key species. Finally, Fe, as main component of 

wheels and rails, and Mn, also present in high proportion are also the focus of our study in this 

section. Figure 3 shows the relative abundance of these species in subway ambient air in all the 

stations studied, and, depending on the pair of elements, in each of the brake types used in the 

different subway lines and/or the different subway components. Zoom for low concentrations 

has been used when necessary. 

There is a clear co-variance of Ba and Sr within a given subway line (Figure 3). The Ba/Sr ratio is 

similar for the subway stations in L1 (red) and L3 (green). L4 (yellow) and L5 (blue) datapoints 

show a relatively similar ratio to that of L1 and L3, although the lower concentrations make it 

difficult to assess. Datapoints from L2 (purple), L9 (orange) and L10 (light blue) show clearly a 

different ratio to those mentioned before, indicating a different source. The differences 

between the ratios in ambient PM2.5 with respect to the ratio in the brakes may be due to 

additional sources for one of the elements or to the fact that the ratios in the original subway 

components are only a proxy of the ratios in the emissions, which may not have the exact 

chemical composition of the subway components under study. This applies to all the pairs of 

species assessed below. For the specific Ba-Sr pair, results may indicate that there can be an 

additional source of Ba other than the brakes for L1 and L3, given that the ratio Ba/Sr is higher 

for ambient PM2.5 than for the particulate emission; whereas for L4, there is an additional source 

of Sr other than the brakes, given that the ratio Ba/Sr is lower for ambient PM2.5 than for the 

particulate emission (a mixture of Brake1 and Brake2); on the other hand, in the case of L5, in 

which only Brake4 is used, there may be an additional source of Ba, given that the ratio Ba/Sr is 

lower for ambient PM2.5 than for the particulate emission; finally for L2, L9 and L10 there may 

be an additional source of Sr other than the brakes, given that the ratio Ba/Sr is lower for 

ambient PM2.5 than for the particulate emission (Brake 1). 

Regarding Sb concentrations, L1 and L3 are characterized by low Sb concentrations and high Ba 

concentrations, while L2 and L4 are characterized by high Sb concentrations and relatively low 

Ba concentrations. Lastly, L5, L9 and L10 show both low Ba and low Sb concentrations. For L1 

and L3, the relative abundance of Ba and Sb could be due to the influence of brakes emissions 

given that PM composition falls between the relative abundance of these elements in the two 

types of brakes used (Brake3 and Brake4) (Figure 3). Nevertheless, since the relative abundance 

of Ba and Sb in the different brakes used in these lines varies a lot, the influence cannot be 

precisely assessed, and additional sources of either Ba, Sb or both cannot be discarded. For L4, 

an additional source of Sb other than the brakes is likely present, given that the ratio Ba/Sb is 
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lower for ambient PM2.5 than for the particulate emission (Brake1 and Brake2 are used) (Figure 

3). For L5 there is not a linear relationship between Ba and Sb ambient concentrations, and 

hence a clear origin cannot be uniquely identified (Supplementary Material, Figure S2). For L2, 

L9 and L10, in which only Brake1 is used, there is some dispersion in the data and for most of 

the data there is more Sb in ambient PM2.5 than for the theoretical particulate emission (Figure 

3). 

The relative abundance of Ba and TC shows some relation but with higher dispersion than for 

other pairs of species (Figure 3). For L1 and L3, in which Brake3 and Brake4 are used, the 

dispersion is clear (especially for L1). For L4, in which Brake1 and Brake2 are used, and for L2, L9 

and L10, in which only Brake1 is used, the relation between Ba and TC concentrations is not 

linear, which would indicate additional sources for one or both of these species, especially for 

TC, since the relative abundance in ambient air is higher than in the brakes emissions. For L5, 

there is not a linear relationship between Ba and TC. 

To investigate Cu origin, Cu/Ba ratios in ambient air were compared to those in brake emissions, 

finding similar values (Figure 3), although the dispersion shown for ambient data, especially for 

L5, indicates additional sources other than brakes. On the other hand, ambient Cu/Fe ratios are 

similar for most the stations belonging to L1, L2, L3, L9, and L10, indicating that the Cu-Fe 

relation is dominated by common sources within these lines, with a ratio coherent with the mix 

of sources present and their composition, including catenary, pantograph, rails, wheels and 

brakes. The case of Joanic (L4) shows some dispersion, concluding that the high ambient Cu 

concentrations in L4 are a result of emissions from brakes (high Cu content of Brake1 and 

Brake2) and emissions from the pantograph, which is Cu-enriched for 30% of the trains in this 

line unlike the rest of the lines, where the main component is carbon (Table S2). Note that 

Sagrera station, belonging to L5, falls out of the line of the rest of the stations, but not Sant 

Ildefons, also from L5. The differences in Cu-Fe concentrations observed for Sagrera and Sant 

Ildefons stations, point to the influence of different Cu and/or Fe sources for these two stations, 

despite the fact that they use the same types of rails, wheels, catenary and brakes since both 

stations belong to the same subway line. These differences could be due to a different 

proportion of emissions from different sources, hence the braking emissions in Sant Ildefons 

would be lower, resulting in the Fe, Zn, Cu elements (typical from rails and catenary) to be more 

enhanced with respect to Ba, typical from brakes. Additionally, the influence of outdoor sources 

in Sant Ildefons can be higher due to the design of the station (see source apportionment section 

for further comments).  

Mn origin seems to be similar to all subway lines, with similar Mn/Fe ratios, except for some L4 

outliers. It may come from a mixture of wheels, rails, catenary and pantograph. Note that for 

clarity reasons in the plot, only one type of pantograph, rail and wheel has been plotted, 

although more types are used, as key ratios are similar for the different types. 
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3.3 PM2.5 source apportionment 

A total of ten different sources were identified and quantified (Figure 4). From those, four have 

a clear outdoor origin, five have a clear indoor (subway) origin, and one of them might be 

originated both indoors or outdoors. The outdoor sources have been named as: urban (mix of 

the urban contributions with road traffic and industrial influence), accounting for 2-23% of PM2.5 

on average in old stations; fueloil (which may be attributed mainly to shipping emissions in the 

Barcelona environment), accounting for 1-13% of PM2.5 in old stations; sulfate (secondary 

pollutant which can be a result of long range transport and local formation from sulfur oxides), 

which accounted for 6-15% of PM2.5 in old stations in the warm season; and sea salt, which 

contributed 1-9% of PM2.5 in old stations. The contributions of these sources in the new stations 

equipped with PSD are higher: 10-33%, 3-15%, 14-19%, and 6-12%, for urban, fueloil, sulfate 

(warm season) and sea salt, respectively. The percentages are even higher for Collblanc2, where 

no trains circulate, and hence with minimum subway sources influence. These outdoor sources 

are common with those identified across Barcelona in previous studies (Brines et al., 2016). Their 

chemical profiles are shown in Figure 5. The subway sources are: a rail source; two types of 

brakes, named Brake_A and Brake_B; a source resulting from a mixture of rail abrasion 

emissions and brakes emissions, named Rail+Brake; and a Pb source, whose origin is unclear but 

consistently present in Sagrera station. The mixture of rail and brake emissions in one of the 

sources is a result of the co-emission of these two sources and therefore the co-variation of their 

tracers as stated above, which hinders the complete separation of sources by the PMF model. 

The sum of the subway sources accounted for 43-91% on average in the old stations, and 21-

52% in the new stations. Clear differences among subway lines have not been found (L1: 50-

66%, L2: 50-54%, L3: 57-82%, L4: 43-91%, L5: 61-63%, L9 and L10: 21-52%). Finally, there is a 

source identified as Soil which can be both of indoor origin (from the abrasion of ballast) and 

outdoor origin, from the mineral matter present in the urban ambient environment in 

Barcelona. In the following, discussion is focused on the subway sources. 

The identified sources coincide roughly with those listed in the scarce information in the 

literature. The existing studies identified a single subway source including all the subway-related 

emissions, named as Fe- containing source (Jung et al., 2010), railroad-related sources (Park et 

al., 2012) rail, wheel, and brake wear (Park et al., 2014), or subway (Martins et al., 2016b). Only 

Park et al. (2014) separated a second subway-related source: electric cable wear. The separation 

and quantification of different subway-related sources in this study is hence a step forward in 

the field. The relative contribution attributed to the sum of the subway sources in this study (43-

91% on average in the old stations, and 21-52% in the new stations) is in agreement with the 

scarce existing studies: 29-87% of number of particles in platforms (Jung et al., 2010); 48% of 

PM10 in passenger cabins (Park et al., 2012); 68% of PM10 in subway tunnels (Park et al., 2014), 

and 53-68% of PM2.5 in platforms (Martins et al., 2016b). 

Rail source is present in all stations and seasons, with the exception of Joanic station in the warm 

season and Collblanc and Collblanc2 stations. The presence of a common rail source confirms 

the abrasion of rails and wheels as one of the sources within the subway environment (although 

the source is named Rail for the sake of brevity). The absence of this source in Collblanc can be 

attributed to the presence of the rail+brake source, and hence the rail influence is already 

accounted for. Moreover, since Collblanc belongs to L9, equipped with PSD, the influence of the 

subway sources can be lower than at other stations, as pointed already by the lower 



11 
 

concentrations of key elements. At Collblanc2, a new platform not in use during our sampling 

campaign, the bulk PM2.5 is apportioned by outdoor sources only, which is coherent with the 

lack of trains circulating and therefore the lack of subway-specific emissions. The absence of Rail 

source contribution during the warm season in Joanic can be due to the rail and wheel emissions 

being low and hence included (mixed) in other sources and not being separated by the model, 

and is coherent with the low Fe concentrations for that campaign. The chemical fingerprint of 

this Rail source is shown in Figure 5 together with the chemical profile of the rails used in the 

Barcelona subway system (named Rail1). Note that, as stated before, the chemical composition 

of the subway components is only a proxy of the chemical profile of their emissions and hence 

a perfect match between the profile resulting from the receptor model and the one from the 

material composition is not expected. The contribution of this source in the different stations 

varies from 1.2 to 15 µg m-3 (2% to 35% of PM2.5). The stations with the lowest contributions of 

this source have the rail influence accounted for by the source Rail+Brake discussed below. 

Brake_A source is present in Santa Coloma, Palau Reial, Maria Cristina, Tarragona, and Poble Sec stations in all 
seasons (7-26 µg m-3, 15-35% of PM2.5), and is not present in any of the other studied stations. Note that all these 
stations belong to either L1 or L3, which uses a mixture of Brake3 and Brake4, almost in the same proportion (Table 
S1. Species used in PMF, signal to noise (S/N), percentage of samples above detection limit (%>DL) and uncertainty 
used (original one (calculated according to Escrig et al., 2009), or original one multiplied by 10. 

Table S2), and hence the model was clearly able to identify and quantify the brake abrasion 

source within these two subway lines. The chemical fingerprint of this Brake_A source is shown 

in Figure 5 together with the chemical profile of Brake3 and Brake4. 

Brake_B source is present in Joanic in high proportion (13-38 µg m-3, 36-52% of PM2.5), and in Tetuan and Llefià in 
a lower proportion (1.2-12 µg m-3, 4-14% of PM2.5). Hence, this source may represent the average brake emission 
profile in L4 (a mixture of Brake1 and Brake2, Table S1. Species used in PMF, signal to noise (S/N), percentage of 
samples above detection limit (%>DL) and uncertainty used (original one (calculated according to Escrig et al., 
2009), or original one multiplied by 10. 

Table S2) and it is present in Tetuan and Llefià because these lines use Brake1. The chemical 

fingerprint of this Brake_B source is shown in Figure 5 together with the chemical profile of 

Brake1 and Brake2. 

On the other hand, the source Rail+Brake is present in all the stations with different 

concentrations (5-46 µg m-3), except for Joanic in the warm season. This source reflects the co-

variance of different tracers from different sources, hence mixing rails and wheels and some 

brake tracers. The chemical fingerprint of this Rail+Brake source is shown in Figure 5 together 

with the chemical profile of the rails used in the Barcelona subway system (named Rail1), 

although as stated before this source is a mixture and hence a direct comparison cannot be 

made. 

Pb source is mainly present in Sagrera station (8 µg m-3, 22% of PM2.5), belonging to L5, but the 

contribution is absent or much lower (maybe within uncertainty) for the rest of the stations, 

including Sant Ildefons, also belonging to L5. Therefore, it’s concluded that this source is station-

specific and not line-specific. Its nature is undefined and requires further research. 

Soil source can be both of indoor and outdoor origin, as stated above. Its contribution ranges 

from 0.8 to 7 µg m-3 among the stations. Despite its possible origin being the emissions from the 

ballast abrasion, no relation has been found between the contribution of this source and the 
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presence or absence of ballast. Nevertheless, the chemical profile of this source is shown in 

Figure 5 together with that of ballast. 

In order to assess the influence of the frequency of trains and passengers influx on the air quality 

in the subway environment, an evaluation of weekday-weekend differences was carried out, 

since the train frequency is about 50% during the weekends (Table 1).  The bulk PM2.5 

concentrations were 14% to 45% lower during the weekends, except for Tetuan during the cold 

season, where similar average concentrations were recorded regardless of the day of the week. 

The reason for this lack of variation remains unexplained. From now on, only the rest of the 

stations will be discussed. When comparing the source apportionment for weekdays and 

weekends (Figure 6), the higher subway emissions contribution for weekdays is evidenced. The 

sum of the subway sources contribution decreases by 26% to 56% for the old stations, and by 

37% to 73% for the new stations equipped with PSD during weekends with respect to weekdays. 

For a given station, the weekend decrease shown by each of the different subway sources is 

similar in percentage although not exactly the same. The difference between weekday and 

weekend is more marked for the cold seasons. Hence, for the warm season campaigns the 

contribution of the subway-specific sources during weekdays ranges from 45% to 86% of PM2.5, 

while it is 38% to 75% during weekends (weekend decrease of the sum of subway sources 

ranging from 26% to 44%). On the other hand, for the cold season campaigns, the contribution 

of the subway-specific sources during weekdays ranges from 57% to 93% of PM2.5, while it is 35-

87% during weekends (weekend decrease of the sum of subway sources ranging from 19% to 

56%). On the contrary, the weekday-weekend variation of the absolute contribution of outdoor 

sources does not follow any clear pattern. The Soil source usually decreases during the 

weekends, although the pattern is not clear. 

Hence, the contribution of the different subway sources does depend directly on the frequency 

of trains and passenger influx. This is further confirmed by the lack of subway sources at 

Collblanc2. The larger weekday-weekend difference in the cold season can be explained by the 

lower ventilation settings in this season, favoring the accumulation of subway emissions within 

the subway environment, and hence enhancing the effect of the higher emissions resulting from 

the higher frequency of trains during the week. The lack of weekday-weekend pattern for the 

outdoor sources shows their independency of the train frequency. 

The dependency of the contributions of the different sources with different factors such as 

station depth, ballast presence, or percentage of high road traffic streets nearby the subway 

ventilation grills was assessed. No clear relation was found for any of these factors. This does 

not mean necessarily that there is no relation, but the subway environment is complex enough 

to hinder the isolation of a single factor effect. 

For a given station, the brake-related sources account for a higher percentage than the rail and 

wheel related sources. Thus, to improve the air quality in the subway environment, the focus 

should be rather in the brakes than in other components. To be more specific, we can focus on 

the health-related elements, such as As, Mn, Zn, Ba, Cu and Sb, defined as responsible for the 

oxidative potential of subway PM2.5 (Moreno et al., 2017), and Cr, linked to cancer and non-

cancer health risk (Lovett et al., 2017). Figure 7 shows the average relative source contribution 

for health-related elements for the different subway lines. For the elements recorded in 
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significant high concentrations in old stations (hence not considering e.g. Ba for L2, L4 or L5) the 

sum of the subway sources is responsible for more than 60% of the total concentration of each 

element (on average), and in most cases higher than 80%. Given the high abundance of Fe within 

the subway environment, and although it has been shown not to have especially negative health 

effects, its source apportionment is also presented in Figure 7. The sum of the sources Rail and 

Rail+Brake accounts for more than 70% of the Fe concentrations on average, except for L4, in 

which Brake_B source also plays an important role. TC is apportioned by a variety of sources, as 

already pointed out during the chemical composition discussion. Hence, it is attributed to 

brakes, Pb source, Fueloil source and a high proportion to Urban source, reflecting the road 

traffic emissions influence. 

 

CONCLUSIONS 

The extensive aerosol monitoring campaign carried out in 11 subway stations in the Barcelona 

metro system, belonging to seven different subway lines, led to observations and conclusions 

that can be summarised as follows. The PM2.5 concentrations vary widely within a given subway 

network and through different seasons, with averages between 26 µg m-3 and 86 µg m-3. The 

chemical composition of the subway PM2.5 is dominated by iron (iron oxide accounts for more 

than 50% of PM2.5 for many stations), followed by carbonaceous matter (15% to 37% of bulk 

PM2.5), while crustal matter, secondary inorganic compounds, halite and the sum of trace 

elements do not exceed 13% of PM2.5. 

The chemical profile found in the subway environment differs from that of a typical outdoor 

aerosol chemical composition, pointing to subway sources as responsible for the ambient PM2.5 

in the subway microenvironment. The differences in trace (and some major) elements 

concentrations among stations, and more specifically the different relative abundance of 

specific species, are the key to identify the different subway sources. Many of the species 

present in subway ambient air originate from mechanical wear and friction processes of wheels, 

rail tracks, catenaries, brake pads and pantographs used in the different subway lines (Furuya et 

al., 2001; Martins et al., 2016b; Querol et al., 2012). The chemical composition of these materials 

differs among different subway lines in the Barcelona subway network which is then reflected 

by the ambient concentrations. The nature of the subway environment and the emissions taking 

place results in the co-emission from some of the aforementioned sources, which poses a 

problem for the separation of the contribution of the different sources when using receptor 

models. A clear co-variance was observed for different species, with a specific ratio different 

among stations but common for those belonging to the same subway line, e.g Ba and Sr, or Ba 

and Sb.  This reflects the different combinations of subway materials used in each subway line. 

A total of ten different sources were identified and quantified. Five sources are subway-specific, 

four have a clear outdoor origin, and one of them might be originating from both indoors and/or 

outdoors. The outdoor sources are: urban (reflecting the urban cocktail including road traffic 

and industry), fueloil (attributed to shipping emissions), sulfate (secondary pollutant), and sea 

salt. The contribution of these sources ranged from 6% to 55% of bulk PM2.5. The subway sources 

are: a rail source; two types of brakes, named Brake_A and Brake_B; a source resulting from a 
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mixture of rail abrasion emissions and brakes emissions, named Rail+Brake; and a Pb source. 

The sum of the subway sources accounted for 43-91% on average in the old stations, and 21-

52% in the new stations. A clear pattern in terms of relative contribution of subway sources 

among subway lines have not been found. The source identified as Soil can be both of indoor 

origin (from the abrasion of ballast) and outdoor origin, nevertheless no clear relation has been 

found between the contribution of this source with the presence or absence of ballast. 

The influence of rail and wheels abrasion is observed in all stations and seasons, with the 

exception of Joanic station in the warm season. A brake specific source was identified for L1 and 

L3, both using a similar combination of brake types, and accounted for 15% to 35% of bulk PM2.5. 

A second brake specific source was identified for L4 (36% to 52% of PM2.5), and in a lower 

proportion for L2 and L10 (4-14% of PM2.5). Due to existing co-emissions, a source influenced by 

rails and wheels abrasion and brakes abrasion was identified with a non-negligible contribution 

for any station (except for one campaign in Joanic). A specific source characterized by high Pb 

content was identified in Sagrera station and is considered station-specific.  

The bulk PM2.5 concentrations were 14% to 45% lower during the weekends (except for Tetuan 

during the cold season). The sum of the subway sources contribution decreased by 26% to 56% 

for the old stations, and by 37% to 73% for the new stations equipped with PSD during weekends 

with respect to weekdays. This decrease is more marked for the cold seasons, due to the less 

intense ventilation conditions which lead to a higher accumulation of pollutants and an enhance 

weekend-weekday effect. Hence, the contribution of the different subway sources does depend 

directly on the frequency of trains and passenger influx. A new station, equipped with PSD, and 

not in use revealed that the ambient PM2.5 was only apportioned by outdoor sources, hence 

confirming the cause for the subway emissions being the circulation of trains and presence of 

passengers. On the contrary, the weekday-weekend variation of the absolute contribution of 

outdoor sources does not follow any clear pattern, confirming they are independent of the 

metro operations. 

No clear relation was found between the contributions of the different sources and different 

factors such as station depth, ballast presence, or percentage of high road traffic streets nearby 

the subway ventilation grills. This does not mean necessarily that there is no relation, but the 

subway environment is complex enough to hinder the isolation of a single factor effect. Hence, 

the air quality in a given platform is the result of the sum of a variety of factors, such as the 

subway components composition, the design of the station related to the braking need (upslope 

or downslope, curve or straight rail), the design of the station related to natural ventilation 

(width and height of platform, connection with transfer corridors, proximity to big halls…), the 

depth of the station, the ventilation settings both in the tunnel and the platform, the presence 

of PSD, the location of the ventilation grills with respect to busy roads, the frequency of the 

trains, and the influx of passengers, among others. 

For a given station, the brake-related sources accounted for a higher percentage than the rail 

and wheel related sources. Thus, to improve the air quality in the subway environment, the 

focus should be rather on the brakes than on other components. Fe, the main component of 

PM2.5 in the subway environment is attributed (>70%) to the rail and wheels abrasion. Total 

Carbon is apportioned by a variety of sources, i.e. brakes, Pb source, Fueloil source and to Urban 
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source, reflecting the road traffic emissions influence. Focusing on the health-related elements 

identified in subway environments (As, Mn, Zn, Ba, Cu, Sb, and Cr,), when they are recorded in 

significant high concentrations, the sum of the subway sources is responsible for more than 60% 

of the total concentration of each element (on average), and in most cases higher than 80%. 

Hence, it is important to control the chemical composition of the subway components, and 

especially the brake pads in use, to avoid high concentrations of elements with negative health 

effects. By wisely selecting brake pads with a more favourable chemical composition, the 

subway air quality can be significantly improved. 
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TABLE CAPTIONS 
Table 1. Metro stations, subway line to which they belong, depth, design, trains frequency in weekdays and 
weekends, and measurement period(s) distinguishing warm and cold periods. 

Table 2. Average PM2.5 concentrations, standard deviation and number of samples for each of the subway stations 
and seasonal periods. 

FIGURE CAPTIONS 
Figure 1. Average concentration of major PM2.5 components at the different subway stations for the different 
seasonal periods. 

Figure 2. Average concentration of major PM2.5 species (top) and trace elements (bottom) at the different subway 
stations for the different seasonal periods compared to usual concentrations in Spanish urban environments 
(Querol et al., 2013, 2008). 

Figure 3. Scatter plots of daily concentrations of different key species in ambient air in the different subway 
stations. Subway stations belonging to the same subway line are colored using different tones of the subway line 
color. No border diamonds correspond to warm season and black border diamonds to cold season. Ratios of the 
relative abundance of the different pairs of species in the subway materials (Brake1, brake2, Brake3, Brake4, 
Catenary, Pantograph, Rail and Wheel) are shown with lines (in black for the brakes and in grey for the rest of the 
materials). Color lines correspond to the ratios of the relative abundance of the different pairs of species in the 
brakes of each of the subway lines, calculated based on the ratios for each type of brake and the percentage of use 
of each type of brake in each subway line (Table S1. Species used in PMF, signal to noise (S/N), percentage of 
samples above detection limit (%>DL) and uncertainty used (original one (calculated according to Escrig et al., 
2009), or original one multiplied by 10. 

Table S2). Zoom for low concentrations has been used when necessary. Ba, Sr, Sb, Cu and Mn concentrations are 
in ng m-3, while TC and Fe concentrations are in µg m-3. 

Figure 4. Average source contribution found for the different subway stations for the different seasonal periods. 

Figure 5. Source profiles of the ten sources identified, compared to the chemical composition of the different 
subway materials (proxy for emissions profile). 

Figure 6. Average source contribution found for the different subway stations for the different seasonal periods 
during weekdays and during weekends. 
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Figure 7. Average relative source contribution for health-related elements As, Mn, Zn, Ba, Cu, Sb and Cr, and for Fe, 
TC and bulk PM2.5 for the different subway lines. Right axis shows absolute average concentration for each of the 
species and subway lines. 

 

SUPPLEMENTARY INFORMATION CAPTIONS 

 

Figure S1. Map of Barcelona subway network with the study subway stations indicated. 

Figure S2. Scatter plots of daily concentrations of different key species in ambient air in the different subway 
stations. Subway stations belonging to the same subway line are colored using different tones of the subway line 
color. No border diamonds correspond to warm season and black border diamonds to cold season. Ratios of the 
relative abundance of the different pairs of species in the subway materials (Brake1, brake2, Brake3, Brake4, 
Catenary, Pantograph, Rail and Wheel) are shown with lines (in black for the brakes and in grey for the rest of the 
materials). Color lines correspond to the ratios of the relative abundance of the different pairs of species in the 
brakes of each of the subway lines, calculated based on the ratios for each type of brake and the percentage of use 
of each type of brake in each subway line (Table S1). Zoom for low concentrations has been used when necessary. 
Ba, Sn and Sb concentrations are in ng m-3. This figure is complementary to Figure 3. 

 

Table S1. Species used in PMF, signal to noise (S/N), percentage of samples above detection limit (%>DL) and 
uncertainty used (original one (calculated according to Escrig et al., 2009), or original one multiplied by 10. 

Table S2. Percentage of use of each Brake type in each of the subway lines included in this study. 
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 Table 1 

 

 

 

Table 2 

 Warm Cold Cold’ 

Warm Cold Cold'

Santa Coloma L1 -14.6 No 3:53 6:22 1 Jul -30 Jul  2013 10 Feb-10Mar 2014 1 Oct-2 Nov 2015

Tetuan L2 -12.5 No 3:55 7:01 2 May-31 May 201325 Nov-20 Dec 2013

Palau Reial L3 -14.2 Yes 3:43 6:16 1 Apr-14 May 2015 11 Oct-9 Nov 2016

Maria Cristina L3 -13.7 Yes 3:43 6:16 14 May-10 Jun 2015

Tarragona L3 -14.0 Yes 3:43 6:16 10 Jun-30 Jun 201529 Feb-11 May 2016

Poble Sec L3 -14.6 Yes 3:43 6:16 19 Sep-11 Oct 2016

Joanic L4 -7.6 Yes 4:36 6:43 2 Apr-2 May 2013 28 Oct-25 Nov 2013 3 Nov-21 Dec 2015

Sagrera L5 -10.5 Yes 3:38 6:53 20 Jan-31 Mar 2015

Sant Ildefons L5 -10.5 Yes 3:38 6:53 3 Feb-29 Feb 2016

Llefià L10 -43.6 No 6:00 6:00 31 May-1 Jul  2013 13 Jan-10 Feb 2014

Collblanc L9 -60.0 No 6:00 6:00 11 May-26 Jun 2106

Collblanc2 L9 -60.0 No 0 0 27 Jun-10 Jul  2016

Subway 

station
Line

Measurement period

Design
Depth 

(m)

Trains 

frequency 

(min:s)                      

-weekdays-

Trains 

frequency 

(min:s)                      

-weekends-

Ballast
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 n ave std dev n ave std dev n ave std dev 

Santa Coloma 13 66.1 8.7 12 62.3 15.2 26 45.8 13.2 

Tetuan 13 43.9 8.7 9 85.8 12.9    

Palau Reial 40 84.9 24.7 13 66.1 17.1    

Maria Cristina 23 61.0 15.9       

Tarragona 14 60.1 14.3 36 83.9 19.3    

Poble Sec 15 74.4 15.4       

Joanic 15 29.0 6.0 11 74.0 9.6 43 73.5 16.3 

Sagrera    41 35.9 10.4    

Sant Ildefons    14 43.4 13.5    

Llefià 17 27.8 4.1 6 33.5 7.1    

Collblanc 32 26.0 10.7       

Collblanc2 13 19.3 3.9       
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Figure 9 
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Figure 10 
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Figure 12 
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Supplementary material 

 

Figure S3. Map of Barcelona subway network with the study subway stations indicated. 
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Table S3. Species used in PMF, signal to noise (S/N), percentage of samples above detection limit (%>DL) and 
uncertainty used (original one (calculated according to Escrig et al., 2009), or original one multiplied by 10). 

Species S/N %>DL Uncertainty 

Al 5.0 98 original 

Ca 7.6 100 original 

K 7.1 100 original 

Na 5.4 99 original 

Mg 7.8 100 original 

Fe 8.7 100 original 

S 7.9 100 original 

ws-NO3 4.5 58 Unc*10 

ws-NH4 4.2 96 original 

P 6.5 100 original 

Li 7.6 99 original 

V 7.9 100 original 

Co 6.9 100 original 

Ni 6.4 100 original 

As 7.8 100 original 

Se 5.9 97 Unc*10 

Rb 7.6 100 original 

Sr 7.0 90 original 

Zr 1.3 86 Unc*10 

Mo 0.5 18 Unc*10 

Cd 3.6 92 original 

Sn 8.0 100 original 

Sb 8.3 100 original 

La 4.4 72 original 

Ce 4.5 70 original 

Pr 1.9 18 original 

Nd 2.4 15 original 

Pb 7.6 100 original 

Ti 3.9 58 original 

Cr 6.7 94 original 

Mn 8.3 100 original 

Cu 8.3 100 original 

Zn 7.9 98 original 

Ba 6.5 77 original 

TC 9.0 -- original 
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Table S4. Percentage of use of each brake type and pantograph type in each of the subway lines included in this 
study. 

 Brakes Pantograph 

 Brake1 Brake2 Brake3 Brake4 Cu Graphite 

L1, red   71% 29%  100% 

L2, purple 100%     100% 

L3, green   80% 20%  100% 

L4, yellow 38% 62%   33% 67% 

L5, blue    100%  100% 

L9, orange 100%     100% 

L10, light blue 100%     100% 
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Figure S4. Scatter plots of daily concentrations of different key species in ambient air in the different subway 
stations. Subway stations belonging to the same subway line are colored using different tones of the subway line 
color. No border diamonds correspond to warm season and black border diamonds to cold season. Ratios of the 
relative abundance of the different pairs of species in the subway materials (Brake1, brake2, Brake3, Brake4, 
Catenary, Pantograph, Rail and Wheel) are shown with lines (in black for the brakes and in grey for the rest of the 
materials). Color lines correspond to the ratios of the relative abundance of the different pairs of species in the 
brakes of each of the subway lines, calculated based on the ratios for each type of brake and the percentage of use 
of each type of brake in each subway line (Table S1). Zoom for low concentrations has been used when necessary. 
Ba, Sn and Sb concentrations are in ng m-3. This figure is complementary to Figure 3. 
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A B S T R A C T

This article comments on the current reality of particulate matter (PM) concentrations breathed by commuters
on subway train platforms and considers what can be done to improve air quality underground. We propose
the introduction of a targeted, color-coded approach to the problem, based on the methodology of the World
Health Organisation and designed to encourage transport authorities to aim for progressive PM reductions.
The method defines thresholds that cascade down through bands of decreasing PM concentrations towards the
ideal WHO Air Quality Guideline of PM2.5 annual mean level of 10 μg m−3, where negative health effects of
long term particle inhalation are minimal.

© 2017.

Subway systems offer the city a lifeline that allows the efficient
transport of people without adding to road congestion and traffic emis-
sions. The numbers are impressive, with over 40 billion subway jour-
neys being made every year, which is more than five times the current
world human population (Rohde, 2017; http://mic-ro.com/metro/table.
html). However, one environmental disadvantage of any underground
transport system is that it operates in a confined space that may permit
dust accumulation. Furthermore, much of the inhalable PM in subway
platform air is actually produced underground and so is different from
that breathed outdoors (Martins et al., 2015).

In all such systems most “subway sourced” PM is generated by
friction between moving train parts such as wheels and brake pads,
giving the particles a peculiarly metalliferous character, with iron be-
ing the classic “subway metal” and accompanied by a distinctive cock-
tail of trace elements (Martins et al., 2015; Moreno et al., 2017a).
Ferruginous particles released from wheels for example contain trace
amounts of chromium, nickel and cobalt (e.g. Adams et al., 2001;
Furuya et al., 2001; Querol et al., 2012; Salma et al., 2007), levels
of which on platforms may rise to 30–40 times higher than outdoors
(Moreno et al., 2017a). Similarly, brake particles can easily be de-
tected in subway air, with unusually high levels of barium, strontium,
zirconium, titanium and antimony released during train braking de-
pending on the chemistry of the materials being used and how hard
the brakes are applied (Martins et al., 2015). In the Barcelona subway
system, for example, brake-derived barium concentrations can rise to
1500 ng m−3, which is 300 times higher than levels above ground.
Train brakes also provide the source of much particulate carbon re-
leased underground, this adding to emissions from electric brushes

? This paper has been recommended for acceptance by David Carpenter.
∗ Corresponding author.
Email address: teresa.moreno@idaea.csic.es (T. Moreno)

and pantographs to make carbon the second most common element
present in most subway air systems (Querol et al., 2012; Martins et al.,
2015; Moreno et al., 2017a).

The subway stations likely to have the worst air quality will be
those with limited air volume (such as single tube lines with one nar-
row platform), weak or inappropriately designed ventilation systems
(especially in deeper stations), a lack of full length platform screen
doors protecting the commuter from the uninhibited free ingress of
contaminated tunnel air, and a topography that involves elevation
changes and therefore requires harder braking. In contrast, those sub-
way stations with the best air quality are likely to be larger and/or
newer with good air interchange between the platform and cleaner out-
door street air, have full length screen doors fitted to all platforms, in-
volve the use of air purifiers, and built along a straight, horizontal tra-
jectory with trains moving at a speed that minimizes brake and wheel
wear. The type of ventilation system operating in the tunnels and sta-
tion platforms is a key controlling influence on air quality common to
subways worldwide (e.g. Park et al., 2014; Moreno et al., 2017b; Song
et al., 2008), and can be designed to drive outdoor air into the plat-
forms by impulsion or suck air out of the system by extraction. Inap-
propriate design and use of ventilation can result in substantial deterio-
ration of subway air quality. Night maintenance work can be an impor-
tant source of fugitive dust underground, so that work teams need to be
encouraged to minimize dust emissions, following best practice guide-
lines such as applying liquid dust suppressants to new ballast (Reche
et al., 2017).

Although there seems to be no convincing evidence that ferrugi-
nous subway PM are worse for commuter health than traffic exhaust
particles breathed above ground, the observation that the trace metal
components of moving train parts can be recognized in subway air
prompts the question: are these materials as least toxic as possible?
Some of these contaminating metals, such as manganese, copper, an-
timony and chromium, are known to produce toxic effects in humans,

https://doi.org/10.1016/j.envpol.2018.01.077
0269-7491/© 2017.
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although airborne concentrations in subway platforms are always
lower than occupational exposure limits (Martins et al., 2015; Moreno
et al., 2017a). However in these situations the precautionary princi-
ple is always the wisest approach and further research into the tox-
icity of inhalable friction-generated polymetallic particles is recom-
mended, particularly PM from brakes and Cu-bearing catenary sys-
tems released into subway air. Similarly development of materials that
emit fewer and potentially less toxic particles would be another posi-
tive way forward, as would protocols designed to reducing brake wear
and emissions by slowing trains where there are sharp curves and high
gradients.

There are a number of practical steps that can be taken to improve
subway air quality, the first being to create an informed awareness of
the problem. An initial air quality audit will assess the current situation
on station platforms and inside trains. Underground nightwork teams
need to minimize creating fugitive dusts, tunnels and platforms need
to be cleaned regularly to avoid the build-up of particulates, and out-
dated fan ventilation systems can be replaced by new, more intelligent
designs linked to neural networks monitoring air quality above and be-
low ground. Some of the most innovative subway systems worldwide,
such as that of Seoul, are already using air purifiers on platforms and
in trains.

The current situation with regards to particulate air quality in sub-
way platforms worldwide is summarized in Fig. 1, which demon-
strates a remarkably wide range of PM2.5 concentrations from >100
μg m−3 to <25 μg m−3. This figure also introduces a color-coded
scheme designed to encourage transport authorities to aim for pro

gressive PM reductions on platforms. The method defines a series of
thresholds that cascade down through bands of decreasing PM2.5 con-
centrations towards the ideal WHO Annual Mean Air Quality Guide-
line of just 10 μg m−3, which is the lowest level of long term exposure
at which total, cardiopulmonary and lung cancer mortality have been
shown to increase (Pope et al., 2002).

The fact that some subways enjoy “Blue Zone” air quality that ap-
proaches the holy grail of the WHO guideline of 10 μg m−3 PM2.5
demonstrates that clean subway air is possible, and that commuters
worldwide would benefit from a proactive attitude to improving air
quality underground. Such improvements will involve financial outlay
and political commitment, and will have to be judged in some cases
against possible environmental costs such as increased CO2 emissions
resulting from higher energy consumption. However, in many cases
(particularly in the older subway systems) modernizing, for example,
the ventilation system will likely involve installing new machines that
both improve air quality and are energetically more efficient. Simi-
larly, the effects of installing platform screen doors, which not only
improve passenger safety but also air quality, provide another exam-
ple of how the results of an air quality audit underground can lead to
synergistic improvements for the underground commuter. Finally, as
outdoor city air is improved by the phasing-out of diesel and petrol
cars in favor of hybrid and all-electric vehicles, so the issue of subway
air quality is likely to assume a higher priority in public awareness.

Fig. 1. Published PM2.5 mean concentrations measured on 115 platforms of subway systems around the world (for data sources see reference list in the freely available “Improving air
quality in the subway environment” Technical Report. IMPROVE LIFE, http://improve-life.eu/). An initial Air Quality Audit will first ascertain where a given subway platform lies
on this curve, which emulates the WHO approach of using interim targets. For example, Level Yellow (75-50 μg m−3) spans the concentrations lying between the WHO recommended
24-h Mean Interim Targets 1 and 2 (24hrIT1 = 75 μg m−3; 24hrIT2 = 50 μg m−3 respectively). Level Green includes the WHO 24-h Mean Interim Target 3 (24hrIT3 = 37.5 μg m−3)
and arrives at the 24-h Mean Air Quality Guideline (24hrAQG = 25 μg m−3), a level which also includes the WHO Interim target 2 for annual mean concentrations of PM2.5 (AnIT2).
Level Blue includes the WHO Annual Mean Interim Target 3 (AnIT3 = 15 μg m−3) and the WHO Annual Mean Air Quality Guideline (AnAQG = 10 μg m−3). Note that although the
WHO IT and AQG recommendations initially included only outdoor air, the scope was later broadened “to be achieved everywhere in order to significantly reduce the adverse health
effects of pollution” (WHO regional office for Europe, 2006). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this
article.)
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H I G H L I G H T S

• Most particles breathed on subway platforms are ferruginous and nanometric in size.
• Particles derive dominantly from mechanical processes at brake–wheel–rail interface.
• Fe-particles have a flake shape with inhomogeneous chemistry (Ba/Zn/Cu).
• Fe-PM undergoes progressive atmospheric oxidation from metal Fe to magnetite/hematite.
• It is still unclear whether subway air is more or less toxic than outdoor air.
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Most particles breathed on rail subway platforms are highly ferruginous (FePM) and extremely small
(nanometric to a few microns in size). High magnification observations of particle texture and chemistry on air-
borne PM10 samples collected from the BarcelonaMetro, combined with published experimental work on parti-
cle generation by frictional sliding, allow us to propose a general model to explain the origin of most subway
FePM. Particle generation occurs bymechanical wear at the brake–wheel and wheel–rail interfaces, wheremag-
neticmetallicflakes and splinters are released and undergo progressive atmospheric oxidation frommetallic iron
tomagnetite andmaghemite. Flakes ofmagnetite typically comprise mottledmosaics of octahedral nanocrystals
(10–20 nm) that become pseudomorphed by maghemite. Continued oxidation results in extensive alteration of
the magnetic nanostructure to more rounded aggregates of non-magnetic hematite nanocrystals, with magnetic
precursors (including iron metal) still preserved in some particle cores. Particles derived from steel wheel and
rails contain a characteristic trace element chemistry, typically with Mn/Fe = 0.01. Flakes released from brakes
are chemically very distinctive, depending on the pad composition, being always carbonaceous, commonly
barium-rich, and texturally inhomogeneous, with trace elements present in nanominerals incorporated within
the crystalline structure. In the studied subway lines of Barcelona at least there appears to be only aminimal aero-
sol contribution from high temperature processes such as sparking. To date there is no strong evidence that these
chemically and texturally complex inhalable metallic materials are anymore or less toxic than street-level urban
particles, and aswith outdoor air, the priority in subway air quality should be to reduce highmass concentrations
of aerosol present in some stations.

© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
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1. Introduction

With nearly 200 rail subway systems in operation worldwide,
transportingmore than 100million people daily, air quality both on sta-
tion platforms and inside trains is an important urban air pollution issue
(Nieuwenhuijsen et al., 2007). Average return journey times last around
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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one hour so that many underground rail commuters are routinely ex-
posed to transient doses of inhalable particulate matter (PM) levels
higher than the 50 μg/m3 mean PM10 (PM b10 μm in size) limit legally
imposed for outdoor European city air. In fact, PM levels are commonly
much higher than those above ground, as demonstrated by an array of re-
cently published studies in subway systems from cities as varied as Los
Angeles, Barcelona, Milan, Paris, Prague, Rome, Stockholm, Seoul, Shang-
hai and Taipei (Fromme et al., 1998; Johansson and Johansson, 2003;
Seaton et al., 2005; Braniš, 2006; Ripanucci et al., 2006; Salma et al.,
2007; Kim et al., 2008; Park and Ha, 2008; Raut et al., 2009; Ye et al.,
2010; Cheng and Yan, 2011; Kam et al., 2011; Querol et al., 2012;
Colombi et al., 2013;Moreno et al., 2014). More interesting than the sim-
ple elemental mass concentration of inhalable PM is the fact that these
particles have a peculiar physico-chemical character specific to the sub-
way environment, being loaded with inhalable ferruginous particles
(FePM) commonly accompanied by other elements such as C, Si, Ca,
Mn, Cr and Ba.

It has been argued that themetalliferous character of the particles pro-
duced by underground rail transport has a considerable potential capacity
to stimulate reactive oxygen species (ROS) generation and cause DNA
damage (M. Jung et al., 2012), especially since the work of Karlsson
et al. (2005), who presented toxicological evidence apparently in favour
of enhanced genotoxicity for subway PM. Not only is the particle chemis-
try implicated in this concept of enhanced toxicity, but also the range of
sizes, morphologies and surface bioreactivities are likely to differ from
thosemore typical of outdoor urbanPM(Knibbs et al., 2011). Of key inter-
est here is FePM morphology and the speciation of the inhalable ferrugi-
nous material, as some iron species are reported to be more toxic than
others (Park et al., 2014).

Our understanding of the origin and potential toxicity of subway par-
ticles is limited by the fact that there have been relatively few studies elu-
cidating the detailed morphology and chemistry of individual inhalable
aerosols. Indeed, reviewing the available literature there is still uncertain-
ty over some issues, such as the exact speciation of ferruginous particles
available for inhalation on station platforms, the importance of mechani-
cal versus thermal processes in subway particle generation, and the rela-
tive importance and origins of other elements also present in FePM. In the
Joanic

LLefià

Fig. 1. Stations selected for the study. Santa Coloma (Line 1), Tetuan (Line 2
context of subway particle physicochemical characterisation there is in
particular a striking lack of high quality imaging of subway PM at high
magnification. Several papers have published secondary electron images,
but these usually provide only limited information about the range of par-
ticle types that exist in the samples and are not the main focus of the
study (e.g. Abbasi et al., 2012, 2013; HJ. Jung et al., 2012; Loxham et al.,
2013; Midander et al., 2012; Múgica-Alvarez et al., 2012; Murruni et al.,
2009).

This paper aims to contribute to and clarify the debate about the char-
acter of subway air by presenting and interpreting highmagnification im-
ages and chemical analyses obtained during an ongoing study conducted
on samples collected from the Barcelona Metro. This subway system, op-
erated by Transports Metropolitans de Barcelona (TMB), carries a large
proportion of the city daily commute, around 1.25 million people
(Moreno et al., 2014). Here we focus in particular on the ferruginous par-
ticles that dominate subway platform air, and on the significant contribu-
tion from inhalable-sized carbonaceous polymetallic particles interpreted
to be derived from the application of asbestos-free pneumatic brakes.

2. Methodology

The subway aerosol PM examined for this study was collected during
an intensive monitoring campaign carried out over four months (April–
July 2013) at different stations within the Barcelona Metro system.
Barcelona's Metro includes 11 metro lines built since 1929 to 2010, the
latest (L9–L11)with platform screen door systems and advanced ventila-
tion systems. All trains are operated electrically (80% of thembeingmotor
carriages) and run from 5 a.m. until midnight every day, with additional
services on Friday nights (finishing at 2 a.m. of Saturday) and Saturday
nights (running all night long), with a frequency between 2 and 15 min,
depending on the day (weekend or weekday) and time of day. Night
maintenance works involving diesel vehicles or yielding operations are
occasional but can have an impact on the platform air quality.

The braking system is electric when approaching the platform,
changing to non-asbestos pneumatic braking when slowing down
below a 5 km/h velocity for all lines independently of the platform
design, using either frontal or lateral brake pads.
Tetuán

Santa Coloma

), Joanic (Line 4), and Llefià (in the new sliding door system Line 10).



369T. Moreno et al. / Science of the Total Environment 505 (2015) 367–375
At all sampling sites subway platform PM10 was collected on polyure-
thane foam substrates (PUF) during 8 consecutive days (from 9:00 a.m.
on Monday to 9:00 a.m. of Tuesday of the following week) using an Air-
borne Sample Analysis Platform system (ASAP; Model 2800 Thermo,
USA) with a high sample flow-rate of 200 l/min. The equipment was lo-
cated at the end of the platform corresponding to the entrance point of
the train into the station, with no exit access to minimise the complexity
of air turbulence and annoyance to passengers. Four stations were select-
ed (Fig. 1), each with different designs chosen to obtain a wide range of
PM sample characteristics, including a station with open double rail
track (Santa Coloma), double track separated by a wall in the station
(Joanic), single rail track (Tetuan) and a new stationwith platform screen
doors (PSD's) separating the single rail track from the platform (Llefià).

Individual particles were characterised using scanning electron mi-
croscopy. The size and shape of individual particles were observed
FeC

a)

e)d)

b)

g)

F

k)j)

Fig. 2. SEM images demonstrating the typical morphological aspect of FePM in subway samples
like; b–f) FePMwith flake and splinterymorphologies; g) Lineated FePM flake; h) Botryoidalmo
and attached nanoparticles; j) FeCPMwith nanometric crystals growingon theflake surface; k) F
nanometric crystalline needles of new gypsum; l) FePM flakes and carbonaceous nanometric s
using a JEOL5900LV Scanning Electron Microscope (SEM) via an energy
dispersive X-ray microanalysis system (EDX). PUF substrates were
directly ‘flat-mounted’ onto aluminium SEM stubs using epoxy-resin
(Araldite) as an adherent between the PUF and the stub. The samples
were then gold/palladium-coated using a 208HR Sputter Coater
(Cressington, UK) and an MTM20 Thickness Controller (Cressington,
UK). Themicroscopeworking distancewas 10mm,with an accelerating
voltage of 20 kV.

In addition, sampled particles were visualised using a high resolution
transmission electron microscope (HR-TEM). For this, particles were
suspended in molecular biology (MB) grade water (Sigma-Aldrich, UK;
2 μg PM/1 μl H2O) and 40 μl of this suspensionwas pipetted onto the sur-
face of a 200 mesh Au grid with carbon film (Agar Scientific). Samples
were imaged using a Philips CM12HR-TEMat 80 kVaccelerating voltage,
and images were obtained with a SIS MegaView III digital camera.
Fe Si

Fe+soot

f)

c)

i)h)

e

l)

: a) General aspect of a PUF sample with subway PM10 dominantly ferruginous and flake-
rphology interpreted as hematite; i) Large FePM flakewith rough, coarsely cleaved surface
ePMflake adjacent to amorphous gypsum(calciumsulphate) particle onwhich has grown
oot aggregates.
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3. Results

Particle concentrations (8 day means) were highest in the double
rail track station (Santa Coloma72 μg PM2.5/m3), followed by the station
with single rail track (Tetuan 44 μg PM2.5/m3), whereas the stations
with a wall separating both rail tracks (Joanic) and the sliding door sys-
tem (Llefià) both had values of 29 μg PM2.5/m3. These variations in PM
mass concentration were mostly related to the differences in platform
design and ventilation rather than particle sources, because particle
composition and morphologies were very similar in all stations (as ob-
served after studying the samples under SEM), indicating a common
mechanism of formation. Compositionally the most abundant particles
were Fe-rich (Fig. 2a), in agreement with the previous subway studies
elsewhere (e.g. Aarnio et al., 2005; Kang et al., 2008; Salma, 2009; HJ.
Jung et al., 2012; Midander et al., 2012; Minguillón et al., 2012). Indeed,
it is difficult to analyse a subway particle that does not register at least
some iron, an observation that we shall discuss further below.

The inhalable-sized fraction of ferruginous particles (FePM) in the
Barcelona subway samples displays a spectrum of morphologies under
the SEM, but by far the most common occurs in the form of irregular,
rough-surfaced flakes measuring at most just a few microns in size
(Fig. 2a), with the larger examples commonly displaying cracked and
corroded textures (Fig. 2b, c). Sharply angular shard-like and splintery
forms often with relatively smooth surfaces (Fig. 2d, e, f) are also com-
mon in the FePM, and a range of other textures include lineated
(Fig. 2g), botryoidal (Fig. 2h), or roughly cleaved (Fig. 2i). It is normal
to observe nanometric PMattached to the host particle (Fig. 2c, i, j, l), in-
deed, in terms of particle number, submicron FePM is the most abun-
dant type.

Many FePM flakes are carbonaceous, with C being present either in-
tegratedwithin the grain structure or as nanometric crystals growingon
the surface (Fig. 2j). In addition, more familiar carbonaceous particles
within the subway PM10 samples include diesel soot attached to the
host FePM (Fig. 2l), and biological aerosols (Fig. 3a, b, c, d) introduced
probably from outside city air. Coarser PM10 (N5 μm) is much rarer in
these samples, and is more commonly associated with “geological” par-
ticles such as quartz, calcium carbonate, calcium sulphates (from soil
and building materials) and both aluminium and iron–magnesium sili-
cates. Halite particles are also present, commonly in the shape of
Table 1
Chemical composition (elemental weight %) obtained by TEMmicroanalysis from typical FePM
See text for discussion. Cu was not analysed as it is the major component of the sample holder

Element (wt.%) New line

C 1.96 3.46 12.35 12.83
O 22.23 32.47 9.08 22.01
Na 0.86 1.87 0.62 0.25
Mg 0.92 0.23 0.89 0.38
A1 0.93 0.32 0.24
Si 2.54 1.05 8.47 7.07
S 0.56 0.85 1.07 0.75
Cl 0.59 0.71 1.1 0.18
K 0.86 0.84 0.19
Ca 2.35 1.75 1.52 0.91
Ti 0.05 0.05
V 0.13
Cr 0.35 0.31 0.36 0.33
Mn 0.65 0.58 0.58 0.53
Fe 64.69 55.88 60.4 49.02
Co 0.21 0.52
Zn 0.05 0.02
As 0.08 0.05 0.05
Sn 0.64
Sb 0.39 0.11 0.13
Ba 2.49 4.1
Total: 100.00 100.00 100.00 100.00
Mn/Fe 0.010 0.010 0.010 0.011
euhedral cubic crystals that have grown within the PUF substrate after
sample collection (Fig. 3e). Metals other than Fe, although detected at
trace levels in the chemical analyses of PM filter bulk samples, are
only rarely evident under the SEM. Barium sulphates were observed in
both old and new stations (Santa Coloma and Llefià), these being attrib-
uted to the use of barite in the fabrication of brakes in both trains and
road vehicles (Aarnio et al., 2005). Other trace metals identified under
the SEM include Zn, Ti, and Sb, the latter again most probably related
to brake abrasion and always attached to or integrated within larger
particles (Fig. 3f–i). Occasional bright spots under SEM backscatter re-
veal concentrations of Sb, either in irregular, sub-angular grains associ-
ated with Ca (also present in brakes as calcite), or as spheres with
associated traces of S and V. Copper PMwas only identified in the sam-
ples from Joanic and Santa Coloma, the two stations where the panto-
graph connecting to the electric supply catenary (which is made of
95% Cuwire) is made of copper or graphite (50% of trains each), where-
as it is only graphite in the other two stations. These trace metallic par-
ticles in the subway samples are always in the nanosized scale and occur
either embedded obscurely within ferruginous masses or adhered to
the surface of larger particles, with morphologies ranging from amor-
phous to spherical. In general micrometric metallic spheres are not
common in the Barcelona Metro samples which are overwhelmingly
dominated by ferruginous flakes and splinters.

In order to elucidate further the chemistry of subway platform FePM
at high magnifications, Table 1 provides a selection of analyses of
micrometric sized areas viewed under the transmission electronmicro-
scope (similar to the data shown in the chemical maps of Fig. 4) com-
paring PM from new and old lines. All areas analysed in this way were
highly ferruginous (Fe 40–65 wt.%), and when Mn was registered as
an accompanying minor element this was almost always in the ratio
of Mn/Fe = 0.01. In addition, the TEM analyses confirm the carbona-
ceous character of many FePM, and our data suggest the presence of
at least three groups based on carbon contents registered as low C
(b5 wt.%), medium C (10–20 wt.%) or high C (N40 wt.%) (Table 1).
Both Si and Ca are commonly present, as are traces of other elements
Al, Mg, Na, K, Cr, Co, Sb, S, and Cl (Table 1). These analyses provide
some clear indicators as to the likely source materials responsible for
subway FePM generation. A Mn/Fe ratio of 0.01 is highly consistent
with an origin from steel used in wheels, rails and brakes (Abbasi
images of the Barcelona subway samples comparing particles from the new and old lines.
in the TEM.

Old line

18.46 19.52 13.72 49.85 11.06
18.65 16.42 21.01 4.73 15.12
0.89 0.32 0.39
1.46 0.28 0.27 1.41
2.06 2.12 0.56 0.53
6.06 3.58 2.34 39.38 2.31
1.8 0.57 2.70 1.98 4.34
0.53 0.4 0.74 0.36 0.76
0.3 1.47 0.31 0.18 0.39
3.59 1.28 2.04 0.96 2.14

0.15
0.48 0.6

40.16 51.23 47.93 0.42 42.11
0.31 0.42 0.06
0.23 0.68 0.99
0.03

0.89 0.09 0.42 0.28
4.1 1.69 10.41 1.27 18.56

100.00 100.00 100.00 100.00 100.00
0.012 0.012 – – –
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Fig. 3. SEM images of particles other than typical FePM also present in subway samples: a) Angular FePM splinter with attached calcium carbonate and (below left) cluster of nanometric
spheres, brochosomes, secreted by leafhoppers; b) Close-up of brochosomes alongside nanometric cluster of metallic PM; c) Pollen grain; d) Insect fragment; e) Halite cube (with surface
crystals of gypsum) growing on PUF substrate; f) FePMflakes alongside polycrystalline particle rich in Ca and Sb; g) Close up of CaSb particle; h) FePM rich in Sb and interpreted as derived
from brake pad abrasion; i) Brake flakes containing Sb and Cu.
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et al., 2012 and references therein). Carbonaceous particles in the sub-
way environment, excluding those imported from above ground and
those created by oxidation reactions of volatile organic compounds,
can source from the high resistance commutator brushes in the electric
motor and train pantographs connecting to the catenary. As discussed
below, however, we consider thatmost of the subway-generated carbo-
naceous particles on station platforms are derived from interaction be-
tween the brake pad and train wheel. Train brakes in the Barcelona
subway can be frontal or lateral dependent on the train model, and
are chemically either carbonaceous-Fe poor (frontal pads: CN N Fe) or
ferruginous–carbonaceous (lateral pads: Fe N C) (own data). As is the
case with road traffic brake pads (Amato et al., 2012) themain chemical
components of the train brake pads are heterogeneously distributed
within the pad and accompanied by a wide spectrum of other cations
such as Mg, Ca, Ba, Cr, Co, Sr, andMo. Iron-poor pads (frontal types) ad-
ditionally contain enhancements in a range of typical “crustal” elements
(Al, Na, Ti, Li, V, Rb, Y, Nb, Th, U, and lanthanoid group, especially La, Ce,
Pr and Nd) whereas metallic pads contain higher Mn, Ni, and especially
Zn, Cu, As, Sb, and in some cases Pb (own data). Barium is a particularly
characteristic component within the brakes utilised in the Barcelona
metro, and in somepads can be abundant enough to comprise the dom-
inant cation, combined with S in the form of barium sulphate (Table 1).

Examples of the distribution of trace elements within subway FePM
are provided by the TEM data in Fig. 4 with images of low C FePM
(C b2 wt.%, Fig. 4a) and medium C FePM (C b20 wt.%, Fig. 4b–d). The
first example (Fig. 4a) shows a cluster of micrometric-sized angular
MnCr steel fragments (centre and upper part of image) interpreted as
produced by frictional processes at the wheel–rail interface. The parti-
cles appear relatively unoxidised and may therefore have been freshly
generated just prior to collection. They are accompanied by Al-silicate
andMgAl-silicate (lower and left part of image), and calcium carbonate
(lower centre) particles. Fig. 4b offers a close-up of a singlemicrometric
carbonaceous FePM in a more advanced state of oxidation. This particle
contains traces of Si, Ca, Mn, and Co, and there is a markedly inhomoge-
neous distribution of Ba and S. The presence of these minor elements,
especially Ba, along with the highly ferruginous nature of the particles,
leads us to interpret this FePM as derived from a metallic lateral
brake–wheel interface. Fig. 4c images two FePM flakes, both of which
are again highly oxidised, carbonaceous, contain Si, Ca, and Al and are
rich in barium and sulphur. These are also interpreted asmetallic lateral
brake particles and show a typically inhomogeneous distribution of zinc
which is clustered into nuggets in the lower particle. Finally Fig. 4d pro-
vides a close-up of the lower brake flake imaged in Fig. 4c. At thesemag-
nifications the nugget-like texture displayed by Zn distribution is even
more obvious, and it becomes increasingly clear that the secondary
electron image of Fe itself has a mottled appearance implying internal
inhomogeneity.

We zoom further into the detailed microstructure of these FePM
flakes in Fig. 5, initially with an imaging sequence from Fig. 5a to c.
The image in Fig. 5a may be compared to the featheredge of the flake
shown in Fig. 4d (top of the image), and itself has ultrathin featheredges
which again display the same mottled appearance. This texture be-
comes clearer in Fig. 5b and c, which reveals the mottling to comprise
clusters of mostly rounded ferruginous nanocrystals typically
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C 11.06

O 15.12

Mg 1.41

Al 0.53

Si 2.31

S 4.34

Cl 0.76

K 0.39

Ca 2.14

Fe 42.11

Zn 0.99

Sb 0.28

Ba 18.56

Total: 100.00

b)

d)

Element Wt%
C 19.52
O 16.42
Na 0.32
Mg 0.28
Al 2.12
Si 3.58
S 0.57
Cl 0.40
K 1.47
Ca 1.28
Mn 0.60
Fe 51.23
Co 0.42
Sb 0.09
Ba 1.69
Total: 100.00

Element Wt%
C 1.96
O 22.23
Na 0.86
Mg 0.92
Al 0.93
Si 2.54
S 0.56
Cl 0.59
K 0.86
Ca 2.35
Cr 0.35
Mn 0.65
Fe 64.69
Zn 0.05
As 0.08
Sb 0.39
Total: 100.00

Element Wt%

C 13.72
O 21.01
Al 0.56
Si 2.34
S 2.70
Cl 0.74
K 0.31
Ca 2.04
Fe 47.93
Zn 0.68
Sb 0.42
Ba 10.41
Total: 100.00

Fig. 4. TEMelementalmapping of Barcelona subway PM10 samples showing, a) Agglomerate of steel wheel/rail splinters andmineral dust particles; b) Oxidised steel FePM containing Si, C,
Co, Ca, S, Mn and Ba, and interpreted as derived frommetallic lateral brake pad: note inhomogeneous distribution of Ba and S; c–d) Brake flake particles showing inhomogeneous distri-
bution of trace components and mottled nanocrystalline structure of iron oxide (continue to Fig. 5a–c).
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measuring from 10 nm or less to a few 10s of nm. The highly crystalline
nature of these samples is very apparent under the TEM, as demonstrat-
ed by an abundance of diffraction patterns available to determine the
particle structure and lattice spacing. Thus most TEM images reveal
the presence of nanocrystalline magnetite (Fig. 5d, e) and hematite
(Fig. 5f), aswell as onion-like concentric layers (Fig. 5g) indicative of car-
bon nanoparticle structure integrated within the FePM microstructure.
The nanometric aggregates are not entirely iron oxide and carbon, how-
ever, as other tiny particles of compounds such as barium sulphate, bar-
ium carbonate, and halite can be identified (Fig. 5f, h).

Although the previous X-ray diffraction data from platform dust
(Querol et al., 2012) have indicated that the bulk of Fe-particles in the
Barcelona subway are present as hematite (Fe2O3), it is clear under
the TEM that magnetite also exists within these nanometric aggregates,
and in some places it is possible to identify the presence of Fe metal.
One such FePM preserved native Fe is imaged in Fig. 5i as a slit-like
core revealed inside a cracked submicron Fe particle with an
oxidised coating. The stretching and cracking of this particle during
submicron-scale oxidation are attributed to the stresses induced by
a smaller lattice parameter of the oxidised shell as compared to the
less oxidised core (Feitknecht and Gallagher, 1970; Özdemir et al.,
1993). The enduring presence of iron metal within platform FePM,
however, is the exception: most inhalable-sized platform FePM
flakes are composed of iron oxide nanocrystals within which are
intimately incorporated nanocrystals of other compounds originally
also present within the parent materials.

4. Discussion

Our observations on subway platform particles confirm that they are
pervasively ferruginous and both physically and chemically different
from the typical outdoor urban cocktail of inhalable PM breathed
above ground in the city. This in turn indicates that the dominant mix
of source materials and processes of PM generation are unique to the
subway environment. This conclusion is nothing new: a considerable
number of papers published on subway PM over the last ten years
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Fig. 5.Highmagnification images of FePM composed of iron oxide nanocrystals (a–c) containingmagnetite (d, e), hematite (f), concentric carbon nanocrystals (g), barium salts (f, h) and
halite (f). Fig. 5i images a cracked nanoparticle revealing an iron metal core and oxidised shell: see text for discussion.
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have highlighted the ferruginous nature of such aerosols and concluded
that the obvious sources distinctive to the subway are related to train
movement, with wheels, rails, brakes, and electrical supply system all
implicated in FePM generation. However, reading the available litera-
ture can reveal a lack of precision over the relative importance of
these different sources, the specific processes that generate different
FePM, andwhether subway aerosols aremore toxic than those breathed
at street level. In this context, the following discussion sectionwill focus
on FePM chemical composition, oxidation history, microstructure, gen-
eration processes, and conclude with a brief comment on concerns over
potential toxicity.

Our current understanding of the chemical speciation of subway
FePM owes much to a series of publications on air quality in the Seoul
underground rail system of South Korea (e.g. Kang et al., 2008; Kim
et al., 2010; HJ. Jung et al., 2012; Eom et al., 2013). Ambient FePM10 in
the tunnel and platform has been recorded as comprising a mixture of
iron metal (α-Fe), magnetite (Fe3O4), maghemite (γ-Fe2O3) and hema-
tite (α-Fe2O3), with unoxidised Fe-metal being less common than
oxide, and a majority of FePM being carbonaceous. Samples of subway
dusts appear to be more magnetic if collected closer to the rail, indicat-
ing the presence of more iron metal, magnetite and maghemite relative
to non-magnetic hematite (HJ. Jung et al., 2012), and revealing spatial
variation in the oxidation state of FePM. Similarly, in those stations
with platform sliding doors, ambient FePM has been reported to be
less ferruginous and less magnetic (Kim et al., 2010; HJ. Jung et al.,
2012), this presumably reflecting reduced amounts of fresh tunnel-
generated Fe-metal-bearing particles gaining access to the platform.

One of the commonest oxide mineral reactions in nature is the oxi-
dation of magnetite to maghemite (Özdemir et al., 1993), which is in
turn metastable relative to hematite (Guo and Barnard, 2013; Machala
et al., 2011). The presence of a mixture of iron metal and various oxides
in the same subway particle, with the oxides sometimes seen as an
external carapace (e.g. Fig. 5i), presumably records stages in the pro-
gressive oxidation of freshly exposed highly active metal surfaces of
iron splinters and flakes to magnetite, maghemite and hematite, with
smaller particles having greater surface areas available for reaction
(Kang et al., 2008; Knibbs et al., 2011; HJ. Jung et al., 2012; Eom et al.,
2013). One of the key, and perhaps surprising, characteristics of
inhalable subway particles is that most of them are extremely small,
as shown in our study and as emphasised in several other recent publi-
cations (e.g. Jansson et al., 2010; HJ. Jung et al., 2012; Midander et al.,
2012; Loxham et al., 2013). Indeed there appears to be an increasing re-
alisation that ferruginous nanoparticulate material (nanoFePM) is the
dominant inhalable aerosol in the subway environment and that it is
not necessary to invoke the traditional view that suchmaterials are pro-
duced by high temperature processes such as vapourisation and
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condensation. This new understanding stems from the combination of
direct observation of subway PM (as in our study) with the results
from experimental studies (e.g. Olofsson, 2011; Sundh et al., 2009;
Abbasi et al., 2012). Wear rates and particle generation at the train
rail–wheel contact can be shown both to increase with increasing load
and produce a large amount of ultrafine PM in the size range 0.25–
1 μm(Sundh et al., 2009). Similarly, disc brake PM released from region-
al trains contains abundant amounts of nanometric particles which can
be as small as 50 nm (Abbasi et al., 2012). In a particularly revealing
study, Olofsson (2011) produced frictionally-generated nanoparticles
by simulating the sliding of brake materials against railway wheels,
and demonstrated that under their chosen experimental conditions
metalliferous brake pads generate manymore nanoFePM than compos-
ite pads.

Much of the finer inhalable FePM on subway platforms in the Barce-
lona metro comprises iron oxide nanocrystal aggregates like those im-
aged in Fig. 5. These nanoFePM have been observed by some of the
fewprevious subwaypublications to utilise TEM,with Salma (2009) de-
scribing structured aggregates of rounded crystals 5–15 nm in size, and
Zhang et al. (2011) recording “clumped” submicron-sized magnetic
FePM. These nanoFePM materials are commonly flake-like in form
which, rather than suggesting condensation of Fe vapour (Kang et al.,
2008; Salma, 2009; Salma et al., 2009; HJ. Jung et al., 2012; Loxham
et al., 2013) we interpret as generated mechanically by frictional wear,
especially by the sliding of two metallic surfaces such as between lateral
brake pads and wheel, followed by oxidation. Their parent material is
steel or cast iron which has become pervasively, but not always
completely, oxidised to magnetic oxide species (magnetite and
maghemite) and non-magnetic hematite. The morphologies of natural
magnetite nanoparticles are octahedral and rhombo-dodecahedral
(Guo and Barnard, 2013), a microtexture preserved even when further
oxidation produces maghemite as this mineral simply pseudomorphs
the pre-existing magnetite without creating a new crystal form. Sugges-
tions of formerly euhedral nanocrystals with octahedral form are dis-
cernable in some of the ferruginous flakes (e.g. Fig. 5c). However,
further conversion to hematite alters the magnetic microstructure
texture to produce more rounded crystal forms. We invoke the partial
or total replacement of precursor magnetic minerals by non-magnetic
hematite to explain the typically less well-defined crystal faces in more
amorphous aggregates such as those depicted in our subway PM images
(Fig. 5). Our images of nanometric FePMmagnetite–maghemite clusters
are similar to those of naturally occurring iron magnetite–maghemite–
hematite nanocrystals (Guo and Barnard, 2013).

Our chemical data on individual platform FePM indicates thatmany of
them are brake flakes, namely slices of oxidised ferruginous and carbona-
ceous material dissociated from the brake pad (Fig. 4b, c) during brake
application immediately prior to and during station entry. Brake dust is
not, of course, exclusive to subway air, being abundantly generated by
road traffic in outdoor city air, although diluted by the products of hydro-
carbon combustion and particle resuspension. Sagnotti et al. (2009) for
example identified outdoor brakeflakes forming rough-surfaced particles
of non-stoichiometric nanocrystallinemagnetitewith an inhomogeneous
microchemistry and amorphology “remarkably different from the typical
spherical particles of industrial fly ashes”. In the case of the rail subway,
brake flakes will be swept through and settle in the station under the
diminishing influence of each train arrival piston effect. These subway
brake flakes, undiluted by road vehicle emissions, are therefore expected
to bemuchmore commonon the platform than in the tunnel or outdoors.
In addition to the brake flakes, many other platform FePMwill be derived
from the chemically more homogeneous Mn steel of the wheel and/or
rails, as demonstrated by their distinctive trace element chemistry
(such as a Mn/Fe ratio of 0.01: Fig. 4a, b). Although we have emphasised
the overwhelmingly dominant role ofmechanical processes in the gener-
ation of the Barcelonametro atmospheric environment, where few parti-
cles are spheroidal, this will not be necessarily the case for all other
systems worldwide. In the Seoul subway, for example, the descriptions
of Eom et al. (2013) indicate the more obvious presence of micrometric
Fe-spheres which they attribute to iron metal sparking vapourisation
followed by condensation, analogous to particle generation during arc-
welding. Also the passing of diesel trains during nightwork can help the
formation of particles by condensation and thermal fragmentation of
nanoparticle aggregates (Burchill et al., 2011).

Finally, we return to the subject of FePM toxicity and the possibility
that subway air is more capable of damaging human health than city air
outdoors. The main evidence in favour of subway FePM being more
genotoxic and capable of inducing oxidative stress has been presented
by Karlsson et al. (2005) using platform PM10 collected on glass fibre
filters (see also Karlsson et al., 2006, when part of the subway sample
bioreactivity was found to be due to the lingering presence of glass filter
fibres in the extracted samples). They considered their FePM samples to
be mostly magnetite, although in a subsequent study (Karlsson et al.,
2008) they were unable to prove their original speculation that high
Fe content was behind an increased ability to induce oxidative stress.
Comparisons with various samples of magnetite, hematite, Cu and Cu–
Zn failed to produce the same toxic response (Karlsson et al., 2008).
Papers subsequently published on rail-generated particles usually
quote at least one of these papers (e.g. Kang et al., 2008; Salma, 2009;
Murruni et al., 2009; Olofsson, 2011; Zhang et al., 2011; Múgica-
Alvarez et al., 2012; HJ. Jung et al., 2012; Midander et al., 2012; Abbasi
et al., 2013; Eom et al., 2013; Loxham et al., 2013; Querol et al., 2012;
Moreno et al., 2014). In a study of PM subway doses Seaton et al.
(2005) reached the conclusion that “those principally at risk from dust
inhalation by working or travelling in the London Underground should
not be seriously concerned, although efforts to reduce dust concentra-
tions should continue, since the dust is not without toxicity”. With re-
gard to epidemiological evidence, Gustavsson et al. (2008) concluded
that no increased lung cancer risk was found amongst subway train
drivers, and their study thus failed to support any hypothesis that sub-
way particles are more potent in inducing lung cancer than particles
in ambient air. Given the uncertain and limited nature of the evidence
for subwaymetalliferous PM toxicity, there appears to us to be no obvi-
ous cause for alarmist concern, although given the peculiarmetal chem-
istry of these particles, with enhanced amounts of toxic trace elements
such as Mn and Cr (e.g. see Chillrud et al., 2004), the presence of
nanocrystals of magnetite and maghemite (Park et al., 2014), and the
possibility that some brake pad materials may produce more toxic
flakes than others, adoption of the precautionary principle would
seem wise. Thus, as with outside city air in traffic hot spots (where
toxicological effects have been demonstrated, Janssen et al., 2012;
Sysalová et al., 2012), at this stage the priority in subway air quality
should be to reduce the high mass concentrations of aerosol present in
some stations rather than worry about attempting to remove some
chemical component of unspecified toxicity.

5. Conclusions

1. Ambient subway platform aerosol particles mostly source from train
movement and are pervasively ferruginous (FePM), commonly
carbonaceous, and both physically and chemically distinctive from
PM breathed in outdoor urban air.

2. The most common form of subway FePM is very small (nanometric
up to a fewmicrons in size) and derives dominantly frommechanical
processes of sliding and wear at the brake–wheel and wheel–rail in-
terfaces, with, in Barcelona at least, only minor contributions from
high temperature processes such as sparking.

3. Metallic flakes and splinters released from the wheel area undergo
progressive atmospheric oxidation from native iron throughmagne-
tite, maghemite and hematite organised within a nanocrystalline
oxide matrix which images as a distinctive mottled nanostructure
under TEM. Individual nanocrystals, now mostly hematite, are
typically 10–20 nm and rounded in appearance, although they can
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preserve remnants of octahedral forms indicative of their origin as
magnetite derived from the oxidation of iron metal.

4. The chemistry of individual FePM under TEM allows differentiation
between different anthropogenic sources, such as an origin from
Mn steel (wheels, rail) or brake pads. Particles released during
frictional brake wear in particular exhibit a highly distinctive
“brake flake” chemistry marked by the inhomogeneous distribution
of unusual trace elements such as barium, and their incorporation
into the ferruginous nanocrystalline structure.

5. It is still unclear whether subway is more or less toxic than outdoor
air. Hematite, one of the toxicologically more benign iron oxides, is
the dominant FePM species on station platforms so that any subway
air health effects may relate more to high inhalable mass levels than
their metallic chemistry.
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A69 A systematic review and meta-analysis exploring the associations between exposure to traffic-related air
pollution and the development of childhood asthma
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Abstract

Background: Asthma is a common chronic condition affecting some 300 million people worldwide, and is the most common chronic illness of
childhood. In recent decades, asthma prevalence has increased at a rate which outstrips the pace of genomic variation and changes in environmental
exposures are thought to be partially responsible. The association between children’s exposure to traffic-related pollution and the development of asthma
remains unclear.
Methods: This systematic review attempts to clarify this association. EMBASE, MEDLINE and Transport Database were searched for relevant studies
published since 1996, using keywords. 2,619 unique references were identified and screened by title/abstract against pre-specified eligibility criteria.
Observational studies, investigating the risks of developing asthma associated with exposure to traffic-related pollution, in children under the age of
nineteen were included. 61 references were screened using the full paper and 21 met all inclusion criteria. 30 data-fields relating to the populations,
exposures and outcomes were extracted from each study. The quality of eligible studies is being assessed against established standards and some
outcome measures will be combined in meta-analyses.
Results: The research area is young, with a substantial part of its evidence-base coming from 3 cohort studies. Overall, the included studies reported
conflicting outcomes. Those supporting the notion of a causal link between traffic-related pollutants and asthma found small effect estimates. Asthma
definitions varied, yet 11 studies reported physician-diagnosis. Exposure was estimated using various metrics ranging from the crudest road-proximity,
employed in 8 studies, to the most sophisticated dispersion-modelling, employed in 4. The majority of the exposure metrics encountered had limited
capacity in capturing the heterogeneous spatio-temporal nature of traffic-related pollution, which may have caused an underestimation of the exposure
effect. Effect estimates between NO2, the most studied pollutant, and the development of asthma were mostly positive, yet inconsistent and largely
insignificant. There was evidence of gender differences. Other susceptibility factors included ethnicity and exposure during infancy. Studies suggested that
exposure was associated with asthma even in areas that met the air quality standards.
Conclusions: A limited number of studies investigated the contribution of traffic-related pollution to the onset of childhood asthma and what is
now known about these associations may only be part of the picture. Although effect estimates for traffic-pollutants tended to be generally low, the risk
posed on populations is likely to be significant considering the large proportion of people exposed to traffic. One explanation of the pattern of NO2 effects
is that it could act as a marker of a mixture or of more toxic traffic-pollutants, for example ultra-fine particles. Multidisciplinary collaboration bringing
together more refined exposure metrics and health data should identify more robust associations.
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Abstract

Background: Commuters usually have choices regarding the mode of public transport they use in the city, but in the context of particulate pollution
it is not an especially well-informed choice. We demonstrate from an innovative study in Barcelona that not only the concentration and number but also
the chemistry of airborne particles inhaled during the commute vary greatly depending on the chosen travel mode.
Methods: Portable equipment for measuring black carbon, PM2.5 (mass and chemistry), and number of ultrafine particles (UFP) were carried in a backpack
on 78 8-10 km round trip suburb-to-city-centre morning commutes by either tram, subway, bus, or exclusively on foot, with the same start and finish points. All
equipment were duplicated, allowing two people (carrying a GPS) to make a simultaneous synchronised journey using different transport modes.
Results: The study revealed notable differences between the chosen morning commutes. In terms of average number of UFP concentration, the poorest air
quality was associated with walking in the city centre (5.4-5.9 � 104 particles/cm3, depending on route chosen). The highest UFP concentrations using public
transport occurred during bus travel (mean concentrations of 4.7 � 104 particles/cm3), the lowest in the subway (2.3 � 104 particles/cm3), with the tram
registering values in between the other two (3.0 � 104 particles/cm3). Average UFP size was highest in the subway (90nm) and lowest when walking in traffic
(54nm), with black carbon levels correspondingly highest when walking (7.3 mg/m3), decreasing to half this value progressively through metro4bus4tram.
PM2.5 concentrations were lower when walking and/or in the tram and higher in the subway and bus. Chemical compositions also reveal interesting differences,
with peaks in metallic tracers (such as Cu, Sb, Fe, Mn, Al and Ti) depending on transport mode. High transient peaks for all contaminants were related mostly to
traffic (UFP numbers, black carbon), roadworks (PM concentrations) or fellow commuters (e.g. smoking).
Conclusions: Individual exposure to air pollutants while travelling across the city varies greatly depending on the type of transport selected and
route taken. To access Barcelona city centre, in terms of both UFP number and PM2.5 concentrations the subway and tram systems are cleaner than the
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bus. Although walking is to be encouraged for personal exercise and lower average concentrations of PM2.5, the penalty to be paid by pedestrians in the
city centre is the exposure to a concentration of well over double the one when travelling by subway.

http://dx.doi.org/10.1016/j.jth.2015.04.558

A71 Variability in and agreement between modelled and personal continuously measured black carbon levels
using novel smartphone and sensor technologies

Mark Nieuwenhuijsen a

a Center for Research in Environmental Epidemiology (CREAL), Spain

Abstract

Background: The aims of this study were to examine 1) the variability in personal air pollution levels during the day and 2) the relationship
between modeled home and school estimates and continuously measured personal air pollution exposure levels in different microenvironments (eg
home, transit, school). We focused on black carbon as an indicator of traffic related air pollution.
Methods: For the study we recruited 54 school children (aged 7-11) from 29 different schools around Barcelona as part of the BREATHE study, an
epidemiological study of the relation between air pollution and brain development. For two normal week days during 2012-2013, the children were given
a smartphone with Calfit software to obtain information on their location and physical activity level, and a small sensor, the Micro-aethalometer model
AE51 to measure their black carbon levels simultaneously and continuously. We estimated their home and school exposure to PM2.5 absorbance, which is
well correlated with black carbon, using a temporally adjusted ESCAPE PM2.5 absorbance land use regression (LUR) model.
Results: We found considerable variation in the black carbon levels during the day with the highest levels measured during commuting periods
(Geometric mean¼2.8 ug/m3) and the lowest levels at home (Geometric mean¼1.3 ug/m3). Hourly temporally adjusted LUR model estimates for the
home and school showed moderate to good correlation with measured personal black carbon levels at home and school respectively (r¼0.59 and
r¼0.68), and lower correlation with commuting (r¼0.32 and r¼0.21). The correlation between modeled home estimates and overall personal black
carbon levels was 0.62.
Conclusions: Personal black carbon levels vary substantially during the day. The correlation between modeled and measured lack carbon levels was
generally good, but varied according to micro-environment. Novel technologies such as smartphones and sensors provide new insights in personal
exposure to air pollution.

http://dx.doi.org/10.1016/j.jth.2015.04.559

A72 Cyclists and traffic-related air pollution: comparison based on traffic density influence

Jean-Michel Van Oosten a, Luc Jacob a, Luc Int Panis b,c, Evi Dons c, Catherine Bouland a

a Université Libre de Bruxelles, Belgium
b VITO, Belgium
c Hasselt University, Belgium

Abstract

Background: Several authors have stated that exposure of cyclists to traffic related air pollution decreases when distance from motorised traffic
increases. In many cities, cyclists share the roads with cars, whereas in other urban situations, separate cycling infrastructures have been set up for
cyclists. This study aims at determining if cycling on low density traffic roads decreases the individual exposure to traffic-related air pollution and its
respiratory health consequences for cyclists in the Brussels-Capital Region.
Methods: In March 2014, seventeen healthy regular cyclists rode two similar circular routes during morning rush hour. The “HIGH” route was
mostly made of main roads, whereas the “LOW” route mainly of local roads. Real-time personal exposure to PM2.5 and black carbon were measured along
the two routes. Respiratory symptoms were self-reported through completion of a questionnaire. Events occurrence during cycling (odour, coughing,
discomfort) were localised on a map immediately after cycling. Objectivation of traffic-related events (traffic density, busses, odour or dust linked to road
works) occurred through video recording of the trips.
Results: Exposure of cyclists did not show significant difference between both routes for PM2.5, whereas it was the case for black carbon. Black
carbon levels showed high spatio-temporal variability, reflecting the influence of local events. This was not the case for PM2.5. Except for odours, the
volunteers did not report any respiratory discomfort linked to exposure to air pollution during cycling. In order to compare the exposure of cyclists
between both routes, an indicator of cumulative exposure to black carbon and PM2.5 was developed, taking into account mean values obtained from a
reference monitoring station. The computed cumulative exposure indicator showed significant differences between the routes for both pollutants.
Conclusions: Cycling on low traffic density roads in the Brussels-Capital Region seems to decrease the personal exposure of cyclists to black carbon,
but not to PM2.5. Exposure to traffic-related air pollution seems to be better reflected by car emission levels than monitored air quality.
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seniors in the Town. Some seniors who were more able-bodied acknowledged that they would consider using the program if they were no longer able to
drive or if their health declined. Seniors suggested that more education of how to use the bus and transfer could increase senior ridership.
Conclusions: The results shed light on how a free public transportation program affected seniors’ travel behaviour and explored senior perspectives
towards public transportation. This research may aid other municipalities considering similar programs, which could help to sustain the independent mobility of
seniors.

http://dx.doi.org/10.1016/j.jth.2015.04.587

A100 Key factors influencing air quality in rail subway systems

Teresa Moreno a, Vania Martins a, Maria Cruz Minguillón a, Fulvio Amato a, Marta Capdevila b, Eladio de Miguel b, Sonia Centelles b,
Xavier Querol a

a Consejo Superior de Investigaciones Cientificas – CSIC (Q2818002D), Spain
b Transports Metropolitans de Barcelona (TMB), Spain

Abstract

Background: Air quality plans incentivise the use of public transport to abate atmospheric emissions from private road vehicles in cities. In this context rail
subway systems are especially desirable as they are based on electric trains, are energetically/environmentally efficient, and help relieve surface traffic congestion.
However, a number of studies have revealed poor air quality underground, especially concerning levels of Particulate Matter. Interestingly, some subway systems
appear to be worse than others in terms of particle loading, and it is clearly necessary to identify the key factors involved.
Methods: Ambient subway aerosol particles present in trains and on platforms in the Barcelona metro system have been (and are being) intensively
monitored, sampled and physico-chemically characterised, and different types of stations compared. Air monitoring equipment includes high volume
samplers for chemical analysis of particles below 2.5 μm, a light-scattering laser photometer for particle concentrations in 3 sizes, and an indoor air
quality meter for carbon oxides.
Results: Outdoor concentrations of traffic particles and gases in Barcelona city do not significantly influence subway air quality, with most particles
being ferruginous and sourced underground. Air quality is better inside trains than on platforms, although passenger density clearly affects carbon
dioxide levels in both. Stations with cleanest particle concentrations are those fitted with new platform screen door systems, whereas the poorest air
quality is associated with older-style narrow single track-tunnel-platform designs. Particle concentration varies along the platform, being influenced by
the number and position of passenger exit tunnels, the train frequency and travel direction. Particle composition and morphologies are similar in all
stations, indicating a common mechanism of formation, and they are physically and chemically distinctive from particles breathed in outdoor urban air.
The iron-rich particles are mostly nanometric in size and derive from mechanical processes of sliding and wear at the brake-wheel and wheel-rail
interface, with minor contributions from high temperature processes such as sparking.
Conclusions: Air quality in the subway environment is an issue of concern due to the high particle concentrations that can be registered, especially
on platforms. The variables influencing these concentrations include type and intensity of ventilation, station design, number and location of accesses to
platforms and number of trains and passengers. The detailed study of these parameters in a large number of stations within the ongoing research projects
METRO and IMPROVE LIFE is enabling us to develop protocols aimed at producing discernible improvements to rail subway air quality.

http://dx.doi.org/10.1016/j.jth.2015.04.588

nA101 Surveying acceptable walking distance to different modes of local public transport in Munich area ID

Rumana Islam Sarker a

a University of Innsbruck, Austria

Abstract

Background: Walking is often referred as sports or recreational activities but it has been observed through the years that it is not only a physical
activity for achieving fitness but also to access different public transport in transit to destination. There is an increasing demand to improve the
accessibility of walking to different services in order to develop sustainable public transport system. In Munich city, the modal split for mobility without
car is around 68% and among them 26% makes their trip by foot. Most of these trips made by foot are engaged with walking for public transport. So in
order to increase the facilities for the pedestrian to improve their accessibility, it is important to know how far people are willing to walk for different local
public transport modes.

In large metropolitan areas planners makes assumption about walking distance for the catchment areas for the accessibility of public transport
according guidelines, which differ from city to city. But for Munich, the empirical origin of these commonly used measures is unclear. According to the
transport plan for the city of Munich the threshold for the catchment area of public transport is different for the central business district (CBD), highly
dense area (HAD) and low dense area (LDA). So, it is a clear question whether pedestrians are walking within the assumed threshold or further and how
this catchment area affects the decision of travel to desired station.
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Access to detailed comparisons in air quality variations encountered when commuting through a city
offers the urban traveller more informed choice on how to minimise personal exposure to inhalable
pollutants. In this study we report on an experiment designed to compare atmospheric contaminants
inhaled during bus, subway train, tram and walking journeys through the city of Barcelona. Average
number concentrations of particles 10-300 nm in size, N, are lowest in the commute using subway trains
(No2.5�104 part. cm�3), higher during tram travel and suburban walking (2.5�104 cm�3oN
o5.0�104 cm�3), and highest in diesel bus or walking in the city centre (N45.0�104 cm�3), with
extreme transient peaks at busy traffic crossings commonly exceeding 1.0�105 cm�3 and accompanied
by peaks in Black Carbon and CO. Subway particles are coarser (mode 90 nm) than in buses, trams or
outdoors (o70 nm), and concentrations of fine particulate matter (PM2.5) and Black Carbon are lower in
the tram when compared to both bus and subway. CO2 levels in public transport reflect passenger
numbers, more than tripling from outdoor levels to 41200 ppm in crowded buses and trains. There are
also striking differences in inhalable particle chemistry depending on the route chosen, ranging from
aluminosiliceous at roadsides and near pavement works, ferruginous with enhanced Mn, Co, Zn, Sr and
Ba in the subway environment, and higher levels of Sb and Cu inside the bus. We graphically display such
chemical variations using a ternary diagram to emphasise how “air quality” in the city involves a con-
sideration of both physical and chemical parameters, and is not simply a question of measuring particle
number or mass.
& 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Most modern cities have serious environmental issues linked to
pervasive airborne particle emissions from road traffic and other
anthropogenic sources. The resulting effect on urban human
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health depends on a complex mix of factors that includes airborne
particle concentration, size, and composition, the distribution of
pollutants in time and space, and the physical condition of the
urban traveller. Given this inherent complexity, and a corre-
sponding lack of consensus among researchers as to which PM
characteristics most closely relate to health effects, the simple act
of measuring average pollutant concentrations at background
monitoring stations or traffic hot-spots (especially in the case of
ultrafine particles) offers only a general guide to actual variations
in airborne particle concentrations and compositions inhaled by
people moving through the city (Kaur et al., 2007; Zuurbier et al.,
2010; de Nazelle et al., 2012). This is of particular relevance to
regular commuters, who will receive a widely differing dose of air
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pollutants depending on the mode of transport/microenvironment
they select to get to and from work and the area of the city where
they commute.

Previous publications have identified many of the influences on
the distribution of transport-related air pollutants in the city en-
vironment (e.g. Adams et al., 2001; Hammond et al., 2006; Kaur
et al., 2006, 2007; Kaur and Nieuwenhuijsen, 2009; Moreno et al.,
2009; Zuurbier et al., 2010; Knibbs et al., 2011; de Nazelle et al.,
2012; Kingham et al., 2013; Karanasiou et al., 2014; Gu et al., 2015;
Liu et al 2015). Levels of particulate mass will depend on such
factors as traffic intensity (Zhu et al., 2002; Buonanno et al., 2011),
time of the day (Kaur et al., 2007; Dons et al., 2011; de Nazelle
et al., 2012), meteorology (Gomez-Perales et al., 2004; Kaur et al.,
2007; Buonanno et al., 2011), type of vehicles (Dons et al., 2011),
and distance to the road (Kaur et al., 2006, 2007). In terms of
particle number (N), most inhalable traffic particles fall into the
ultrafine size range (particles with a diameter less than 100 nm)
(Morawska et al., 2008), with diesel buses providing an especially
potent pollutant source (Kaur et al., 2007; Knibbs and de Dear,
2010; Kingham et al., 2013) and comparing unfavourably with, for
example, gas- or electric powered buses (Zuurbier et al., 2010;
Dons et al., 2011; Ragettli et al., 2013). Indoor controls such as the
use of strong ventilation in subway platforms (Querol et al., 2012)
or air conditioning in underground trains can have a clearly ben-
eficial effect (Martins et al., 2015a). In addition to Particulate
Matter (PM) distribution, CO levels provide another marker for
vehicle exhaust emissions in the urban environment, with typi-
cally higher concentrations breathed when travelling by car
(Kingham et al., 2013) or bus (Kaur et al., 2007; de Nazelle et al.,
2012) compared to walking.

In this paper we offer further insight into the reality of varia-
tions in urban air quality experienced during travel on different
forms of public transport, and compare these to conditions while
walking in the city. Our study uses continuously measuring por-
table equipments carried by two commuters making journeys
through the city with the same start and end point and at the
same time but using different transport modes (bus, subway, tram
and walking). The study continuously tracks and compares not
only PM mass and N during each journey, but also Black Carbon,
Fig. 1. Selected routes for measuring air quality while walking and travelling by bus, tram
Rambla) point of the route, the tram, bus and metro stops and the area with important
Carbon Monoxide, Carbon Dioxide and, as far as we are aware, for
the first time includes chemical composition of the finer material
inhaled (PM2.5) by individuals whilst moving through the city.
2. Methodology and working conditions

The monitoring equipment was carried in backpacks by two
commuters during October and November 2014, each separately
and simultaneously making a round trip route (carrying a GPS)
using one of the four selected transport modes in the city of Bar-
celona for a total of 39 weekdays, with only one day with rain. The
commuter pairs began their journey together but took different
routes through the city. The commute chosen was 8.4–9 km long
(4.2–4.5 km each way depending on the transport mode) from the
suburban area of the IDAEA-CSIC Institute in Pedralbes to the Di-
agonal metro stop on La Rambla in the city centre (Fig. 1). Four
types of commute were included in the study: walking only,
walkingþtram, bus, and subway train (Metro).

Walking only: The pedestrian-only route followed the sidewalks
of the Diagonal Avenue, a straight multilane urban highway that
provides a key arterial entry and exit route for the city. Despite the
heavy traffic along this highway (132,000 vehicles per day), it is
used by many pedestrians and cyclists. There is a clear division
between the suburban and city centre sectors of this highway,
demarcated around halfway into the journey by the Francesc
Macia roundabout (Fig. 1). Whereas the suburban sector (west
side) is open and with generally wide sidewalks (100 m wide), the
city centre sector is more severely congested, more narrow (45 m)
and canyon-like and with a higher number of crossroads. At the
time of our monitoring experiment a major restructuring of this
central part of the Diagonal was taking place, involving extensive
repaving and associated uncontrolled emissions under dry condi-
tions, providing us with an interesting opportunity to highlight the
effect of such works (which are not uncommon in the city) on air
quality. The same route was followed each day, with the outward
journey along the northern side of the Diagonal, and the return
journey being made on the opposite side.

Walkingþtram: Because of the special conditions produced by
and metro. The figure shows the locations of the beginning (A, CSIC) and final (B, La
street works.
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the extensive works along the central Diagonal, an alternative
walking route from Francesc Macia to the centre was selected. This
was made using the distinctively chamfered perpendicular grid
pattern 19th century enlargement of the city known as L’Eixample,
doglegging alternately right and left along 13 m-wide streets to
reach La Rambla (Fig. 1). As with the previously described journey,
the same route was followed each day, using opposite sides of the
sidewalk for outward and return journeys. The journey to the
Francesc Macia roundabout in this case was made using the tram
running down the suburban sector of the Diagonal from Palau
Reial (Fig. 1): at present the modern and expanding Barcelona
tram system does not penetrate the city centre.

Bus: The bus trip was done taking Route 33 (articulated diesel
bus, 18 m long, all Euro -2 and Euro-3 equipped with SCRT

s

) from
the IDAEA-CSIC entrance, and involved 350 m of walking to La
Rambla at the journey’s end (Fig. 1). When entering the bus the
traveller was always in the central part of the vehicle, away from
any of the doors.

Metro: The underground rail route involved travelling initially
using Line 3 from Palau Reial and changing in Sants station to Line
5, thus including two trains each way, waiting on 2 different
platforms and walking in the long connecting subway corridor to
make the change.

A total of 78 trips were monitored, with a return route that
lasted between 80 (bus and metro) to 120 min (walking and tram).
The journeys started at 10:00 am avoiding the height of the rush
hour (although the city is by then extremely busy), and notes were
taken by each commuter to record the timing, location, progress
and any special events during each journey (road crossing, bus,
tram and metro stops, roadworks, getting in and out of the vehicle,
etc.).

PM2.5 gravimetric samples were collected in 63 mm quartz
microfiber filters using a Personal Environmental Monitor (PEM)
with a flow rate of 10 L/min and chemically analysed using ICP-
AES and ICP-MS for major and trace elements respectively. SiO2

and CO3
2− were indirectly determined on the basis of empirical

factors (Al�1.89¼Al2O3, 3�Al2O3¼SiO2 and (1.5�Ca)þ
(2.5�Mg)¼ CO3

2−, see Querol et al., 2001). Each transport mode
was repeated until enough PM sample had been obtained for
chemical analysis, thus each subject carried the same filter sample
during 5–7 days using the same transport mode. Therefore we
analysed 6 filters per subject, this is 12 filters in total including
3 for each of the four transport modes. PM2.5 concentrations were
measured using a DustTrack monitor (DT: Model 8533, TSI) and
corrected based on a comparison against simultaneous gravimetric
PM2.5 (MCV High Volume sampler) at the urban background site of
Palau Reial in Barcelona after the sampling campaigns. Although a
good relative correlation was observed between PM2.5 urban
background measures in the local station and the values registered
in the DustTrak while walking (R2¼0.82) the latter were always
much higher in absolute values. The correlation between the PM2.5

concentrations determined by the gravimetric PM2.5 concentra-
tions from PEM filters and the DustTrak showed a poorer corre-
lation (R2¼0.55) and again DustTrak values show much higher
concentrations. This we attribute to the portability of the equip-
ment because DustTrak values obtained are more reliable when
the equipment is quietly measuring on a flat surface, but less
optimal while being carried in a rucksack. In any case a tendency
towards overestimation of PM mass values measured by DustTrak
has already been demonstrated by previous works (Knibbs and de
Dear, 2010), although uncorrected values can usefully show re-
lative concentrations between different microenvironments,
which is how our data are treated here rather than applying re-
ference correction factors (cf. Quiros et al., 2013).

The N concentrations in the range of 10–300 nm were mea-
sured using a NanoTracer (Philips Aerasense Nanotracer, NT)
which can also estimate the different fractions of lung deposited
surface area through a semi-empirical algorithm implemented by
Marra et al. (2010). The NT was operated in Advanced mode,
wearing it around the waist using a dedicated belt. A particle
number concentration correction factor was derived for each NT at
the start of the project by running side by side with a TSI model
3775 condensation particle counter (CPC) calibrated at the Eur-
opean Accredited Laboratory of the University of Cassino and
Southern Lazio (Italy). The particle surface area concentration per
unit volume of inhaled air that is likely to be deposited in various
regions of the respiratory tract can be also estimated through the
NanoTracer (Buonanno et al., 2014a). This is a significant aspect
since deposited surface area concentration is currently of great
attention to the scientific community, for use as an important
metric for assessing the relative exposure-induced health risk for a
given particle hazard (Giechaskiel et al., 2009; Cauda et al., 2012).
In particular, the alveolar deposited surface area concentration,
SAL (namely Fuchs surface area, Jung and Kittelson, 2005; it is
expressed in μm2 cm�3), is calculated by the NanoTracer according
to the following equation:

S N d I5.4 10 1AL p av
2

, 1≈ × ⋅ ⋅ ∝ ( )−

where the total particle number, N, is expressed in part. cm�3,
the number-averaged particle size, dp, av, in mm and I1 is the total
particle charge deposited per unit time inside the Faraday cage
(Marra et al., 2010).

Black Carbon (BC) was measured using a mini-aethalometer
(MicroAeth AE51) and carbon dioxide and monoxide with a IAQ-
Calc equipment (Model 7545, TSI) which also recorded T and RH
values. Further details on monitoring, analytical procedures and
meteorological conditions are provided in Supplementary In-
formation and Fig. S1.

Time resolution for the continuous measurements were made
according to the capabilities of each equipment, varying from 16 s
(PMx and N), 20 s (CO, CO2) to 30 s for BC. Values registered while
commuting by walking were sub-divided into those while walking
in the suburban part of the Diagonal west of Francesc Macia (outer
Diagonal), those registered while walking in the Diagonal Avenue
in the second part (with important pavement street works, inner
Diagonal), walking in the L’Eixample district after leaving the tram
(with narrower and high traffic streets, inner gridplan) and walking
through La Rambla (after leaving the bus) (Fig. 1).

A normality test was applied to determine the type of dis-
tribution of the data, if parametric (normal) or non-parametric.
The distribution of the N concentration was found to be not
symmetric but skewed-right, due to few high values increasing the
mean value, but this does not affect the median. Therefore, the
Kruskal–Wallis test was applied for comparing two or more
samples that are independent, based on analysis of variance: a p-
value o 0.01 was regarded as statistically significant.
3. Results

3.1. Number and size of ultrafine particles

Overall average N concentrations and size modes of ultrafine
particles are compared in Table 1. Data were separated into sub-
modes involving only tram, bus, metro or walking in different
environments (Fig. 1). In terms of public transport used, N is
lowest in the metro (2.3�104 cm�3), higher in the tram
(3.0�104 cm�3) which runs only through the outer Diagonal, and
highest in the bus (5.4�104 cm�3). With regard to particle size,
the reverse hierarchy is the case, with the highest mode values
occurring in the metro (90 nm instead of 64–66 nm). In this table



Table 1
Arithmetic mean and median concentrations and standard deviation values (in italics) for the particle number, size mode, BC, CO2 and CO for each type of transport. *Possibly
overestimated by interference of light absorption by Fe in the microaethalometre measurements.

Metro Tram Bus

Mean St. dev Median Mean St. dev Median Mean St. dev Median

N (part. cm�3) 2.3�104 0.4� 104 2.1� 104 3�104 1�104 2.8�104 5.4�104 1.6�104 4.6�104

Mode (nm) 90 13 91 66 9 67 64 8 63
BC (lg m�3) 7.0* 3.5 6.5 3.4 2.2 3.0 5.5 3.6 5.1
CO2 (ppm) 694 63 631 643 80 660 721 158 674
CO (ppm) 0.9 0.4 0.9 0.4 0.3 0.5 0.9 0.3 1.0

Walking

Outer diagonal Inner diagonal Central gridplan Diagonal to La Rambla

Mean St. dev Median Mean St. dev Median Mean St. dev Median Mean St. dev Median

N (part. cm�3) 3.7�104 0.6� 104 3�104 5.9�104 1.3� 104 4.8�104 5.4�104 1.8� 104 4.4�104 5.4�104 2� 104 4.2�104

Mode (nm) 66 9 63 56 9 55 54 6 53 63 7 62
BC (lg m�3) 6.5 2.4 5.2 9.6 2.7 7.9 5.3 3.0 4.1 4.4 2.9 3.4
CO2 (ppm) 456 20 450 464 21 463 425 44 406 479 68 423
CO (ppm) 0.8 0.2 0.7 1.1 0.2 1.1 0.7 0.3 0.8 0.9 0.3 0.9
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Fig. 2. Statistics of the particle number concentration comparing bus, tram, metro and pedestrian commutes to the background measured during the same day.
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we also compare the various pedestrian segments of the journey
when the commuter was walking through the suburban area west
of Francesc Macia (outer Diagonal, 3.7�104 cm�3), the inner city
L’Eixample gridplan (5.4�104 cm�3) and inner central Diagonal
(5.9�104 cm�3). All these values were much higher than those
registered in the urban background site of Barcelona where annual
average particle number below 1 mm for 2014 was 1.4�104 cm�3

(this being measured with a water-based CPC). Using median va-
lues, N is again lowest in the metro (5.0�103 cm�3, equal to 31%
of the background value), higher in the tram (1.1�104 cm�3, 63%)
and highest in the bus (2.8�104 part. cm�3, 154%). The pedestrian
journey shows an overall particle number concentration increase
equal to 1.9�104 cm�3 (112%). Details of the statistics for each
commuter trip are reported in Fig. 2.

Fig. 3 shows N variability comparing continuous real-time
measurements of N and their size modes on each of the four
commuting return journeys. With regard to the journey using
buses, because this begins in a quiet suburban setting just one stop
after the beginning of the bus route, N initially presents a low
value (o3.0�104 cm�3) but increases as the vehicle travels along
the Diagonal, with minor peaks resulting from doors opening at
bus stops (Fig. 3a). Upon leaving the bus, background conditions
on the sidewalk are better than in the bus, although punctuated by
high-amplitude transient peaks at road crossings, especially when
crossing the Diagonal or waiting at the roadside for the return bus.
The N concentration (mode about 60 nm) during these roadside
peak events not uncommonly exceeds 1.0�105 cm�3 (Fig. 3a).
During the return bus, initial indoor air quality in terms of N is
notably worse than on the outward journey as a consequence of
the bus having travelled through the congested city centre, al-
though it does improve somewhat once the bus passes the most
congested parts of the Diagonal avenue. It is also noticeable how
the size mode reduces during the return journey, presumably re-
flecting increased contamination by fresh traffic fumes entering
the bus (see discussion below of the CO data which demonstrate
higher fresh traffic emissions on the northern, downwind, side of



Fig. 3. Distribution of particle number concentrations and size mode during the route done by bus (a), metro (b), tramþwalking (c) and walking (d). The time spent inside
public transport is shown in grey. (A: start point at CSIC, B: final point at La Rambla).
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Table 2
Filter samples collected in parallel using four different commuting modes, in-
dicating sampling dates and PM2.5 mass concentrations (mg m�3). PM2.5 column on
the right shows the highest concentration. UB: urban background site in Palau
Reial.

Time period Transport mode PM2.5 Transport mode PM2.5 UB PM2.5

06–14/10/14 Walking 23 Metro 37 12
15–23/10/14 Walking 29 Bus 48 12
24–31/10/14 Walking 32 Tramþwalking 35 17
13–21/11/14 Tramþwalking 27 Metro 49 12
24/11–2/12/14 Metro 42 Bus 49 11
05–12/11/14 Tramþwalking 29 Bus 39 10

T. Moreno et al. / Environmental Research 142 (2015) 495–510500
the outer Diagonal).
The marked difference in terms of N between travelling by bus

and in the metro train is demonstrated by comparing Fig. 3a and b.
Notable transient peaks experienced during the metro journey are
few and related to exposure to traffic fumes on entry and exit from
the underground system. There are slight increases during train
arrival, but compared to conditions above ground fine/ultrafine N
are remarkably stable and relatively low on platforms, inside trains
and when walking through station transfer tunnels. Equally clear
is the higher value of the N mode at underground when compared
with the more traffic-contaminated environment above ground.

N concentrations measured within the interior of the tram are
very stable and much lower than in the bus (compare Fig. 3a and
c), despite the fact that the tram also runs alongside the Diagonal
highway. This stability is lost however when the commuter leaves
the tram for the traffic-congested walk through the inner city
gridplan (Fig. 3c). As before, in this outdoor environment the most
obvious feature is the number of high amplitude particle number
transient peaks induced by passing and idling traffic, especially at
road junctions. The characteristic highly irregular serrated pat-
terns produced by these abundant peaks are accompanied by a
drop in size mode to o 60 nm. Although the most common source
of the transient peaks is obviously traffic, some can be attributed
at least in part to other sources such as passing smokers or bar
terraces with butane gas heating. A similar pattern, although even
more accentuated, is revealed by the data from the walking-only
route down the Diagonal (Fig. 3d). At some road crossings in the
highly polluted inner city part of this highway, N can briefly ex-
ceed 2.0�105 part. cm�3 (Fig. 3d). When comparing the pairs of
routes completed on the same days, through the application of the
Kruskal–Willis test, the N concentration measured in the metro
presents statistically significant differences with respect to the
other forms of commuting considered. In contrast, we found few
differences among walking, bus and tram commutes. Therefore,
the particle number concentrations measured were significantly
lowest in the commute using subway trains, emphasising the
importance of road traffic as a major source of ultrafine particles.

3.2. Alveolar deposited surface area concentrations

Alveolar deposited surface area (ADSA) concentrations were
estimated through the continuous data recorded every 16 s by the
automatic NanoTracer monitors for every trip. The lowest average
values where measured in the tram (92727 μm2 cm�3), with
concentrations increasing through the metro (94721 μm2 cm�3),
walking (101720 μm2 cm�3), to 125739 μm2 cm�3 when tra-
velling by bus. Therefore, the commuter using subway trains ex-
periences the minimum particle concentrations in terms of N but
in terms of ADSA it tends to increase relative to the other transport
modes. In fact, the size mode of the particles encountered un-
derground is larger than in outdoor environments freshly con-
taminated by traffic. Consequently, when considering the ADSA
concentration, the apparent advantage of metro over outdoor
travel becomes less evident.

With respect to the comparison of the pairs of routes com-
pleted on the same days, the application of the Kruskal–Willis test
to the ADSA concentration measured in the tram presents the
greatest statistically significant differences with respect to the
other forms of commuting considered, with little difference
among walking, bus and metro commutes, but being significantly
lower in the tram commute.

3.3. PM2.5 concentrations

PM2.5 mass concentrations were obtained from both the quartz
fibre filters (each collected over 5–7 consecutive days) and the
continuous data recorded by the automatic DustTrak monitor for
every trip. The gravimetric results from the filters are presented in
Table 2 and record lowest average values when walking
(28 mg m�3: range 23–32 mg m�3), with concentrations increasing
through the tramþwalking journey (30 mg m�3: range
27–35 mg m�3), the metro (43 mg m�3: range 37–49 mg m�3), to
45 mg m�3 (range 39–49 mg m�3) when travelling by bus. The
greatest variability between samples was observed when travel-
ling in the metro, and the lowest when using the tramþwalking
route. When comparing the pairs of routes completed on the same
days the walking route was always the one with lower PM2.5

concentrations (Table 2).
The automatic uncorrected PM data from the DustTrak were

separated, as in the case of N concentrations, into sub-modes in-
volving only tram or walking in different environments (Fig. 1).
When separating them, relative average PM2.5 concentrations
were lowest while travelling in the tram, and highest (56% higher)
inside the bus. Of all walking routes, PM2.5 relative mass con-
centrations were at their lowest in the outer Diagonal (still 11%
higher than being inside the tram), and progressively increased
while walking in the L’Eixample gridplan (30% higher than the
tram), or in the inner Diagonal with extensive paving works (35%
higher).

Fig. 4 compares the typical patterns of inhalable PM con-
centrations recorded during each of the four commuting journeys.
Both bus and metro show a clear increase in inhalable particle
mass inside compared to outdoor urban background (Fig. 4a, b). As
with the particle number concentration data, transient peaks are
again commonly encountered at stops during the bus journey and
outside when walking across road junctions. In the metro the
highest peaks are commonly associated with the effect of train
arrival. Interestingly, there is a clearly detectable difference in air
quality between the two rail journeys underground, with Line
3 recording inhalable PM mass concentrations over 50% higher
than Line 5 (Fig. 4b). Another observation underground is that the
air breathed during the transfer between lines has more PM10

particles than on the platforms or inside trains (Fig. 4b). Fig. 4
demonstrates how, in terms of mass concentrations, tram travel
has by far the best air quality of the three modes of public trans-
port used, with only minor transient peaks produced at some of
the busier stops (outward journey on Fig. 4c). With regard to the
pedestrian segments of the journeys, the PM data record the same
sequence of transient peaks associated with road junctions. Such
peaks are highly variable depending on the aerosol micro-
environment briefly enveloping the commuter, and in some cases
are quite dramatic, as demonstrated by the peak registered on
leaving the return tram to re-enter direct exposure to the Diagonal
urban motorway plume (final peak on Fig. 4c).

In the city centre the influence of coarser particle resuspension
and pavement works is emphasised by several peaks in which the
PM10 component shows an exceptional increase (e.g. the road-
works labelled on Fig. 4c and several similar peaks on Fig. 4d). In
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the L’Eixample gridplan streets it was noted that PM concentra-
tions are slightly higher when walking alongside traffic climbing
away from the sea (e.g. Casanova and Aribau streets) as opposed to
descending traffic (Villaroel and Muntaner streets), and higher
when walking on the north side of the street (presumably related
to the effect of the diurnal sea breeze driving airflow away from
the coast). Outside the city centre, in the more suburban segment
of the Diagonal, PM concentrations are lower, although again
punctuated by prominent peaks at major crossings such as Gran
Via Carles III, Numància and Av. Sarrià.
Fig. 5. GPS map of Black Carbon (BC) concentrations measure
3.4. Black carbon (BC)

Average BC values were highest when walking in the congested
inner city Diagonal (9.6 mg m�3), lower in the metro (7 mg m�3),
when walking along the more open suburban Diagonal
(6.5 mg m�3) and riding inside the bus (5.5 mg m�3), and lowest
when travelling by tram (3.4 mg m�3). In all these cases con-
centrations were two to five times higher than the average urban
background value of 1.6 mg m�3 measured in Palau Reial for the
year 2014 (Table 1).
d during the route done walking. See text for discussion.



Fig. 6. Distribution of CO and CO2 concentrations during the route done by bus (a), metro (b), tramþwalking (c) and walking (d). The time spent inside public transport is
shown in grey. (A: start point at CSIC, B: final point at La Rambla).
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Table 3
Chemical composition of all PM2.5 samples from commuting the same route walking, by metro or bus. Highest values of tracers are marked in bold. (dl: detection limit)

Walkingþworks Metro Tramþwalking Bus Average

Date 6–14/10 15–23/10 24–31/10 6–14/10 13–21/11 24/11–2/12 24–31/10 5–12/11 13–21/11 15–23/10 5–12/11 24/11–2/12 Walking Metro Tramþ walking Bus

mg m�3

PM2.5 22.6 29.0 31.9 36.7 48.6 42.4 34.6 29.3 27.1 47.8 39.2 48.6 27.8 42.6 30.6 45.2
Al2O3 1.0 1.6 0.9 0.4 odl 0.1 0.01 0.01 0.01 0.1 0.1 0.3 1.2 0.2 0.01 0.2
SiO2 3.1 4.8 2.5 1.1 odl 0.4 0.03 0.03 0.03 0.2 0.3 0.8 3.5 0.5 0.03 0.4

CO3
2− 2.0 3.2 2.7 3.0 0.7 1.3 1.40 0.51 1.03 2.4 1.9 1.1 2.7 1.7 0.98 1.8

Ca 1.3 2.2 1.8 2.0 0.5 0.9 0.94 0.34 0.68 1.6 1.2 0.8 1.8 1.1 0.65 1.2
Fe 0.8 1.1 1.5 12.5 13.5 14.0 0.86 0.66 0.71 2.3 2.3 2.0 1.1 13.3 0.74 2.2
K 0.4 0.5 0.5 1.5 odl 0.5 1.18 1.19 0.40 1.3 0.6 odl 0.5 0.7 0.92 0.6
Na 0.5 0.4 0.3 0.5 0.1 0.2 0.28 0.12 0.19 0.3 0.2 0.3 0.4 0.3 0.20 0.3
Mg 0.2 0.3 0.3 0.3 0.2 0.3 0.11 0.08 0.12 0.2 0.2 0.1 0.3 0.3 0.10 0.2
P 0.04 0.02 0.06 0.03 0.04 0.02 0.05 0.02 0.02 0.10 0.04 0.04 0.04 0.03 0.03 0.06
S 1.2 0.6 1.2 1.0 0.5 0.6 0.89 0.39 0.50 0.6 0.9 0.4 1.1 0.7 0.59 0.6
ng m�3

Li odl 0.80 0.83 odl odl odl odl odl odl odl odl odl 0.80 o dl o dl o dl
Ti 78.37 155.43 85.79 16.20 20.43 44.68 3.97 11.51 27.56 21.95 49.02 32.99 106.53 27.10 14.35 34.65
V 11.64 8.86 6.27 4.91 4.20 4.87 4.32 3.26 2.95 3.89 2.49 16.78 8.92 4.66 3.51 7.72
Mn 13.59 22.06 19.48 115.86 114.46 130.74 15.97 14.39 12.34 34.82 21.28 18.01 18.38 120.35 14.23 23.71
Co 0.75 0.64 0.81 1.67 1.28 1.57 0.94 odl odl odl odl odl 0.73 1.51 0.31 o dl
Cu 35.70 38.00 35.15 127.24 97.30 111.41 27.00 19.25 28.69 177.25 166.51 168.18 36.28 111.99 24.98 170.65
Zn 93.85 117.53 93.43 186.27 173.13 180.23 60.42 43.25 55.61 142.76 134.21 113.60 101.60 179.88 53.09 130.19
Ga odl 0.62 odl odl odl odl odl odl odl odl odl odl 0.62 o dl o dl o dl
Ge odl odl odl 3.20 odl 0.91 odl odl odl 1.96 odl odl o dl 2.05 o dl o dl
As 1.56 2.17 2.18 0.94 1.21 0.99 0.68 0.61 0.10 1.29 0.26 4.22 1.97 1.04 0.46 1.92
Rb 0.79 1.01 1.04 1.10 odl odl odl odl odl 1.26 odl odl 0.94 1.10 o dl 1.15
Sr 4.85 5.45 5.43 15.93 12.27 14.57 3.57 1.90 3.25 5.10 3.08 4.34 5.24 14.26 2.91 4.17
Y 2.54 2.18 2.86 3.12 0.45 3.83 2.03 2.25 3.31 2.97 3.33 odl 2.53 2.47 2.53 3.15
Zr 8.13 6.44 8.49 20.95 5.67 odl odl 0.04 odl 40.35 13.32 43.43 7.69 13.31 o dl 32.37
Nb 0.06 0.37 odl odl odl odl odl odl odl odl odl odl 0.11 o dl o dl o dl
Cd 0.19 0.22 0.23 0.13 0.02 0.31 odl odl 0.29 odl 0.21 odl 0.22 0.15 0.29 o dl
Sn 5.10 5.92 6.49 6.06 5.07 5.14 4.81 3.36 3.49 6.59 4.30 6.11 5.84 5.42 3.89 5.67
Sb 1.90 2.14 1.90 3.02 1.89 2.51 0.52 0.38 1.08 26.72 21.12 24.30 1.98 2.47 0.66 24.05
Ba 26.97 21.66 20.60 439.31 513.73 530.75 22.55 19.71 17.15 56.73 53.76 69.08 23.08 494.60 19.80 59.86
La 0.49 0.52 0.61 0.26 0.24 0.63 odl odl 0.48 0.18 1.10 0.20 0.54 0.38 0.48 0.49
Ce 1.08 1.18 1.41 0.67 0.54 1.49 odl 0.08 1.08 0.46 2.47 0.46 1.22 0.90 0.58 1.13
Nd 0.26 0.34 0.27 0.04 odl 0.39 odl odl odl 0.13 0.18 odl 0.29 0.22 o dl 0.16
Sm 0.69 0.69 0.83 1.02 odl 1.13 odl odl 0.94 0.90 1.14 odl 0.73 1.09 0.94 1.02
Gd 0.19 0.15 0.17 0.22 1.06 0.31 0.06 0.08 0.25 0.15 0.23 odl 0.17 0.52 0.13 0.19
Dy 0.47 0.42 0.59 0.66 0.04 0.74 0.41 0.49 0.71 0.60 0.62 odl 0.49 0.47 0.54 0.61
Er 0.65 0.65 0.83 1.09 odl 1.08 odl odl 0.89 0.91 odl odl 0.70 1.08 0.89 0.91
Pb 5.84 9.11 11.50 6.74 7.99 7.62 8.18 5.36 6.30 7.43 7.72 6.19 8.82 7.45 6.61 7.11
U 0.83 0.68 1.24 1.37 0.15 1.58 1.12 1.30 1.30 1.42 1.28 odl 0.92 1.03 1.24 1.35
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3.5. Carbon monoxide and dioxide

As would be expected, the distributions of carbon monoxide
(CO) and carbon dioxide (CO2) show very different behaviours
(Table 1). CO levels can clearly be related to traffic emissions,
whereas CO2 levels are most influenced by the respiration of fel-
low travellers. Average CO levels were highest when walking in
the inner Diagonal (1.1 ppm) and lowest while travelling inside the
tram (0.4 ppm), with the rest registering a limited range between
0.7–0.9 ppm. In the case of CO2, concentrations were highest in the
bus (721 ppm), followed by metro (694 ppm) and tram (643 ppm),
and much lower while walking (425–479 ppm). As would be ex-
pected, outdoor levels of CO2 levels remained stable at around
400 ppm (during the experiment seasonally adjusted atmospheric
CO2 levels measured at the Mauna Loa Observatory in Hawaii
exceeded 399 ppm in October 2014 for the first time).

Fig. 6 demonstrates the typical distribution patterns of these
gases during the four commuting journeys. On entry into the
(normally empty) bus both CO and CO2 begin a steady rise as the
number of passengers increases and the bus interior becomes
contaminated by traffic fumes from the Diagonal and probably
from the diesel bus itself (Fig. 6a). CO2 levels immediately fall upon
leaving the bus, whereas CO levels are maintained in the traffic-
congested inner Diagonal area outdoors, falling only during the
brief wait on the pedestrian La Rambla. On the return journey,
when the bus is already busy and receiving more people as it
travels along the traffic-congested inner Diagonal, both CO and
CO2 rise to maximum levels (41 ppm and 41000 ppm respec-
tively). Beyond Francesc Macia the bus leaves the congested area
and the number of passengers thins out, producing a steady de-
crease in CO2 until the end of the journey (Fig. 6a).

The relation between number of passengers and CO2 build-up
is again seen when travelling by subway train, with a double peak
separated by a trough reflecting the two segments of the rail
journey separated by walking tunnel transfer (Fig. 6b). In this
example CO2 over doubles in concentration during a short journey
towards the city centre, reaching a peak of nearly 1400 ppm in the
busy Diagonal station. On the return journey this same city centre
peak declines in reverse pattern, although the final journey leg
once again shows progressive passenger build-up of exhaled CO2

(in this case students travelling to the university stop at Palau
Reial). In contrast CO levels remain stable at around 0.8 ppm inside
trains, declining gently during the tunnel transfer. Travelling by
tram similarly registers increasing CO2 with passenger number,
rising from outdoor levels of around 400 ppm towards 1000 ppm,
although with CO levels remaining very low except during the
ingress of traffic fumes at some stops (Fig. 6c).

3.6. PM2.5 chemical composition

Chemical analyses of filters collected during the experiment are
shown in Table 3. The tramþwalking mode samples show too
much of a mixture and are not comparatively enriched in any
chemical component. In contrast, notable differences can be
identified between the pedestrian, bus and metro samples, ex-
pressed mainly in the amount of crustal (“geological”) particles
versus anthropogenic enrichments in metals. The unusually high
amount of paving work activity during sampling along the inner
Diagonal is reflected in relatively high concentrations of Al (and
therefore calculated Si) and Ti, the latter element being three
times more abundant in the Diagonal outdoor air than in the bus,
or four times more than in the metro. For their part, the metro and
bus samples each display their own distinctive mixtures of en-
riched metals. In the case of the metro this involves a cocktail of
abundant iron accompanied by Mn, Co, Zn, Sr, Ba and Cu, whereas
in the bus there are enhanced levels of Sb and, to a lesser extent,
Cu and Ba, as typically shown in kerbside sites (Amato et al., 2014).
Fig. 7 graphically displays these various enrichments by com-

paring three pairs of samples, each collected simultaneously (7a:
walking vs. metro; 7b: walking vs. bus; 7c: bus vs. metro). The
analytical values for each pair are normalised to the average
chemistry of PM2.5 in the urban background of Barcelona. In these
normalised data the main metallic (Fe, Mn, Ba) enrichments for
the metro environment, and that for Sb in the bus, can be seen to
be over ten times greater than in the urban background environ-
ment outdoors (Fig. 7b,c). The likely sources of these metals will be
discussed in the following section.
4. Discussion

Since studies reported earlier this century by pioneering pub-
lications such as Adams et al. (2001) and Kaur et al. (2006, 2007),
data on urban air quality collected using mobile equipment have
made it abundantly clear that individuals moving around a given
city are constantly faced with ever-changing transient doses of
atmospheric pollutants (e.g. Zuurbier et al., 2010; de Nazelle et al.,
2012; Ragettli et al., 2013; Gu et al., 2015; Steinle et al., 2015). The
effects of polluted urban air on human health are becoming in-
creasingly apparent (e.g. Dominici et al., 2005; Ballester et al.,
2008; Colais et al., 2009; HEI 2010; Knibbs et al. 2011; Pascal et al.,
2013; Nyhan et al., 2014; Yang et al., 2015). Especially vulnerable
are individuals already compromised by lung or heart dysfunction,
such as asthmatics or citizens with heart rate variability (e.g. Liu
et al., 2015 and references therein). We have reached the stage
where this information needs to be passed to the individual
commuter who has some choice in the matter. In this context, we
will focus this discussion on two aspects: (1) the need for clear,
easily interpretable information comparing the air pollution likely
to be encountered on different commuting routes through a city;
(2) the need to emphasise that “air quality” represents the sum of
a range of physicochemical parameters (PM mass, size, number,
chemistry; gas concentrations) the mixture of which will depend
on the chosen transport route through the city and the area of the
city where commuting occurs. In this context the results here
discussed are specifically related to the area studied in the case of
the walking route, but can be considered representative of
equivalent transport modes used in other areas of the city and
other urban environments. Note also that the values reported were
measured during unexceptional atmospheric conditions for Bar-
celona, lacking any pollutant spikes that occur sporadically during
the year due to anticyclonic stagnation or the arrival of dusty
African air masses. In terms of average numbers of fine particles
inhaled the following hierarchy of increasingly compromised air
quality can be established: urban background ometro otram
osuburban main road walking ocity centre walking obus ocity
centre main road with paving works, with values for the metro
being between two and three times less than those outdoors in the
city centre (Table 1). As shown in Table 1 in the cases with higher
N values, that is bus and walking in the city centre, mean values
are higher than median, indicating that in these cases the dis-
tribution of N is not symmetric but skewed-right, this being re-
lated to the presence of few large values that increase the mean
but do not affect the median. However, although such high peaks
are influencing the mean values they should also be considered for
exposure effects as transient pollutant peaks also affect commuter
health.

Black carbon concentrations in the outdoor city environment
serve, like N concentration, as a proxy for traffic pollution, parti-
cularly from diesel vehicles. Thus it is not surprising to find that
the BC data record the same outdoor transient peaks as seen for N
and PM2.5, with values jumping up to 10 times higher when
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crossing main roads such as Aribau or Muntaner in the city centre.
In addition BC concentrations are also noticeably higher in the
north side of the suburban (outer) Diagonal while walking (Fig. 5).
As mentioned before this is attributed to the sea breeze influence
during the day, bringing the traffic emissions to this side of the
street (and not to the difference in traffic volume as the number of
vehicles per hour at this point of the Diagonal is on average always
higher at the end of the commuting trip: Fig. S2). As with the PM
data, of the three public transport modes used the tram is the
cleanest with respect to BC. The metro environment presents a
special case in the measurement of BC, due to the high amount of
ambient FePM which can interfere with the measuring equipment,
therefore BC levels measured in this microenvironment are over-
estimated and should not be considered.

A third proxy for traffic contamination is provided by outdoor
concentrations of CO, as illustrated in Fig. 6c and d. Levels of this
gas in the city depend on wind direction and proximity to traffic:
in the example shown walking along the north side of the Diag-
onal on the outward journey, with the wind blowing from the
road, results in CO levels generally lower than those in the con-
gested city centre, but higher than on the return (south side)
suburban journey where the wind direction diluted traffic con-
tamination (Fig. 6d).

Figs. 2–6 offer examples of how comparative air quality data
can be presented graphically in a clear and straightforward man-
ner. In terms of particle number concentration (Figs. 2–3),
travelling by diesel bus (with filter traps) or walking through
Barcelona city centre are both obviously less attractive options
than moving around underground by metro train. A similar con-
clusion, focussed specifically on health, has recently been reached
by a study in Taiwan by Liu et al. (2015) who observed the least
effects on heart rate variability in those commuters choosing the
Taipei subway as their preferred form of city transport. When
considering PM mass, however, differences between metro and
bus travel are less evident (Fig. 4a,b), presumably due in part to the
heavier, more ferruginous nature of ambient subway particles
(Moreno et al., 2015 and references therein). Interestingly, the data
on fine particle mass concentrations underground also reveals that
not all train lines have the same level of contamination, with the
segment travelled along Line 3 showing consistently higher PM
concentrations than Line 5 (Fig. 4b), even though both lines have
similar ventilation. Outdoors, dramatically fluctuating mass con-
centrations mirror those recorded by particle numbers and simi-
larly reflect traffic patterns, although with the additional con-
tribution of inhalable PM released by road and paving works. The
air quality measured in the entire two months campaign, at least
with regard to fine particle mass, was worst within the inner city
(Diagonal and L’Eixample gridplan). Along the inner Diagonal a
combination of dense traffic movement punctuated by frequent
traffic light crossings, bus and taxi lanes, medium-rise archi-
tecture, and pervasive paving works during the restructuring of
the entire avenue, all contributed to making this an especially
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Table 4
Air quality hierarchy based on nanoparticle concentrations

Level 1 (o 1�104part. cm�3)
Clean outdoor and indoor environments free from traffic and cooking
influencesa

Level 2 (1–2.5�104part. cm�3)
Low indoorb and outdoora urban pollution, rural commuting by over ground
trains (e,g, schoolsc; city suburban walkingd,e; subway commuting in
Barcelonaf, Londong, Stockholmh, Hong Kongi); bar after enactment of the
anti-smoking lawj

Level 3 (2.5–5�104part. cm�3)
Moderate urban pollution (e,g, city walkingf,k,l,m; tramf, busi,k,n,o,p,q and metro
commutingp,r; light indoor cookings)

Level 4 (5–10�104 part. cm�3)
High urban pollution (e,g, walkinge,f,t,u,v and cyclingl in city centre, busf,l,v,w and
cark commuting; cooking in bars and restaurantsx)

Level 5 (41.0�106part. cm�3)
Extreme combustion peaks (e,g, proximal traffic plumes; indoor cookinga; use
of butane heaters), bust and taxil commuting

a Buonanno et al. (2014b).
b Buonanno et al. (2011).
c Rivas et al. (2014).
d Ragettli et al. (2013).
e McCreanor et al. (2005).
f This study.
g Seaton et al. (2005).
h Midander et al. (2012).
i Yang et al. (2015).
j Pey et al. (2013).
k Mackay (2004).
l Kaur et al. (2006).
m Quiros et al. (2013).
n Levy et al., (2002).
o Zuurbier et al. (2010).
p Suárez et al. (2014).
q Knibbs et al. (2011).
r Aarnio et al. (2005).
s Gu et al. (2015).
t Kaur et al. (2005).
u Kaur et al. (2007).
v de Nazelle et al. (2012).
w Knibbs and de Dear (2010).
x Buonanno et al. (2010). Also included own (unpublished) data from Barcelona

and Sitges (NE Spain).
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polluted linear route through the city. At the time of writing the
major works along this route have been completed and air quality
has presumably improved.

Levels of CO record the presence of more heavily road trafficked
zones (41 ppm) as opposed to more suburban, pedestrian and
underground metro environments, and thus reinforce the N data
in emphasising the pervasive presence of traffic fumes in the city.
Such data demonstrate how, while the pollution from traffic
emissions is clear enough in the inner Diagonal, it is even higher in
the gridplan L’Eixample, despite this being considered a highly
favoured area to live in Barcelona (Figs. 3d and 6d). Traffic emis-
sions do not much influence the air quality when travelling inside
the tram (Fig. 8), where concentrations of N, PM2.5 or BC are
consistently low. However walking in the gridplan area im-
mediately raises exposure to all these parameters, this being
especially pronounced in the streets running NE–SW such as Ca-
sanova, Muntaner or Aribau, with a hill-climbing topography fa-
vouring more intense traffic emissions (Fig. 8). Commuting in one
of the more heavily congested streets in this central zone, espe-
cially with traffic climbing from sea to mountain, is a lifestyle
choice with no consideration for the possible health effects of poor
air quality. In contrast, outdoor levels of CO2 are unaffected by city
centre congestion, although they can triple inside a crowded bus
or metro train, reaching levels over 1200 ppm (Fig. 6).

The values here reported while commuting by public transport
or walking are generally lower than those reported by other works
while commuting by private car (Karanasiou et al. 2014, and re-
ferences therein). Higher exposure to PM (Boogaard et al., 2009),
BC (Adams et al., 2001; de Nazelle et al., 2012) and UFP (Ragettli
et al., 2013) concentrations are reported when travelling by car
compared to other transport modes, although this is highly de-
pendant on the traffic intensity, the ventilation inside the vehicle
or the fuel type (Rank et al., 2001; Diapouli et al., 2008; Cattaneo
et al., 2009; Geiss et al., 2010; Jalava et al., 2012). Thus reported air
pollutant concentrations inside cars vary between 22 and
85 μgPM2.5 m3, 6–30 μgBC m�3, whereas N can exceed
3�104 cm�3 (Alm et al., 1999; Dennekamp et al., 2002; McNabola
et al., 2009; Boogaard et al., 2009; Cattaneo et al., 2009; Geiss
et al., 2010; Zuurbier et al., 2010; Dons et al., 2011; Kingham et al.,
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2013).
A user-friendly method of comparing air quality is to define

hierarchies of increasing pollution during commuting exposure,
such as the one we introduce in Table 4. Here we combine pub-
lished data on particle number concentration with our own da-
tabase from Barcelona city and the much less polluted coastal
town of Sitges, 40 km to the SW. In this Table air quality is clas-
sified according to a simple scale that deteriorates across an order
of magnitude from Level 1 (Clean:o1.0�104part. cm�3) to Level
5 (Extreme:41.0�105part. cm�3), with thresholds being se-
lected to mark the difference broadly between low, moderate and
high levels of traffic-related pollution typically found in the urban
environment. Level 1 (Clean) conditions characterise outdoor en-
vironments away from traffic and are unlikely to be encountered
in central Barcelona, although they can be found in traffic-free
parts of Sitges (seafront, central pedestrian zones, well-ventilated
shops) as well as in overground trains passing through the more
rural part of the journey from Sitges to Barcelona. Level 2 (Low
Urban Pollution:1.0�104–2.5�104part. cm�3) conditions are
common in quieter urban streets with relatively low background
levels, and include average N measured in the Barcelona metro
during our study. Level 3 (Moderate Urban Pollution:
2.5�104–5.0�104part. cm�3) we identify as typical of many ur-
ban streets with high to moderate traffic flow, and includes indoor
tram air, some bus and subway commuter routes, as well as con-
ditions commonly found in bars and restaurants. Level 4 (High
Urban Pollution: 5.0�104–1.0�105part. cm�3) represents the
concentrations of ultrafine particles commonly encountered out-
doors in heavily trafficked city centres such, inside many buses,
diesel trains in tunnels, as well as indoor areas significantly con-
taminated by cooking emissions. Finally Level 5 conditions are
found in the more extreme traffic hotspots, whether walking or
driving, in poorly ventilated road tunnel air, and associated with
uncontrolled cooking emissions or hydrocarbon combustion
plumes such as those close to diesel exhaust pipes or butane gas
heaters (see references in Table 4).

An unusual aspect of this commuting study in Barcelona is that
it includes chemical characterisation of the air breathed on each of
the four routes. As far as we are aware, this is the first time per-
sonal exposure to aerosol chemistry has been tracked through a
city using different commuting routes. Given the fact that to ob-
tain just one “pedestrian-only” sample for chemical analysis it was
necessary to walk over 20 km, this is perhaps not surprising. De-
spite the reduced number of samples obtained, our pilot study
demonstrates interesting variations in ambient air depending on
the route taken. Commuters choosing to walk all the way to the
city centre are those most likely to inhale not only fresh traffic
fumes but also more “crustal” particles, i.e. those comprising
natural rock-forming minerals such as quartz, feldspars and clays.
Such materials ultimately will have been eroded from rocks and
soils and resuspended by wind and passing traffic, and be enriched
in Al and Si and their accompanying characteristic “geologically-
derived” trace elements such as Ti (Moreno et al., 2006). In con-
trast, metro system air has an entirely different, ferruginous,
character. The ambient FePM that dominates such air is typically
accompanied by a highly specific mix of trace metals such as Mn
derived from the steel, and Ba sourcing from brakes (Querol et al.,
2012; Martins et al., in press; Moreno et al., 2015). Ambient in-
halable PM in buses can also display its own distinctive metallic
trace element geochemistry. In the case of Barcelona diesel bus
route 33 involves a clear enrichment in Sb and Cu. The source for
these elements is probably also from the braking system as shown
at kerbside sites by Amato et al. 2014, although this requires fur-
ther investigation.

To illustrate graphically these distinctive chemical differences
we introduce a MnTi(Sbx10) ternary plot on which the differing
chemistries of ambient PM breathed on the three commuting
routes can be clearly separated (Fig. 9). In addition to physical
variations in ambient PM, significant chemical differences can of-
ten also be identified, as for example demonstrated in previous
publications on CuZnPb aerosols in Mexico City, La-contamination
from refineries, and the cocktail of metals released during re-
creational firework displays (Moreno et al., 2007, 2008, 2010). To
this list we can now begin to add variations in inhalable aerosol
chemistry encountered in different typical urban commuter
transport systems. According to our study, for example, the urban
traveller may inhale perhaps ten times more Ti or Mn or Sb during
the daily commute, depending on the route chosen to move
through the city.
5. Conclusions
1) Urban air includes many microenvironments to which the ci-
tizen is exposed at different times of the day, with the air
quality of most of them being very different from that mea-
sured at urban background monitoring sites. Our study com-
pares tram, metro, bus and walking routes through Barcelona
and reinforces understanding of how real-time air pollutant
concentrations regularly inhaled by urban commuters vary
greatly depending on how they choose to travel. The “average
air quality” encountered during a city journey involves several
different physicochemical parameters, not all of which will rise
and fall in accordance with each other as they are linked to
different sources and processes.

2) We define urban pollution ultrafine particle levels as rising
through a scale of five levels: L1 (Clean), L2 (Low), L3 (Moder-
ate), L4 (High) to L5 (Extreme). The average particle number
concentrations measured are lowest in the commute using
subway trains (No 2.5�104part. cm�3¼Level 2) and highest
in those using diesel bus or walking in the city centre trafficked
streets (N4 5.0�104part. cm�3¼Level 4). Pedestrians at busy
city centre traffic crossings are not uncommonly exposed to
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ultrafine particle transient peaks reaching Level 5 on this scale
(41.0�105part. cm�3).

3) Alveolar deposited surface area concentrations are lowest in the
tram and metro, and highest when travelling by bus. Further-
more, the subway displays a particle size mode larger (90 nm)
than in outdoor commuting environments (o70 nm).

4) With regard to ambient concentrations of fine particulate
matter (PM2.5) however, commuting using the tram appears to
be consistently the cleanest form of city public transport when
compared to both bus and subway.

5) Outdoor CO concentrations (as with Black Carbon) offer a good
proxy for traffic contamination, whereas CO2 concentrations are
a good indicator of the degree of indoor passenger crowding on
public transport.

6) The chemistry of inhaled PM2.5 varies markedly depending on
the mode of city travel adopted. In addition to their direct ex-
posure to traffic emissions, urban roadside pedestrians can in-
hale more siliceous “crustal” dust derived from rocks and soils,
whereas subway passengers inhale a more obviously anthro-
pogenic particle mix enhanced in Fe, Mn, Co, Zn, Sr and Ba. As
described for kerbside sites bus air registered unusually high
levels of Sb and Cu, typical tracers of brake wear.

7) The kind of data reported in this paper, obtained using mobile
equipment pairs simultaneously monitoring and comparing
contrasting commuting journeys on a given day, aims at pro-
viding the urban traveller interested in air quality with better
informed choices as to how best to minimise air pollution ne-
gative health effects when moving around the city.
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Cristina Reche a, Maria Cruz Minguill�on a, Fulvio Amato a, Marta Capdevila c,
Eladio de Miguel c, Xavier Querol a

a Institute of Environmental Assessment and Water Research (IDÆA-CSIC), C/Jordi Girona 18-24, 08034, Barcelona, Spain
b MRC-PHE Centre for Environmental Health, King's College London, London, United Kingdom
c Transports Metropolitans de Barcelona, Santa Eulalia, Av. del Metro s/n, 08902, L'Hospitalet de Llobregat, Barcelona, Spain
h i g h l i g h t s
� Oxidative activity shows considerable variation between different subway platforms.
� Subway PM oxidative potential is not linked to ventilation or tunnel night works.
� Highest oxidative potential coincide with PM with higher levels of Cu, As and Sb.
� The strongly Fe component in PM subway does not produce any obvious toxic effect.
� Lowest oxidative stress was found at station with PSDs.
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a b s t r a c t

Air quality in subway systems is of interest not only because particulate matter (PM) concentrations can
be high, but also because of the peculiarly metalliferous chemical character of the particles, most of
which differ radically from those of outdoor ambient air. We report on the oxidative potential (OP) of
PM2.5 samples collected in the Barcelona subway system in different types of stations. The PM chemical
composition of these samples showed typically high concentrations of Fe, Total Carbon, Ba, Cu, Mn, Zn
and Cr sourced from rail tracks, wheels, catenaries, brake pads and pantographs. Two toxicological in-
dicators of oxidative activity, ascorbic acid (AA) oxidation (expressed as OPAA mg�1 or OPAA m�3) and
glutathione (GSH) oxidation (expressed as OPGSH mg�1 or OPGSH m�3), showed low OP for all samples
(compared with outdoor air) but considerable variation between stations (0.9e2.4 OPAA mg�1; 0.4e1.9
OPGSH mg�1). Results indicate that subway PM toxicity is not related to variations in PM2.5 concentrations
produced by ventilation changes, tunnel works, or station design, but may be affected more by the
presence of metallic trace elements such as Cu and Sb sourced from brakes and pantographs. The OP
assays employed do not reveal toxic effects from the highly ferruginous component present in subway
dust.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Over 160 million passengers travel daily in the 156 subway
systems around the world, representing around 11% of public
transport journeys worldwide, and these numbers are increasing.
In the last year alone the subways of Beijing and Shanghai have
ntal Assessment and Water
(CSIC), C/Jordi Girona 18-26,

oreno).

Ltd. This is an open access article u
recorded an increase of 39% and 25% respectively over the previous
year (UITP, 2015), making it clear that this form of transport will
play an ever-greater role in future megacity commuter mobility.
While mass transport of commuters by subway train is to be
strongly encouraged over the use of road traffic, one possible area
of concern is the quality of air breathed while underground in
trains and on station platforms because inhalable particulate mat-
ter (PM) levels can be higher than those above ground. Many
published studies in subway systems worldwide have reported
average platform PM10 concentrations that exceed 50 mg m�3, and
in some cases 300 mg m�3 (Fromme et al., 1998; Johansson and
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Johansson, 2003; Seaton et al., 2005; Brani�s, 2006; Ripanucci et al.,
2006; Salma et al., 2007; Kim et al., 2008; Park and Ha, 2008; Raut
et al., 2009; Ye et al., 2010; Cheng and Yan, 2011; Kam et al., 2011a;
Querol et al., 2012; Colombi et al., 2013). Subway PM is mainly
generated by the mechanical abrasion of rail/wheel and brakes,
from the catenary (overhead line equipment) and the resuspension
of material caused by air turbulence in the stations and tunnels.
Thus, the air quality of a given subway platform will depend on a
complex interplay of factors such as the ventilation system, train
speed and frequency, wheel materials and braking mechanisms,
and station depth and design (Moreno et al., 2014 and references
therein).

Numerous studies have shown negative health effects related to
exposure to ambient PM10 or PM2.5 mass concentrations (e.g.
Brunekreef and Holgate, 2002; Pope and Dockery, 2006). However,
in this context considering mass concentration alone is not
necessarily enough because it ignores sources, constituents, and
biologic activity of the PM (Ayres et al., 2008), so that current
knowledge does not allow precise quantification of the health ef-
fects of individual PM components or of different PM sources
(Brunekreef, 2010; WHO, 2007). The capacity of inhaled particles to
generate reactive oxygen species (ROS), or free radicals, at the air-
elung interface has been suggested to trigger oxidative stress,
leading to adverse health effects (Kelly, 2003; Pourazar et al., 2005).
The oxidative potential (OP), defined as a measure of the capacity of
PM to oxidize target molecules, has been proposed as a measure
that is more closely related to biological responses to PM exposure
and thus could be more informative than PM mass alone as it in-
tegrates various biologically relevant properties, including size,
surface and chemical PM composition (Borm et al., 2007). There are
a number of methods suggested for measuring OP, but no
consensus has been reached yet as to which assay is most appro-
priate as they seem to be affected differently by different PM
characteristics (Ayres et al., 2008; Janssen et al., 2014).

The effects of metallic subway particles on oxidative stress and
ROS activity in alveolar macrophage cells have been considered in
several published studies, in relationship to PM shape, size, surface
area and/or chemical constituents (Steenhof et al., 2011; Jung et al.,
2012), but the results show little clarity on whether subway PM is
relatively more toxic than outdoor PM highly influenced by road
traffic-generated particles. Thus, whereas some studies indicate
higher subway OP values (Janssen et al., 2014), ROS activity (Kam
et al., 2011b) or genotoxicity (Karlsson et al., 2005) compared to
outdoor PM samples, comparisons with samples of magnetite,
hematite, Cu and CueZn failed to produce the same toxic response.
Moreover, in one study particles from street level appeared to be
actually more potent in inducing generation and release of in-
flammatory cytokines (Karlsson et al., 2008a). A recent study by
Spagnolo et al. (2015) failed to detect higher levels of cytotoxicity or
oxidative stress in the subway system compared with street PM,
supporting an earlier conclusion by Seaton et al. (2005) that “those
principally at risk from dust inhalation by working or travelling in
the London Underground should not be seriously concerned,
although efforts to reduce dust concentrations should continue,
since the dust is not without toxicity”. Grass et al. (2010) found no
dose-response relationship between metal concentrations in PM2.5

and biological markers measured in blood and urine samples from
New York subway workers. Similarly, and with regard to epidemi-
ological evidence, Gustavsson et al. (2008) concluded that no
increased lung cancer risk was found amongst subway train drivers,
and so their study did not support the hypothesis that subway
particles are more potent in inducing lung cancer than particles in
ambient air.

It seems clear that further data are needed to clarify the toxic
effects of inhalable subway particles, and with this in mind we
present new information on the OP of PM2.5 samples collected in
the Barcelona subway system, where intensive research campaigns
have been carried out under the IMPROVE-LIFE project (http://
improve-life.eu/en/) to elucidate PM concentrations, chemistry,
sources and controls (Querol et al., 2012; Moreno et al., 2014, 2015;
Martins et al., 2015, 2016a, b). For this study the oxidative potential
of PM was determined using the validated respiratory tract-lining
fluid (RTLF) model (Zielinski et al., 1999; Mudway et al., 2004)
that measures the degree to which PM can oxidise three antioxi-
dants commonly found at the surface of the lung, ascorbate (AA),
urate (UA) and reduced glutathione (GSH). This model has already
been used to demonstrate the oxidative potential of PM collected at
roadside sites, in relationship with increased concentrations of
bioavailable metals, predominantly Fe and Cu (Künzli et al., 2006;
Kelly et al., 2011).

2. Methodology

2.1. PM2.5 collection and analysis

PM2.5 samples from six different platforms in the Barcelona
subway system were selected for this study. All trains operate
electrically (through a catenary) and run from 5 a.m. until midnight
every day, with additional services on Friday and Saturday nights
and with a frequency between 2 and 15 min, depending on the day
(weekend or weekday) and time of day. Night maintenance works
involving diesel vehicles or rail maintenance operations are occa-
sional but can have an impact on the platform air quality. The
braking system is electric when approaching the platform, chang-
ing to non-asbestos pneumatic braking when slowing down below
a 5 km h�1 velocity for all lines using either frontal or lateral brake
pads.

A high volume sampler (HVS, Model CAV-A/MSb, MCV) with a
PM2.5 head was equipped with quartz microfiber filters and pro-
grammed to sample PM2.5 over 19 h (from 5 a.m. to 12 p.m., subway
operating hours) at a sampling flow rate of 30 m3 h�1. The equip-
ment was located at the end of the platform corresponding to the
entrance point of the train into the station, with no exit access to
minimise the complexity of air turbulence and annoyance to pas-
sengers. A field blank was taken at each station where sampling
was done during 30 consecutive days in summer and winter con-
ditions for comparison, as the ventilation system in the subway
operates at different settings, being stronger in summer. Three
representative PM2.5 samples were selected per campaign, this
resulting in 6 samples per station, with a total of 36 samples plus 5
field blanks. PM2.5 concentrations were determined gravimetrically
using a microbalance (Model XP105DR, Mettler Toledo) with a
sensitivity of ±10 mg. The sampled filters were pre-equilibrated
before weighing for at least 48 h in a conditioned room (20 �C
and 50% relative humidity).

The stations were selected with different designs chosen to
obtain a wide range of PM sample characteristics (Table 1). They
included a station with one wide tunnel with two rail tracks,
separated by a middle wall in Joanic and Palau Reial stations and
without middle wall in Santa Coloma, a single narrow tunnel with
one rail track in Tetuan, a middle platform between two rail tracks
in Sagrera and a single tunnel with one rail track separated from the
platform by a glass wall with platform screen doors (PSDs) that are
opened simultaneously with the train doors in Llefia. In two of
these stations sampling was undertaken with only one ventilation
setting, but measuring differences between days after night-time
works and days under normal conditions to see if maintenance
works in the tunnel (addition of ballast or rail change) had any
influences in the air quality of the platform the following day.

For the analysis of inorganic compounds one quarter of each

http://improve-life.eu/en/
http://improve-life.eu/en/


Table 1
Main information on the subway stations where air quality measurements were carried out.

Subway station (line) Variable measured Depth (m) Design

Joanic (L4) winter/summer �7.6

Santa Coloma (L1) winter/summer �12.3

Tetuan (L2) winter/summer �14.8

Llefia (L10) winter/summer �43.6

Sagrera (L5) works/non-works �10.5

Palau Reial (L3) works/non-works �14.2
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filter was acid digested and subsequently analysed by Inductively
Coupled Plasma Atomic Emission Spectrometry (ICPAES) and Mass
Spectrometry (ICPMS) to determine major and trace elements,
respectively. A few milligrams of a standard reference material
(NIST 1633a) were added to a fraction of a blank filter to check the
accuracy of the analysis of the acid digestions. Another quarter of
filter was water leached with deionized water to extract the soluble
fraction and analysed by ion chromatography for determination of
soluble anions, and by specific electrode for ammonium. A third
portion of filter (1.5 cm2) was used to measure total carbon (TC)
using the Thermal Optical Transmittance (TOT) method by means
of a laboratory OC-EC Sunset instrument. A detailed description of
the analytical methodology is given by Querol et al. (2012) and
Martins et al. (2016a). Blank filters were analysed in the batches of
their respective filter samples and the corresponding blank con-
centrations were subtracted from each sample in order to calculate
the ambient concentrations. Uncertainties were calculated as
described by Escrig et al. (2009). The final quarter of the filter was
then transferred to King's College London for Oxidative Potential
analysis.

2.2. Processing of filters for toxicological assays

Four millimetre circle filter punches were carefully cut in trip-
licate from the supplied ¼ filter and placed directly into individual
pre-labelled 1.5 mL micro-tubes (Simport Scientific, Canada). Care
was taken to ensure the 4 mm Harris Unicore® puncher was kept
clean (by rinsing with clean methanol after each punch) to avoid
cross contamination by the PM2.5 on the filters. A ratio was calcu-
lated (using pr2) of the whole filter area (deposition
area ¼ 14733.7 mm2) vs. the 4 mm filter punch area
(area ¼ 12.6 mm2), and this was used to calculate the PM2.5 mass
deposited on the 4 mm filter punch (Table S1). Considering both,
the high loading of PM2.5 (on the 4 mm punch) and the possibly
highly oxidizing nature of the PM2.5, 1 mL of 200 mmol L�1 of
synthetic respiratory tract lining fluid (RTLF) containing equi-molar
concentrations of ascorbic acid (AA), urate (UA) and reduced
glutathione (GSH) was added to the tubes containing the 4 mm
filter punches and incubated for 4 h at 37 �C with constant mixing.
The final OP values discussed may therefore only be comparedwith
the filters/PM2.5 collected within this study or otherwise incubated
under identical conditions.

In-house controls of particle-free, negative (M120, Cabot Cor-
poration, USA) and positive (NIST1648a, urban particulate from
NIST, USA) PM, and laboratory filter blanks, were incubated in
parallel to the subway 4 mm punched filters to control for back-
ground antioxidant oxidation, delivery of expected oxidation by the
negative and positive controls in the RTLF exposure model, and for
checks of cross-contamination on lab filter blanks. To eliminate as
much background antioxidant oxidation as possible from the
model system, HPLC-grade water that had been treated previously
with Chelex-100 resin (Sigma, UK) was used throughout for prep-
aration of stocks and dilutions. Immediately following the 4 h in-
cubation the micro-tubes were centrifuged at 13,000 rpm for 1 h at
4 �C, followed by removal of aliquots into 100mM phosphate buffer
pH7.5 (for GSH analysis) and 5% meta-phosphoric acid (for AA and
UA analysis). All tubes were immediately stored at �70 �C.

2.3. Determination of ascorbate, urate and glutathione

For the determination of AA and UA, this assay employs the
technique of high performance liquid chromatography (HPLC, Gil-
son Scientific UK) with an electrochemical detector based on the
method of Iriyama et al. (1984) with modifications. 50 mL of the
centrifuged RTLF-exposed liquid was added to 450 mL of cold 5.6%
meta-phosphoric acid in 0.7 mL amber HPLC vial. Aliquots of 20 mL
acidified sample were injected onto a 150 � 4.6 mm 5m Spher-
eClone ODS(2) column (Phenomenex, UK) and eluted with a
0.2 mol L�1 K2HPO4-H3PO4 (pH 2.1) mobile phase containing
0.25 mmol L�1 octanesulfonic acid. Each sample/filter was
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prepared, exposed to the RTLF and analysed for GSH, AA and UA in
triplicate. Each of these triplicates was injected only once in the
HPLC to quantify AA and UA. Each individual standard was injected
3 times in the HPLC and the coefficient of variationwas less than 5%,
confirming the reproducibility of the method. Final concentrations
for AA and UA were calculated with external AA/UA standards,
which were run simultaneously with a Unipoint v5.1 software
(Gilson Scientific UK). The %CV of analysis was less than 5% with a
minimum detection limit for AA of 0.5 mmol L�1 and UA of
0.1 mmol L�1.

For the determination of GSH a spectrophotometric technique
was used, measuring the absorbance of the diluted samples at
412 nm (Gilson Instruments, UK). This assay employs the technique
of the GSSG reductase-DTNB linked assay based on the method by
Baker et al. (1990). 16.7 mL of the centrifuged RTLF-exposed liquid
was added to 983.3 mL of cold 100 mM Sodium phosphate buffer
pH7.5 containing 1mM EDTA. 50 mL of this diluted samplewas then
analysed (in duplicate) in parallel with glutathione standards for
both total glutathione (GSX) and (following derivatisation with 2-
vinyl pyridine) for oxidised glutathione (GSSG). The reduced
glutathione (GSH) was obtained by subtraction of the GSSG value
from the GSX. The %CV of analysis was less than 10% with a mini-
mum detection limit of 0.3 mmol L�1. The microplate reader used
was a Spectramax190 (Molecular Devices, UK) along with the
SoftMaxPro v4.8 software. All chemicals were of the highest grade
possible, usually HPLC-grade, and purchased from either the Sigma
Chemical Company (UK) or VWR (UK).

OPAA and OPGSH were used to indicate the oxidative potential
represented by the capacity of PM to deplete AA and GSH. To obtain
a metric for oxidative potential the data were expressed as per-
centage depletion per mg of PM2.5 (assuming a linear dose-function
relationship, Ayres et al., 2008). The OP mg�1 PM2.5 was next ob-
tained by dividing the % antioxidant consumed (Table S2), by the
PM2.5 mass calculated to be present on the 4 mm filter punch
(Table S1) after being corrected for the background % oxidation
observed for its relevant site field blank. Similarly to obtain an
expression of the PM oxidative activity per m3 of air we calculated
the OP m�3 multiplying the OP mg�1 PM2.5 by the concentration of
PM2.5 m-3 measured at the site during the PM2.5 filter collection.
The OP mg�1 PM2.5 and the OP m�3 data for AA and GSH can also be
combined together to provide a TOTAL oxidation potential value
OPTOTAL mg�1 PM2.5, and OPTOTAL m�3 respectively.
3. Results and discussion

3.1. PM2.5 subway chemistry

Average PM2.5 masses for the samples selected are shown in
Table 2. They ranged from 31 mg m�3 in Llefia during summer to
102 mg m�3 in Tetuan in winter and Palau Reial after night time
works (addition of ballast). In general PM2.5 concentrations were
higher during the winter sampling period (with weaker ventilation
Table 2
Average PM2.5 concentrations (mg m�3) for all filters collected at the 6 platforms, and
also separating winter or summer time (with different ventilation protocol) and
days after night maintenance works. Higher values are highlighted in bold.

Station Average Summer Winter Works Non-works

Joanic 54 33 74
Tetuan 77 51 102
Llefia 33 31 34
Sta Coloma 70 75 64
Sagrera 41 39 43
Palau Reial 87 102 80
settings, Martins et al., 2015). In the case of Sagrera the change of
rails did not clearly affect the PM2.5 concentrations, whereas the
addition of ballast in Palau Reial did result in a clear increment.
Chemical compositions of the subway PM2.5 samples are provided
on Table 3, based on averages of 6 samples per station (similar
values are presented for average values for 30 days campaigns in
Martins et al., 2016a; in agreement with the representativeness of
the samples selected for this study). These results show high con-
centrations of Fe, Total Carbon (TC), Ba, Cu, Mn, Zn and Cr, all ele-
ments characteristic of the subway environment and sourced from
rail tracks, wheels, catenaries, brake pads and pantographs. The
great majority of subway particles are Fe-oxide (in the Barcelona
subway mostly hematite formed by rapid oxidation of magnetite,
Moreno et al., 2015), with Mn and Cr also sourcing fromwheel and
rail interactions. Carbon is the most important component of
pantographs, brakes and motor brushes, the latter only being pre-
sent in trains of Santa Coloma and Palau Reial lines. The trace ele-
ments Ba, Zn, Sb and Cu are also frequently present in notable
concentrations and are attributed to brake abrasion, although their
concentration depends on the type of brake. Thus Ba and Zn con-
centrations are higher in frontal brake pads (used in Santa Coloma
and Palau Reial subway lines), whereas Sb and Cu are higher in
lateral brake pads (used in Joanic, Tetuan and Llefia lines). Copper
was especially high in the samples from Joanic, a station where the
pantograph connecting to the electric supply catenary (which is
made of 95% Cuwire for all lines) is made of copper or graphite (50%
of trains each), whereas it is only graphite in the other subway lines
(TMB own data). The best correlations (Pearson correlation coeffi-
cient) between chemical components for all stations were observed
for silicate mineral-related elements (Al, Ca, K, P, Li, Ti) which also
showed strong correlation with some metals such as Co, Ni, Zn and
Ba. Fe is correlated (R2 > 0.8) with Co, As, Ti, Cr and Mn, whereas Cu
is correlated with Sb (R2 ¼ 0.86).

PMF analyses have demonstrated that the mix of airborne par-
ticles varies from one station to another (Martins et al., 2016a), but
that they can always be grouped broadly into outdoor and subway
sources, the latter including all emissions generated by the circu-
lation of trains (rail tracks, wheels, brake pads, catenaries and
pantographs). The outdoor PM2.5 sources include secondary parti-
cles (sulphate in summer and nitrate in winter) and a sea salt
source identified by the presence of Na and Cl. A fourth source
dominated by V was identified only for some stations and is sug-
gested to represent fuel oil combustion, either from the effects of
night maintenance works or, more likely, introduced from outside.
The differences in the contribution of these sources between sta-
tions are attributed to the varying influence of outdoor air, which
changes according to the time of the year, among other factors, and
to the different design characteristics for each station.

3.2. Percentage of antioxidant consumed

Following measurement of the remaining antioxidants left in
the 4 h incubated RTLF, the data were initially corrected for the 4 h
particle-free control background oxidation (less than 5% loss) fol-
lowed by a conversion to percentage antioxidants consumed with
reference to the 4 h particle-free (C4) control. With a starting
concentration of 200 mmol L�1 antioxidant (C0) the remaining
antioxidant concentrations after incubation of the in-house con-
trols for 4 h were as expected for the RTLF model used, with the
negative control PM (M120) and the lab filter blank displaying no
reactivity with the antioxidant (Fig. 1).

Among the three low-molecular-weight antioxidants (ascorbate
AA, glutathione GSH and urate UA) in the synthetic RTLF, only AA
and GSH were oxidized. As the consumption of UAwas observed to
be below 6% for all samples examined, it was considered not to be



Table 3
Average chemical composition (and standard deviation in italics) of PM2.5 samples collected at all sites under different ventilation systems (winter weaker, summer stronger)
and after influence or not of night maintenance works. Higher values are highlighted in bold.

mg m�3 Joanic Tetuan Llefia Sta Coloma Sagrera Palau Reial

Averg. s Averg. s Averg. s Averg. s Averg. s Averg. s

PM2,5 54 23 77 29 32 5 70 11 41 12 87 23
Al 0,2 0,1 0,2 0,2 0,1 <0,1 0,3 0,1 0,3 <0,1 0,8 0,5
Ca 0,6 0,3 1,3 0,9 0,5 0,2 1,0 0,3 0,9 0,3 1,2 0,5
K 0,2 0,1 0,3 0,2 0,2 0,1 0,1 0,1 0,2 0,1 0,3 0,2
Na 0,2 0,1 0,3 0,1 0,1 0,1 0,1 <0.1 0,2 0,1 0,4 0,2
Mg 0,2 0,1 0,2 0,1 0,1 <0,1 0,4 <0.1 0,1 <0,1 0,8 0,2
Fe 19 13 29 17 8 4 17 2 12 3 34 9
SO4

2- 1,3 0,4 2,4 1,0 0,9 0,6 2,1 1,0 1,3 0,6 2,3 0,5
NO3

� 0,8 0,2 1,7 1,4 0,4 0,1 0,8 0,4 1,2 0,9 0,6 0,1
Cl� 0,2 0,1 0,5 0,2 0,3 0,3 0,2 0,1 0,4 0,2 0,1 0,2
NH4

þ 0,3 0,2 0,6 0,3 0,2 0,2 0,5 0,4 0,4 0,3 0,5 0,2
TC 11 3 13 5 5 2 15 7 11 3 16 4
ng m�3

P 24 9 30 18 10 6 24 4 35 7 31 10
Li 0,3 0,1 0,4 0,2 0,2 0,1 0,4 0,1 0,5 0,2 1,0 0,3
V 4 2 8 7 4 2 6 2 2 2 5 2
Co 1,2 0,8 1,3 0,6 0,4 0,1 1,0 0,2 1,0 0,2 2,4 0,4
Ni 8 3 8 2 4 1 9 1 8 2 24 5
As 1,7 0,9 1,6 0,8 0,6 0,3 1,3 0,3 1,1 0,6 2,1 0,5
Se 0,3 0,1 0,3 0,1 0,3 0,1 0,3 0,1 0,2 0,1 0,4 0,0
Rb 0,6 0,2 0,9 0,6 0,4 0,2 0,5 0,2 0,5 0,1 1,2 0,7
Sr 3 1 6 4 2 14 17 3 4 1 50 11
Zr 9 1 13 4 11 4 8 3 16 0,4 21 3
Mo 20 5 8 4 16 8 20 2 13 2 31 14
Cd 0,2 <0.1 0,2 0,1 0,1 0,1 0,2 0,1 0,3 0,1 0,2 0,1
Sn 7 3 8 4 3 0,7 7 2 10 4 11 2
Sb 72 35 28 16 9 6 3 1 6 1 3 0,4
La 0,6 0,1 0,4 0,2 0,2 <0,1 0,3 0,1 0,6 0,1 0,6 0,1
Ce 1,1 0,2 0,9 0,4 0,3 0,1 0,7 0,2 1,3 0,3 1,1 0,3
Pb 10 2 8 3 5 3 10 6 26 11 10 2
Bi 0,4 0,3 0,4 0,2 0,3 0,2 0,4 0,5 0,4 0,2 0,2 0,1
Th 0,1 0,1 0,2 0,1 0,1 0,1 0,1 <0.1 0,1 <0.1 0,1 0,1
U 0,2 0,1 0,2 0,1 0,1 0,1 0,1 <0.1 0,1 <0.1 <0,1 <0,1
Ti 18 8 21 14 7 3 25 7 19 7 43 18
Cr 25 17 36 21 13 6 18 5 13 2,9 42 8
Mn 187 131 288 176 79 37 165 42 107 27 301 74
Cu 331 251 177 97 33 12 105 18 131 25 188 45
Zn 193 78 137 66 56 30 172 50 104 14 318 8
Ba 102 55 55 32 13 8 732 182 103 15 1980 496
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reacting with the PM2.5 on the 4mm filter punch. Similar behaviour
has been reported in other published works (Künzli et al., 2006;
Szigeti et al., 2014), hence UA will not be reported further. In the
case of AA and GSH they were similarly consumed in the samples
from Joanic, Tetuan and Llefia (4e6% difference), whereas at Santa
Coloma, Sagrera and Palau Reial AA was clearly depleted in excess
to that of GSH (a difference of 21e25%; Fig. 1 and Table S2 in sup-
porting information). All controls and field blank filters show ex-
pected results reinforcing the accuracy of the assays results.

3.3. Assessment of oxidative potential

Both measurements of oxidative activity, that is ascorbate
oxidation (expressed as OPAA mg�1 or OPAA m�3) and glutathione
oxidation (expressed as OPGSH mg�1 or OPGSH m�3), showed
considerable variation from station to station (Table 4). With regard
to OP per unit of mass, the highest average OPAA (2.4 mg�1), OPGSH

(1.9 mg�1) and OPTOT (4.3 mg�1) values were obtained for Joanic
station, whereas the lowest average OPAA (0.9 mg�1), OPGSH

(0.4 mg�1) and OPTOT (1.3 mg�1) values were registered at Palau
Reial. When looking at OP per volume of air, then Joanic again
showed highest OPGSH (98m�3) and OPTOT (217m�3) values, as well
as a high OPAA value (119 m�3), although in the latter case it was
very similar to that at Santa Coloma (123 m�3). At the other
extreme, although Palau Reial was again low, the lowest overall OP
measured in terms of volume was registered in the new “platform
screen door” station of Llefia where values were between three and
six times less than those at Joanic (Table 4).

Fig. 2 includes samples collected from different times of the
year, different platform depths and designs, and (in the case of
Sagrera and Palau Reial), samples collected before and after tunnel
nightmaintenanceworks. The OP data however, based on thirty-six
samples, reveal no obvious pattern linking these variables of sea-
son, design, and maintenance works with toxicity. It is interesting
to note that the new station of Llefia, fitted with platform screen
doors, shows not only low toxicity but the least variation between
the two sampling periods (OPTOT on Fig. 2). This is consistent with
the fact that ventilation settings in these deep stations do not
change much with the season, producing a more stable atmo-
spheric environment all year round. Similarly, the OPTOT results
from Sagrera and Palau Reial reveal no influence of tunnel night
works on platform PM toxicity.

The significance of associations between oxidative potential and
PM chemical components was assessed using the Spearman (r)
rank order test, with a p-value <0.05 being considered to be sig-
nificant, and p < 0.01 highly significant. In this test, which averaged
the data for all thirty-six samples assayed, OP values were highly
significantly correlated for both AA and GSHwhen considering both
mass (r ¼ 0.62) and volume (r ¼ 0.77) (Table 5). When looking at
OPAA mass highest correlations were obtained for Cd (r¼ 0.50) and
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La (r ¼ 0.42), followed by Pb and Ce. In the case of OPGSH, Cu
(r ¼ 0.64), Sb (r ¼ 0.50), La (r ¼ 0.48) and Ce (r ¼ 0.45) were all
highly significantly correlated, followed by P, Bi, As and Pb. In terms
of volume the best correlations were obtained for Cu (r ¼ 0.35
OPAA, r ¼ 0.53 OPGSH), and significant correlations were revealed
for Ba, As (OPAA) and As (OPGSH). Therefore this analysis suggests
there may be a link between both AA and GSH depletion and the
presence of certain trace metals.

Table 6 presents the averaged toxicological data for each station
platform and compares metal concentrations, highlighting highest
levels in bold. These data demonstrate how, relative to the other
samples, Joanic PM2.5 showed highest concentrations of Cu, Sb and
La and Sagrera recorded over double the Pb content of any other
station. The Palau Reial samples had not just the highest levels of
PM2.5 concentrations (due to highmineral dust content, as revealed
by the enhanced Al values), but also highest As, Sn, Zn, Fe, Cr and
especially Ba. Given that the OP of the Palau Reial samples is much
lower than those from Tetuan, this leads us to conclude that Fe, Al,
Ba, Cr, Sn and As are not implicated as elements responsible for the
oxidative potential of subway PM. In contrast, the highest OP values
coincide with notable enrichments in Cu and Sb (and, to a much
lesser extent, La) at Joanic.

Although other studies have reported only a weak association
between OPAA and OPGSH in traffic-related PM samples outdoors
(Kelly et al., 2011), in the current study of samples collected un-
derground they were significantly correlated both in terms of mass
and volume units. In the case of the traffic-related PM samples Kelly
et al. (2011) found strong correlations between Fe, Cu (both redox-
active metals, Buettner and Jurkiewicz, 1996), Ba, Mn, As, and Cd
with both OPAA and OPGSH. High correlations for OPAA with Cu and
Fe in PM have been reported in previous studies (Künzli et al., 2006;
Godri et al., 2011), however studies using synthetic Fe-oxides
including hematite (Fe2O3) and magnetite (Fe3O4), have shown
low or no toxicity (Kain, 2013) in agreement with these oxides
being thought to be relatively inert (Aust et al., 2002). CuO nano-
particles have also been reported to generate high cytotoxicity and
DNA damage (Karlsson et al., 2008b). Copper, together with Zn, Cr,
Cd, As and Pb, is a metal that can be affected by GSH binding
(Davidson et al., 2015).

The correlation between OP and elemental composition can be
influenced by many factors such as the water solubility, chemical
form, oxidation and reduction behaviour, capacity of ROS genera-
tion or induction for example in Fenton-type, HabereWeiss re-
actions, etc. (Szigeti et al., 2014). It has been shown that the soluble
fraction of metals such as Fe, Ni, and Cr plays a dominant role in ROS
activity (Kam et al., 2011b), and that metals in lower oxidation
states can have a stronger oxidative effect (Loxham et al., 2013).
Particle size can also be a factor involved in the toxicity, previous
works have reported OP being greater in PM10 extracts than in
PM2.5 extracts (Kelly et al., 2011), with OP being associated with
elevated concentrations of metals such as Ba, Cu, Mo and Fe (linked
to mechanical wear on tires and brakes). However significant in-
creases of these metals in larger size fractions did not yield sig-
nificant increases in OPAA mg�1 in an experiment reported by Godri
et al. (2011).

In the case of the Barcelona subway samples, our data suggest a
possible link between OP (AA and GSH) and some trace elemental
concentrations, especially Cu, As and perhaps Sb. Copper concen-
trations in these samples are related to the wear of brake pads and
the electrical supply (catenary and pantographs). In the case of
Joanic, where Cu concentrations are highest, Cu is emitted by the
lateral brakes used by trains in subway line 4 (which are the richest
in Cu of all four types of brakes used in these subway trains), and
the Cu pantographs that are still used in this line (although it is
being progressively changed to graphite as is the case with the rest



Table 4
Average OP values for AA and GSH on mass and volume basis. Higher values are highlighted in bold.

OPAA mg�1 OPGSH mg�1 OPAA m�3 OPGSH m�3 OPTOT mg�1 OPTOT m�3

Joanic 2,4 1,9 119 98 4,3 217
Tetuan 1,1 0,8 82 58 1,9 141
Llefia 1,6 0,5 50 16 2,1 66
Sta Coloma 1,8 0,8 123 54 2,6 177
Sagrera 2,0 0,9 77 35 2,9 112
Palau Reial 0,9 0,4 75 37 1,3 112
M120 0,1 0,1 0,2
NIST1648a 1,1 0,3 1,4

Fig. 2. a) OPAA mg�1 and the OPGSH mg�1 PM2.5, b) OPAA m�3 and OPGSH m�3, c)
OPTOTAL mg�1 PM2.5, and OPTOTAL m�3 for all collection dates and sites.

Table 5
Spearman test values (r) for all variables considered. **p < 0.01, *p < 0.05. PM
chemical species are expressed in mg g�1 in all cases.

OPAA mg�1 OPGSH mg�1 OPAA m�3 OPGSH m�3

OPGSH mg�1 0,62**

OPGSH m�3 0,77**

PM2,5 �0,61** �0,24** 0,54** 0,52**

Al �0,04 �0,15 0,00 �0,23
Ca �0,10 �0,07 �0,29 �0,32
K �0,16 �0,19 �0,29 �0,27
Na 0,14 0,10 �0,29 �0,31
Mg �0,44* �0,50** 0,05 �0,15
Fe �0,56** �0,14 0,07 0,25
SO4

2- �0,03 �0,29 �0,01 �0,09
ws-NO3

- 0,06 0,07 �0,01 0,01
ws-Cl- �0,01 0,05 �0,46** �0,32*

ws-NH4
þ 0,22 �0,06 0,09 �0,01

P 0,30 0,40* 0,11 0,10
Li �0,19 �0,14 �0,17 �0,20
V 0,16 �0,04 0,04 �0,07
Co �0,23 0,01 0,10 0,11
Ni �0,05 �0,12 �0.08 �0,15
As 0,12 0,36* 0,35* 0,40*

Se 0,04 0,23 �0,30 �0,28
Rb �0,15 �0,07 �0,24 �0,12
Sr �0,38* �0,28 0,19 �0,01
Mo 0,18 0,25 �0.25 �0,19
Cd 0,50* 0,26 �0,16 �0,19
Sn 0,23 0,25 0,05 0,01
Sb 0,27 0,50** �0,03 0,33
La 0,42* 0,48** 0,12 0,13
Ce 0,37* 0,45** 0,08 0,08
Pb 0,40* 0,34* �0,11 �0,13
Bi 0,28 0,37* �0,14 �0,02
Ti �0,16 �0,07 0,18 0,04
Cr �0,54** �0,16 �0,12 0,15
Mn �0,51** �0,09 0,12 0,30
Cu 0,29 0,64** 0,35* 0,53**

Zn 0,05 0,21 0,20 0,22
Ba �0,15 �0,08 0,37* 0,14
TC 0,25 0,23 0,09 �0,06
PMF sources
Subway �0,28 0,12 0,20 0,44*

Secondary 0,40* �0,36 0,09 �0,43*

Sea salt 0,08 0,48* 0,19 0,27
Oil combustion �0,02 �0,02 �0,34 �0,62*
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of the lines). However other metallic elements present in relatively
high concentrations in the subway environment, such as Fe or Cr,
do not show correlationwith OP values in any of the stations. In fact
a highly significant negative correlation was found with OPAA mg�1

values, which would be consistent with the low oxidative potential
of hematite and magnetite, the most common iron compounds in
the subway environment, as reported in the literature from other
environments (Kain, 2013).
4. Conclusions

Our study of thirty-six samples from the Barcelona metro



Table 6
Average OP total values on mass and volume basis, PM2.5 concentrations, and concentrations of selected elements including those showing OP correlations (Cu to Ba, see
Table 5), tracers of subway air particles (Fe, Cr from rail and wheels), and Al (tracer for addition of ballast during night-time works). PM2.5, Fe and Al in mg m�3, rest of elements
in ng m�3. Higher values are highlighted in bold.

OPTOT mg�1 OPTOT m�3 PM2.5 Cu As La Cd Sb Sn Pb Zn Ba Fe Cr Al

Joanic 4,3 217 54 331 1,7 0,6 0,2 72 7 10 193 102 19 25 0,2
Tetuan 1,9 141 77 177 1,6 0,4 0,2 28 8 8 137 55 29 36 0,2
Llefia 2,1 66 33 33 0,6 0,2 0,1 9 3 5 56 13 8 13 0,1
Sta Coloma 2,6 177 70 105 1,3 0,3 0,2 2 7 10 172 732 17 18 0,3
Sagrera 2,9 112 41 131 1,1 0,6 0,3 6 10 26 104 103 12 13 0,3
Palau Reial 1,3 112 87 188 2,1 0,6 0,2 3 11 10 318 1980 34 42 0,8

T. Moreno et al. / Atmospheric Environment 148 (2017) 230e238 237
system considerably widens the database available on the toxicity
of inhalable particles present on subway train platforms, and is
backed-up by detailed chemical analyses. The main conclusions of
this study are as follows:

� Of the three low-molecular-weight antioxidants in the synthetic
RTLF, only AA and GSH were oxidised by subway PM2.5 samples,
with both indicators of oxidative activity presenting consider-
able variation between different subway platforms (ranges
0.9e2.4 OPAA mg�1; 0.4e1.9 OPGSH mg�1).

� The results indicate that the oxidative potential of subway PM
samples is not obviously related to variations in PM2.5 concen-
trations produced by changes in underground ventilation with
the seasons, tunnel night works, or station design.

� Trace metals showing positive correlations between their con-
centrations and oxidative potential as measured by volume
(OPAA m�3 and/or OPGSH m�3) are identified as As, Mn, Zn, Ba
and especially Cu. Copper is again implicated with regards to the
OPGSH mg�1 results, making it a possible trace metal contributor
to subway particle oxidative potential, as has been suggested by
several previous studies in different atmospheric environments
(Kelly et al., 2011; Godri et al., 2011; Künzli et al., 2006; Karlsson
et al., 2008b; Kain, 2013).

� In our study the highest OP values coincided with PM samples
containing notably enhanced levels of Cu and Sb, sourced from
the wear of lateral train brakes and from Cu-pantographs.

� The assays employed in this study indicate that the strongly
ferruginous component present in inhalable subway dust,
despite its peculiar chemistry when compared to outdoor air,
does not produce any obvious oxidative potential effect.

� Encouragingly, lowest OPTOT m�3 values were found at the
newest subway station, where the presence of platform screen
doors coincides with improved air quality and reduced oxidative
potential of ambient PM2.5.
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lteration of airborne particles in
the subway environment

T. Moreno,*a X. Querol,a V. Martins,a M. C. Minguillón,a C. Reche,a L. H. Ku,b H. R. Eun,b

K. H. Ahn,b M. Capdevilac and E. de Miguelc

Most particles in the rail subway environment are sub-micron sized ferruginous flakes and splinters

generated mechanically by frictional wear of brake pads, wheels and rails. To better understand the

mechanisms of formation and the alteration processes affecting inhalable particles in subways, PM

samples (1–2.5 mm and 2.5–10 mm) were collected in the Barcelona Metro and then studied under

a scanning electron microscope. Most particles in these samples are hematitic (up to 88%), with relatively

minor amounts of mineral matter (up to 9%) and sulphates (up to 5%). Detailed microscopy (using back

scattered and TEM-DRX imaging) reveals how many of the metallic particles comprise the metallic Fe

nucleus surrounded by hematite (Fe2O3) and a coating of sulphate and chloride salts mixed with mineral

matter (including Ca-carbonates, clay minerals and quartz). These observations record the emission of

fine to ultrafine FePM by frictional wear at elevated temperatures that promote rapid partial (or

complete) oxidation of the native metal. Water condensing on the PM surface during cooling leads to

the adsorption of inorganic mineral particles that coat the iron oxide. The distinctively layered

polymineralic structure that results from these processes is peculiar to particles generated in the subway

environment and very different from PM typically inhaled outdoors.
Environmental impact

The processes involved in the generation of airborne particles in the subway air and their subsequent alteration are very different from those happening in other
environments. The immense majority of the particles are produced by the movement of trains, with the mechanical friction between wheels, rails and brakes,
with metals such as Zn, Ba, Cr, Mn, Fe and Cu being detected by EDX coupled to electron microscopy. The morphologies of these particles are generally planar
with few spherical forms, conforming to a mechanical origin rather than condensation of Fe vapour. However during the friction that caused the emission of
abrasion products high temperatures were reached and water could condense on the surface forming a water coating in which soluble and insoluble phases were
adsorbed.
Introduction

Air quality in the rail subway environment is an issue of concern
due to high particle concentrations that can be registered,
especially on platforms. The variables inuencing these
concentrations are numerous and include the type and intensity
of ventilation, station design, number and location of accesses
to platforms and number of trains and passengers.1 However,
a major factor in common is that the airborne particles being
inhaled in this environment are very similar in all subway
systems worldwide due to their common emission sources. The
d Water Research (IDÆA-CSIC), C/Jordi

-mail: teresa.moreno@idaea.csic.es; Tel:

Hanyang University, Ansan 425-791,

MB), Santa Eulalia, Av. del Metro s/n

hemistry 2017
friction between rail tracks, wheels and brakes results in the
generation of particle akes that are chemically distinct, mostly
ferruginous. Carbon particles derived from brake materials are
also common and typically associated with various distinctive
trace metals such as Ba, Sb, Sn (from brakes), Cu (from brakes
and catenary), and Cr and Mn (from wheels and rails).2

Given that subway PM is distinctively metallic and very
different from PM typically inhaled outdoors, it is particularly
amenable to study using high resolution transmission electron
microscopy (TEM) and scanning electron microscopy (SEM). In
recent years, several scientic papers have published electron
microscope images of PM in the subway system, and its general
appearance and composition are correspondingly well docu-
mented.3–10 These studies have demonstrated that most parti-
cles in the subway environment are nanometric-scale oxidised
Fe-rich akes and splinters generatedmechanically by frictional
wear.5,10–13 This paper aims to take the subject further by using
electron microscopy to make detailed observations that clarify
the likely mechanisms of formation and progressive alteration
Environ. Sci.: Processes Impacts, 2017, 19, 59–64 | 59
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affecting inhalable particles in the subway system. The PM
samples examined for this study were collected in the Barcelona
Metro during ongoing intensive campaigns carried out under
the work programme of the IMPROVE LIFE project aiming to
provide a benchmark study that will lead to real improvement in
subway air quality (http://improve-life.eu/). During the project,
measures that can reduce PM concentrations on platforms and
inside trains are being tested, taking into account variations in
all the key factors such as the station depth, date of construc-
tion, station design, type of ventilation, types of brakes used on
the trains, train frequency and the presence or absence of
platform screen door systems.

Materials and methods

Barcelona's Metro includes 8 subway lines built from 1929 to
2016, and the latest (L9–L11) has platform screen door systems
and advanced ventilation systems. All trains are operated elec-
trically (80% of them being motor carriages) and run from 5
a.m. until midnight every day, with additional services on Friday
nights (nishing at 2 a.m. of Saturday) and Saturday nights
(running all night long), and with a frequency between 2 and 15
minutes, depending on the day (weekend or weekday) and time
of day. The braking system is electric when approaching the
platform, changing to non-asbestos pneumatic braking when
slowing down below a 5 km h�1 velocity for all lines indepen-
dently of the platform design, using either frontal or lateral
brake pads.

For PM sample collection a rotating impactor with a ow rate
of 1 L min�1 was employed. The impactor collects samples in
two size stages (1–2.5 mmand 2.5–10 mm), onto Quantifoil® gold
(Au) grids with 1 mm diameter holes – 4 mm separation of 200-
mesh for microscopic analysis. Gold grids were mounted
covering the whole impacting area for each of the size-frac-
tionated particle stages.

The equipment was transported in a rucksack, with
sampling being performed for 30 minutes in the central part of
8 platforms from different lines (L1, 2, 3, 4, and 10). Each
station was selected based on different architectural designs,
chosen to obtain a wider range of PM sample characteristics,
including stations with open double rail tracks (Santa Coloma
and Rocafort on L1), double tracks separated by a wall in the
station (Joanic on L4, Palau Reial and Poble Sec on L3), a single
rail track (Tetuan on L2) and new stations with platform screen
doors (PSD's) separating the single rail track from the platform
(Onze de Setembre and Lleà on L10).

Individual particles collected in the grids were then charac-
terised using eld scanning electron microscopy. The size and
shape of individual particles were observed using (i) a (FESEM)
J-7100F Jeol Scanning Electron Microscope via an energy
dispersive X-ray microanalysis system (EDS Inca series 250,
Oxford Instruments) aer being carbon-coated using a 208HR
Sputter Coater (Cressington, UK) and an MTM20 Thickness
Controller (Cressington, UK). The microscope working distance
was 10 mm, with an accelerating voltage of 15 kV; and (ii) a TEM
(Jeol, JEM 1220, Tokyo, Japan), coupled with an energy-disper-
sive X-ray (EDX) spectrometer. TEM-grids were attached to air
60 | Environ. Sci.: Processes Impacts, 2017, 19, 59–64
sample cassettes (SKC Inc., USA, inlet diameter 1/8 in. and lter
diameter 25 mm).

Results and discussion

A total of 865 single particles (randomly selected) distributed
among the 8 different subway platforms were analysed under
the SEM. The following elements were identied in the parti-
cles: Na, Zn, Mg, Al, Si, S, Cl, K, Ca, Ba, Ti, Cr, Mn, Fe, Cu, Mo,
Pd, P and Mo. These elements were grouped into 5 categories
including crustal (the sum of Mg, Al, SI, K, Ca, Ti, and P), sea
salt (Na + Cl), sulphates, hematite (calculated assuming all iron
present as hematite, as reported by Moreno et al., and identied
by XRD analysis on PM2.5 lters) and other metals (Zn, Ba, Cr,
Mn and Cu).10

Considering the average chemical composition of all single
particle analyses for each subway platform, hematite was by far
themost common component in all PM2.5–10 and PM1–2.5 samples
(Fig. 1), ranging between 70 (Lleà new station) and 88% (Joanic)
in the PM1–2.5 composition, and between 69 (Santa Coloma) and
87% (Lleà) in the PM2.5–10 samples. Aer hematite, in the
PM2.5–10 fraction the second chemical component had a crustal
composition (Si, Al, Mg, K and Ti) although in a much lower
proportion (from 7% in Lleà to 19% in Santa Coloma), followed
bymarine aerosols (up to 9% in Tetuan), othermetals (Zn, Ba, and
Cu, up to 9% in Rocafort), and sulphates (up to 5% in Onze de
Setembre). It should be noted that as samples were carbon coated
for the use of high resolution microscopy, carbonaceous particles
in general (including organics) are not considered in this classi-
cation, although they were presumably present in all samples
and sourced from the graphite catenaries and brake pads.

An additional approach is to consider the number of parti-
cles, instead of particle average composition, identied in each
sample. In this case the relative contribution of each of the ve
main groups of particles between the ne and coarse fractions
is very variable depending on the station (Table 1). In this case
Fe-rich particles were again the most common independent of
the type of line or station, varying from 49% (Onze de Setembre)
to 95% (Rocafort) in the ner particles, and from 37% (Onze de
Setembre) to 89% (Poble Sec) in the coarser particles. These Fe-
rich particles are typically present with other particles including
silicates (especially in the coarse fraction) and sodium salts
(more frequent in the ner size). Aluminium and magnesium
silicates (crustal particles, mostly sourced from the ballast) were
also identied in all stations and were more common in the
coarser size as expected, especially in Tetuan (Table 1), whereas
ne mineral particles were predominant in the Palau Reial
station. Similarly Na salts (halite and other salts) were very
frequent in ne and coarse samples from Tetuan, Onze de
Setembre and Lleà, but were not identied in Santa Coloma.
Salt particles were more abundant in the coarse fraction in the
cases of Joanic, Rocafort and Onze de Setembre; however, the
rest of the stations showed a preference for ner particles. This
could be related to the abundant presence of other salt species
in these samples in addition to the marine salt, as many Na-rich
particles (without Cl) were observed attached to Fe-rich particles
in the PM1–2.5 samples. Similarly, sulphate particles were more
This journal is © The Royal Society of Chemistry 2017



Fig. 1 Average percentage per station of eachmain chemical component recalculated after excluding carbon (sample coating) and gold (sample
grid) concentrations, for coarse (PM2.5–10) and fine (PM1–2.5) samples (based on an average of 100 single particles per sample), indicating the type
of station (single track: Tetuan; double track with a middle wall: Joanic, Palau Reial and Poble Sec; double open track: Santa Coloma and
Rocafort; and with PSD system: Llefià and Onze de Setembre).

Table 1 PM1–2.5/PM2.5–10 ratios for the number of particles of different compositions sampled at each station. Percentage of the number of total
particles is shown in brackets. PM1–2.5 or PM2.5–10: only found in that fraction; —: no particles analysed with that composition

PM1–2.5/PM2.5–10 Crustal Na + Cl SO4
2� Fe2O3 Other metals

Tetuan 0.11 (4%) 1.44 (32%) PM2.5–10 (<1%) 0.94 (63%) 1.58 (1%)
Joanic PM2.5–10 (2%) PM2.5–10 (9%) 1.53 (6%) 1.37 (74%) 1.15 (9%)
Palau Reial 9.16 (16%) 2.89 (6%) 0.48 (2%) 0.79 (64%) 0.53 (12%)
Poble Sec 1.06 (4%) 1.32 (9%) — 0.89 (83%) PM1–2.5 (5%)
Rocafort 0.43 (4%) PM2.5–10 (<1%) — 1.11 (91%) 0.43 (4%)
Santa Coloma PM2.5–10 (2%) — — 1.17 (71%) 0.78 (27%)
Onze de Setembre 0.78 (14%) 0.68 (33%) PM1–2.5 (3%) 1.31 (43%) 0.78 (7%)
Lleà 0.45 (3%) 2.24 (15%) 6.29 (9%) 0.75 (73%) —
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abundant in the ner size fraction especially in the case of Lleà
where gypsum (calcium sulphate) was the most common (14%
in the PM1–2.5 samples), whereas in the other stations sulphur
was more commonly associated with metals such as Ba (espe-
cially in the coarse fraction of Onze de Setembre in the new line)
or Zn. Such particles rich in Ba, and sometimes Zn, are emitted
by brakes and were recognised in all sites except in the new
station of Lleà, being particularly abundant in Santa Coloma
(24% ne samples). This is in agreement with the high
concentrations of Ba analysed in PM2.5 lters collected on the
platform of this station.2 Cu-rich particles were abundant in the
This journal is © The Royal Society of Chemistry 2017
Joanic samples, especially in the ner size fraction, and attrib-
uted to sourcing from the use of copper catenary. Copper-
bearing particles, although much less common, were also
identied in all other conventional stations (although not in the
new PSD line). Given the fact that such stations operate using
a graphite catenary, the origin of the copper is most likely to be
from the composition of the lateral brakes used in these lines.
No clear differences can be observed in the particle composition
according to the design of the stations, indicating that their
sources are similar independent of the age, depth, number of
rail tracks or presence of platform screen doors in the stations.
Environ. Sci.: Processes Impacts, 2017, 19, 59–64 | 61
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The distributions shown in Table 1 reect the dominant
heterogeneity of particle sizes between stations depending on
their composition, with the exception of Fe-rich particles that
are equally frequent for both PM sizes. There is no clear
explanation for mineral particles being more frequent in the
ner size fraction in some of the stations, these particles come
mostly from the presence of granite ballast holding the rail
tracks and the resuspension of dust deposited on the platforms;
however the presence or absence of ballast does not seem to
inuence the relative concentration of these particles in the
studied stations (Palau Reial, Joanic, Poble Sec and Rocafort
have ballast). Equally calcium sulphate (gypsum) and sea salt
particles are distributed differently depending on the station.
Although metal particles are preferentially concentrated in the
ner size fraction in some stations, the opposite occurs in
others suggesting in this case a possible nugget effect.10

The differences in size distribution for PM chemical
components in the subway system compared to outdoor
ambient air may be related to the differences in the formation
processes and later alterations of subway airborne particles.
Outdoor particles in Barcelona are dominated by mineral dust,
secondary inorganic compounds and traffic related PM (48, 16
and 14% in PM2.5–10, and 27, 23 and 23% in PM2.5), followed by
particles from fuel oil, industries and sea salt.14 In the subway
environment, particles are mainly generated by mechanical
friction between surfaces that can reach high temperatures, and
can be subsequently strongly altered and/or milled by the
constant movement of trains. In addition, the chemical
composition of single particles in the subway environment is
complex with most of them being present as agglomerates with
smaller particles being attached to larger ones. In the PM1–2.5
Fig. 2 Examples of secondary electron (SEI) SEM images for PM collecte
were analysed; (b–d) Fe-oxide core with an external rim richer in salts; (e
surrounded by salt and Fe-rich particles.
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fraction we detected in most cases that the majority of the Fe
particles present a coating made up of salts (Na, Cl, S, Mg,
Ca,.) and small particles of mineral matter (including Ca-
carbonates, clay minerals and quartz).

Detailed analysis using a back scattered electron detector
(BSED) coupled with an Everhart Thornley Detector (ETD) for
secondary electrons, as well as TEM-DRX analysis, showed that
an important proportion of particles comprise a nucleus made of
metallic Fe that is coated by hematite (Fe2O3), with a bright signal
with BSED (indicative of a high density material), and being itself
coated with a low BSED signal (indicative of a low density
material) that clearly denes an external layer or crust. EDX
analysis demonstrated that these external crustal layers are
composed of salts and mineral matter. Fig. 2 shows a random
typical grid area where particles were analysed (Fig. 2a) and
provides examples of particles showing a high Fe-oxide core with
an external rim richer in salts (Fig. 2b–d). The presence of
a mixture of iron metal covered by various oxides has already
been recorded in previous studies in subway particles, being
interpreted as a record of a progressive oxidation of iron splinters
and akes to magnetite, maghemite and hematite.5,10–13,15 Unal-
tered Fe-oxide particles have also been observed either isolated or
attached to other particles such as carbonaceous soot (Fig. 2e)
emitted by traffic sources, most probably from the outside
ambient air or diesel emissions during tunnel nightworks.

In the PM2.5–10 fraction we observed a similar behaviour for
mineral particles, which are also typically surrounded by salts
(Fig. 2f, with Na–S–Ca–Cl) and Fe-rich (from wheel and rail
wear) particles.

We interpret these structural and chemical patterns to be the
result of the emission of mainly PM2.5 (or smaller) train and rail
d in the subway environment. (a) Example of grid areas where particles
) Fe-oxide particle attached to carbonaceous soot; (f) mineral particle

This journal is © The Royal Society of Chemistry 2017



Fig. 3 Schematic process from “a” to “f” of Fe-rich (top) and mineral (bottom) particle alteration and formation of new smaller particles attached
to them. See text for discussion.
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wear primary particles, which were mostly made up originally of
metallic Fe (Fig. 3a) and were rapidly oxidised (Fe2O3, Fig. 3b).
The morphologies of these particles, generally planar with few
spherical forms, suggest a mechanical origin by the friction of
rails, wheels and brakes rather than condensation of Fe
vapour.10 However during the friction that caused the emission
of abrasion products high temperatures would have been
reached, promoting the subsequent rapid oxidation of the
native metal particle.9,11,16 A lm of water condensing on the
cooled particle surface (Fig. 3c) then formed a liquid coating in
which soluble (Na–Cl–S–Ca–Mg) and insoluble (calcite, CaCO3

and a variety of aluminium silicates and quartz phases, as well
as tiny FePM) phases were present (Fig. 3d and e). Evaporation
of this lm le the Fe-rich particles coated by an external salt
and mineral matter crust (Fig. 3f). A similar layered structure
resulting in the addition of a mineral coating was also observed
by close examination of silicate PM in our samples. A graphic
illustration of the progressive modication of the original PM,
both metallic and non-metallic, is provided in Fig. 3. Other
metal particles present in the subway environment (e.g. Zn, Ba,
Cr, Mn or Cu) can equally be altered similarly to Fe oxides.
Conclusions

The processes involved in the generation of airborne particles in
the subway air and their subsequent alteration are very different
from those happening in other environments. The immense
majority of the particles are produced by themovement of trains,
with the mechanical friction between wheels, rails and brakes,
with the elements Na, Zn, Mg, Al, Si, S, Cl, K, Ca, Ba, Ti, Cr, Mn,
Fe, Cu, Mo, Pd, P and Mo being detected by EDX coupled to
electron microscopy. The main components observed under the
SEM can be grouped as crustal (Mg, Al, SI, K, Ca, Ti, and P), sea
salts (Na and Cl), sulphates, hematite (calculated assuming all
iron as hematite) and other metals (Zn, Ba, Cr, Mn and Cu).
This journal is © The Royal Society of Chemistry 2017
Aer studying PM collected on 8 different subway platforms
the average chemical composition of these samples is clearly
and predictably dominated by hematite in both coarse and ne
fractions for all types of stations (up to 88%), followed by
a crustal component (up to 19% in the coarse fraction), marine
aerosols (up to 9% coarse fraction), other metals (up to 9%
coarse fraction), and sulphates (up to 5% coarse fraction), not
considering carbon as a component as samples had to be coated
with this element for their observation in the SEM and TEM.

In any case, the relative contribution of each of the chemical
components between the ne and coarse fractions is very variable
depending on the station, with no clear differences according to
the design of the stations, indicating that their sources are
similar independent of the age, depth, number of rail tracks or
presence of platform screen doors. The lack of similar size
distribution for PM chemical components in the subway system
compared to outdoor ambient air may be related to the differ-
ences in the formation processes and later alterations.

Close microscopic observation of the Fe-rich airborne particles
in the subway environment reveals that most of them possess
a coatingmade up of salts (Na, Cl, S,Mg, Ca,.) and small particles
of mineral matter (including Ca-carbonates, clay minerals and
quartz). The morphologies of these particles are generally planar
with few spherical forms, conforming with a mechanical origin
from the friction produced between rails, wheels and brakes rather
than condensation of Fe vapour. However during the friction that
caused the emission of abrasion products high temperatures were
reached and water could condense on the surface forming a water
coating in which soluble and insoluble phases are adsorbed, and
evaporation of this water leaves an external salt andmineralmatter
rim coated on the particles.
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• Tunnel ventilation plays a key role in
maintaining cleaner subway platform
air.

• Better platform air quality is achieved
by combining fan impulsion with
higher power.

• Reversing platform air flow to extrac-
tion immediately results in higher am-
bient PM.

• A/C filters in trains keep their PM im-
provement capability even when
3 months old.
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As part of the European-funded IMPROVE LIFE project work programme experiments were performed in the
Barcelona Metro system with the objective of better understanding the relationship between ventilation and
air quality. The results demonstrate that tunnel ventilation plays an extremely important role in maintaining
cleaner air and is capable of reducing both inhalable particulate matter (PM) mass and particle number
concentration (N0.3 μm) on platforms by over 50%, even in the presence of full-length platform screen doors.
Another key influence on platform air quality is the chosen combination of fan power and forced air flow
direction (impulsion of outdoor ambient air or extraction of subway indoor air): cleaner platform air was
achieved using platform impulsion at higher power settings designed to ameliorate high summer temperatures
underground. Reversing platform air flow from impulsion to extraction produced an immediate deterioration in
PM air quality, most notably if the higher power setting was maintained, when an especially marked increase in
numbers of very fine (submicron) particles was observed and attributed to tunnel air being drawn into the
platform. At night, in the absence of trains and platform ventilation, platform air quality improves when tunnel
fans are working at reduced power, whatever the flow direction (impulsion/extraction). Inside the air
conditioned Barcelona Metro trains (where underground commuters spend most of their time) air quality is
markedly better than on the platform, and unchanged A/C filters were observed capable of maintaining a similar
reduction in inside train PM for at least three months.

© 2017 Elsevier B.V. All rights reserved.
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Fig. 1. Ventilation setting for platforms and tunnel in Tarragona station during the study.
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1. Introduction

The use of public rather than private transport to abate urban atmo-
spheric emissions is to be encouraged, and, in this context, subway sys-
tems are especially desirable as they are based on electric trains, are
energetically/environmentally efficient, and help diminish surface traf-
fic congestion. However, in response to increasing scientific and public
awareness of the importance of clean air to human health, a number
of studies have revealed unacceptably high levels of inhalable particu-
late matter (PM) in some subway systems (e.g. Furuya et al., 2001;
Johansson and Johansson, 2003; Aarnio et al., 2005; Seaton et al.,
2005; Cheng et al., 2008; Kim et al., 2008; Park and Ha, 2008; Murruni
et al., 2009; Salma, 2009; Ye et al., 2010; Cheng and Yan, 2011;
Sioutas, 2011; Múgica-Alvarez et al., 2012; Park et al., 2012; Querol et
al., 2012; Colombi et al., 2013; Cartenì et al., 2015; Perrino et al., 2015;
Chen et al., 2016; Wang et al., 2016; Xu et al., 2016; Gong et al., 2017;
Zheng et al., 2017). This realisation has in turn led to studies increasing-
ly concerned with understanding the PM sources and controls on
subway air quality, this being a major focus of the on-going European-
funded IMPROVE LIFE project (http://improve-life.eu). This project
involves close collaboration between the Barcelona subway operator
TMB and the Spanish Research Council (CSIC) Air Quality Research
Group based at IDAEA, these two partners together designing a series
of experiments aimed at improving air quality underground and
offering transport authorities scientific information to help them to
reduce concentrations of PM in the subway environment.

It is by now clear that while there are several factors affecting PM
concentrations in underground train systems, a key controlling influ-
ence common to subways worldwide is the type of ventilation operat-
ing in the tunnels and station platforms (e.g. Awad, 2002; Ripanucci et
al., 2006; Moreno et al., 2014; Kim et al., 2015; Lee et al., 2015;
Martins et al., 2015; Kwon et al., 2016). This has been demonstrated,
for example, by observing differences in air quality due to seasonal
changes in tunnel and platform ventilation: studies in both Prague
(Braniš, 2006) and Barcelona (Martins et al., 2015, 2016) record a de-
crease in PM concentrations of 30–35% when summer air conditioning
is operating. A similar percentage decrease in PM2.5 concentration has
been observed during experiments when the mechanical ventilation
system was turned on after a period of inactivity when reliance was
placed only on the train piston effect to move air through the tunnels
and platforms (Moreno et al., 2014; Martins et al., 2015). Such subway
ventilation systems are traditionally designed and installed with the
primary purpose of ensuring energy efficiency and passenger comfort
and safety, particularly in controlling temperature and reducing
smoke hazard during emergency incidents (e.g. EC, 2001; Kim and
Kim, 2009; Luo et al., 2014; Di Perna et al., 2014; Casals et al., 2016).
Consideration of the effects of subway ventilation on underground air
quality and specifically on PM inhalation by passengers is, in contrast,
a relatively recent and untested development. In this paper we report
on three new experiments designed under the IMPROVE LIFE work pro-
gramme to study the influences of subway ventilation on PM air quality
within the BarcelonaMetro system. These involved investigations of the
effects of: (1) changing forced underground air flowdirection under dif-
fering ventilation power settings; (2) eliminating tunnel ventilation in a
new station equipped with platform screen doors; (3) extending the
user lifespan of air conditioning filters inside rail carriages.

2. Methodology

2.1. Reversing platform and tunnel forced ventilation air flow

This experimentwas carried out at themetro station of Tarragona in
line 3 (L3), which was built in 1975 at a depth of 14 m below ground
level. The design of the station is characterised by one wide tunnel
with two rail tracks and lateral platforms. The mechanical ventilation
system utilized in this station during the subway working hours
involves introducing outdoor air using fans (50 Hz) into the platform
(impulsion) and removing indoor air back towards street level (extrac-
tion) through vertical shafts in the tunnel. During normal (weekday)
night time hours there is no mechanical ventilation in the platforms
and the fans in the tunnel are reversed to introduce outdoor air into
the underground system. For this study, over a period of one week the
normal ventilation conditions were changed from impulsion to extrac-
tion on the platform during daytime hours so that underground air
was being removed simultaneously from both platform and tunnel
(“Total Extraction”). During the non-operational night hours there
was no ventilation operating on the platform (as normal), but in the
tunnel the fans weremaintained in extractionmode rather than revers-
ing to the normal night time impulsion. The experimentwas repeated in
order to compare both warmer (June 2015) and colder (March 2016)
conditions, as the forced ventilation in the tunnel operates at stronger
levels during the summer heat (49 Hz versus 24 Hz in cooler seasons).

The ventilation conditions compared during the Tarragona study are
illustrated in Fig. 1, which contrasts the standard air flow system (im-
pulsion on platform)with themodified (extraction fromplatform) ven-
tilation setting during “day” (operational hours) and night.

The measurement equipment was located at the platform end, cor-
responding to the train entry point, at around 1.5 m above the ground
level and behind a light fence for safety protection. The specificmonitor-
ing equipment used comprised: i) a light-scattering laser photometer
(DustTrak 8533, TSI) for PM1, PM2.5 and PM10 (particulate matter with
aerodynamic diameter b1 μm, 2.5 μm and 10 μm, respectively) mass
concentrations; ii) an optical particle sizer (OPS 3330, TSI) to measure
number size distributions (N) in the size range 0.3–10 μm; this instru-
mentmeasures the optical diameter of the particles by a 120° light scat-
ter, andfilter sampling, in 16 size channels at a 1 L·m−1 flow rate); iii) a
high volume sampler (CAV-A/MSb, MCV) with a PM2.5 head for gravi-
metric and chemical analysis. Continuous measurements (24 h/day)
with a 5-min time resolution were performed using the OPS and the
DustTrak equipments. PM2.5 concentrations provided byDustTrakmon-
itor were corrected against the in-situ and simultaneous gravimetric
PM2.5 measurements.

2.2. Platform air quality with and without tunnel ventilation

The air quality monitoring station (including the same equipment
used in the Tarragona experiment detailed above, although with the
OPS operating only during the first two weeks), was positioned at the
platform end in the station of Collblanc. This platform belongs to the
newest metro line of the city (L9S, the southern end of the future L9
still in progress), opened in February 2016 to connect the city centre



Table 1
Mean concentrations of selected air pollutants in the station of Tarragona during working
hours (05:00–24:00 h). N values (particle number concentrations for 0.3–1, 1–3 and 3–
10 μm in size) expressed as dN/dlogDp. PI/TE: Platform Impulsion/Tunnel extraction
(Standard Ventilation Protocol); PE/TE: PlatformExtraction/Tunnel Extraction (Non-Stan-
dard Ventilation Protocol); STV: Stronger Tunnel Ventilation (summer: 49 Hz); WTV:
Weaker Tunnel Ventilation (colder season: 24 Hz).

Parameter STV WTV

PI/TE PE/TE PI/TE PE/TE

PM2.5 (μg·m−3)a 55 ± 18 73 ± 28 76 ± 18 80 ± 22
N0.3–1 (#·cm−3) 1293 ± 136 1876 ± 138 1726 ± 68 1749 ± 85
N1–3 (#·cm−3) 68 ± 5 84 ± 8 89 ± 4 95 ± 4
N3–10 (#·cm−3) 8 ± 0.9 10 ± 0.8 10 ± 0.5 11 ± 0.6

a Gravimetric data from sample collected in quartz fibre filter in HVS.
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with the airport. The design of the station is characterised by driverless
trains running through a single tunnel with one rail track separated
from a single platform by a wall with a full length platform screen
door system (PSD). The organisation of L9S at Collblanc is unusual be-
cause at this end of the line the two railtracks run one above the other
in vertically separated 12-metre-wide tunnels, rather than side by
side. In Collblanc the situation is complicated by the fact that only the
lower rail track and platform are currently open for public use, so that
trains run in both directions using the same tunnel. The upper station
is closed to the public until new future stations are opened, and is cur-
rently only used for maintenance works.

The L9S line runs from the airport towards the city initially at rel-
atively shallow depths beneath the River Llobregat delta but in its
final stretch tunnels deeper as it runs beneath the rapidly rising
ground surface of the Pla de Barcelona, a peneplain that slopes
down to the sea from the Collserola Hills (Gibbons and Moreno,
2012). This topography results in unusually deep stations at the
“city” end of the line (Collblanc lies at 53 m below ground level),
these being ventilated by stronger and more numerous fans than in
the older conventional lines. A very strong air velocity is always felt
on the platform at Collblanc when each train is approaching, with
in some instances this enhanced piston effect being strong enough
to trigger one of the station fire alarms. In the process of
investigating the reasons for this unusual piston blast it was decided
to monitor air quality while experimenting with air flow intensity
driven by the tunnel mechanical ventilation settings. Air quality
was therefore measured on the passenger in-use platform for five
weeks (11th May to 27th June 2016). During the first, third and
fifth weeks ventilation conditions were operating as normal, with
platform air extraction fans operating at 30 Hz, and two tunnel air
impulsion fans operating at 37.5 Hz. During the second and fourth
weeks the tunnel ventilation was shut down completely while
platform ventilation remained operating as normal. From 27th June
to 11th July 2016, instruments were moved to the out-of-service
platform located immediately above, to compare platform air quality
in the absence of regular passenger movement but the presence of
maintenance transport.

2.3. Train air conditioning filters

To measure the effect on PM2.5 concentrations of using train air
conditioning filters beyond their normal replacement date a
DustTrak monitor was installed inside an intermediate driver cabin
in two trains of line 3 (L3). The filters used are made of polyester
fibres impregnated with synthetic resins (class EN779). These filters
are not designed for cleaning the air (as is the case for cabin air filters
inside vehicles) but to maintain the comfort temperature in the
carriage. Data on PM2.5 concentrations provided by DustTrak
monitors were corrected against simultaneous gravimetric PM2.5

measurements before and after the monitoring campaign, a widely
accepted reference method. These cabins are not in use, so they
were chosen as a compromise between meeting conditions for
uninterrupted continuous measurement and not obstructing the
commuters or driver during normal activity. The selected rolling
stock form part of the old fleet of L3 (3000 series) which comprise
two trains attached, so that an empty (“intermediate”) driver cabin
lies in the centre of the train. PM2.5 levels were simultaneously
measured in a passenger carriage during four 20–30 min trips, also
using a DustTrak monitor. The linear correlation between PM2.5

levels measured in the intermediate driver cabin and in the
passenger carriage shows a coefficient (R2) of 0.70 and a slope of
0.76, confirming that air inside these cabins is indeed representative
of the passengers' exposure as they have the same ventilation system
as the rest of the carriage. The A/C filters are normally regularly re-
placed every month according to current manufacturer protocol.
Measurements in the train started when all air conditioner filters
were replaced. Filters were changed again after one month (follow-
ing the established TMB protocol) but then were left in place in
order to evaluate any effects on air quality by doubling the service
life of filters from one to two months. To test the reproducibility of
the results, a second campaign was carried out in a different train
of L3. In this case air conditioner filters in the selected train had
been changed one month before the beginning of the sampling cam-
paign, and were not replaced again for the whole campaign, allowing
us to observe air quality up to three months after filter replacement.

3. Results

3.1. Platform air flow reversal

Table 1 summarises the data on PM2.5 mass and particle number
concentrations measured on the platform during normal operating
hours (05:00–24:00). Comparison is made between normal levels
under standard ventilation protocols, measured the previous week,
and those during the non-standard ventilation experiment for the two
campaigns at different seasons in June (Stronger Tunnel Ventilation:
STV) andMarch (Weaker Tunnel Ventilation:WTV). One immediate re-
sult that emerges from the High Volume Sampler data is that under
standard ventilation conditions average PM2.5 concentrations are con-
sistently and substantially (N35%) higher when the fans are operating
at reduced levels (Table 1: compare platform impulsion STV with plat-
form extractionWTV: 55± 18 vs. 76± 18 μg·m−3). Under experimen-
tal conditions, when platform ventilation was reversed from impulsion
to extraction, air quality deteriorated sharply when the fans in the tun-
nel were operating at higher power (Table 1: compare 55 ± 18 with
73 ± 28 μg·m−3), bringing PM2.5 mass concentrations back up almost
to those under standard cooler weather/weaker ventilation conditions.
The rise in PM levels produced by airflow reversal from impulsion to ex-
traction was much less marked (5%) when the fans in the tunnel were
operating under cooler weather/weaker ventilation settings (Table 1:
76 ± 18 to 80 ± 22 μg·m−3).

The reduction in PM air quality produced by reversing platform ven-
tilation fans from impulsion to extraction during operating hours while
the tunnel fans are running at higher-power in summer is also revealed
by the DustTrak laser photometer and OPS data, as demonstrated by
comparing the bar graphs a-d on Fig. 2. This drop in PM concentrations
was not registered in the ambient PM concentrationsmeasured outdoor
during the same time period (data not shown) indicating a low influ-
ence of outdoor air in the platform as previously noted by Martins et
al. (2015) in the Barcelona subway system. The data on Fig. 2 also
allow comparison between operating hours (05:00–24:00 = “DAY”)
and non-operating hours (00:00–05:00 = “NIGHT”) by selecting only
weekday data and thus avoiding the confounding effects of the Barcelona
Metro being open all night at weekends. The OPS data indicate that the
rise in PM due to the switch from platform impulsion (PI) to extraction
(PE) during operating hours with stronger ventilation in the tunnel is
most marked in the finer particle sizes. Thus average numbers of



Fig. 2.DustTrak (DT, PM2.5) andOPS (N0.3–1, N1–3, N3–10) data forDAY (Operating hours (05:00–24:00)) andNIGHT (Non-operating hours, noplatformventilation) periods during stronger
andweaker ventilation (SV/WV). PI= Platform Impulsion; PE=Platform Extraction; TI= Tunnel Impulsion; TE=Tunnel Extraction. STV: Stronger Tunnel Ventilation (summer: 49Hz);
WTV: Weaker Tunnel Ventilation (colder season: 24 Hz).

Table 2
Mean concentrations of selected air pollutants in the station of Collblanc during working
hours (05:00–24:00 h). HVS: High Volume Sampler; DT: DustTrak. TV: Tunnel Ventilation.

Parameter Operational platform Nonoperational platform

TV on TV off

PM2.5 (μg·m−3) HVS 22 ± 6 53 ± 7 20 ± 5
PM2.5 (μg·m−3) DT 22 ± 7 57 ± 16 26 ± 10
N0.3–1 (#·cm−3) 319 ± 23 658 ± 38 410 ± 22
N1–3 (#·cm−3) 12 ± 0.9 67 ± 5.3 10 ± 1.7
N3–10 (#·cm−3) 2 ± 0.1 9 ± 0.4 1 ± 0.4
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“daytime” submicron-sized number concentration rise by 45% as com-
pared to only a 25% increase in coarser inhalable fractions (Fig. 2b–d).
Under conditions when the tunnel ventilation fans are operating with
less intensity, only a slight increase in particle number across all size
ranges is induced by switching from platform impulsion to extraction
(Fig. 2f–h). With regard to “night time” values, when the platform venti-
lation is switchedoff, here the enhanced tunnel ventilation airflowduring
the summer months has the effect of inhibiting gravitational settling and
so maintaining high ambient PM and number particle concentrations in
platform air, whether or not the tunnel fans are operating on impulsion
or extraction (Fig. 2b–d). In striking contrast, when the night tunnel
fans are working at lower power, both mass and numbers of inhalable
PM on the platform drop by around half or more (Fig. 2f–h), producing
unusually clean conditions if allowed to remain undisturbedby, for exam-
ple, night timemaintenanceworks. Judging from thenight timedata from
both DustTrak and OPS monitoring systems, whether or not the tunnel
fans are set at impulsion or extraction has little observable effect on plat-
form air quality when compared to the impact of increasing fan power
and therefore air flow rate in either direction.

The data therefore clearly demonstrate that reversing subway
platform ventilation settings from impulsion to extraction during
subway operational hours impacts negatively on air quality when
tunnel fans are working at higher power to alleviate summer heat.
It is interesting to highlight that this increase of platform PM levels
and number concentrations under summer conditions was observed
immediately after the change of the ventilation air flow from
impulsion to extraction. Levels did not tend to increase during the
subsequent week, but the percentage of increase over standard
conditions was maintained.

3.2. Tunnel ventilation experiment

As demonstrated by the data in Table 2 there was an obvious and
marked deterioration in platform PM air quality at Collblanc station in
response to the shutdown of tunnel ventilation. Concentrations of
PM2.5 as measured during operational hours by the High Volume Sam-
pler were initially very low for subway air (as previously reported in
this station with its PSD system, Martins et al., 2015) but then more
than doubled from b25 μg·m−3 to N50 μg·m−3 in the absence of
operating tunnel fans (Table 2). Fig. 3 presents bar plots for the first
twoweeks of the experiment (whenOPS datawere available) and offers
further insight into the distribution of ambient PM. Under normal
ventilation conditions on the Collblanc platform the numbers of partic-
ulates are exceptionally low across each of the three size groupings
(N0.3–1/1–3/3–10=319/12/2)when compared to, for example, conditions
previouslymeasured at Tarragona station (N0.3–1/1–3/3–10= 1293/68/8).
When tunnel ventilation is shut down the finest PM sizes over double in
number whereas the coarser inhalable particles rise four- or fivefold
(N0.3–1/1–3/3–10 = 658/67/9). This preferential increase in the coarser
PM sizes has the effect of bringing PM1–10 numbers up to “Tarragona”
levels (i.e. those more typical of the older lines not fitted with platform
screen doors), whereas the numbers of finest particles (N0.3–1) at
Collblanc still remain relatively low.

3.3. Train air conditioning filters and PM levels

As has been demonstrated in previous publications, the use of air
conditioning inside subway train carriages results in a clear drop in
PM concentrations inside the train carriages, especially with regard to
coarser inhalable particles (Chan et al., 2002; Querol et al., 2012;
Martins et al., 2015). This was further confirmed during our A/C filter
experiment, with the DustTrak equipment located inside the train



Fig. 3.DustTrak (DT) andOPS data in Collblanc stationwith tunnel ventilation (TV) on and
off.
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registering mean PM2.5 levels of 36 ± 13 μg·m−3 during subway oper-
ation hours, this being 30–50% lower than those recorded at platforms
of L3 stations during the same period (a high linear correlation, R2 =
0.70, was observed between daily levels recorded inside the train and
those simultaneously measured at platforms of L3 stations). Table 3
shows averageweekly PM2.5 levels across the 3monthmonitoring peri-
od (measured in three different periods). PM levels were highest
(N40 μg·m−3) in the first weeks of the campaign (early to mid-July),
decreasing to b35 μg·m−3 possibly influenced by Barcelona entering
its summer holiday period when the number of trains on the L3 train
decreased. A similar “weekend effect” decrease of up to 20% onweekday
levels was also observed, presumably for the same underlying reason.
The most important observation arising from collecting these data,
however, is the fact that PM2.5 concentrations appear unaffected by
the same filter being used for over 90 days. Although current protocols
operate on the understanding that these filters need to be replaced
monthly, our results indicate that (at least in terms of air quality mea-
sured in inorganic particle mass) there is no obvious need for such fre-
quent replacement, offering the possibility of considerable cost savings.

4. Discussion and conclusions

It is already clear from previous studies worldwide that concentra-
tions of inhalable PM in the subway environment can be extremely var-
iable (Martins et al., 2015 and references within). This is amply
demonstrated by the IMPROVE LIFE results on the BarcelonaMetro sys-
tem, which provide one of the most detailed freely available published
databases available on the range of average PM levels to be expected
across a subway system (http://improve-life.eu). The new stations in
Barcelona fitted with platform screen doors, such as those in line L9S
at Collblanc, offer the best underground air quality under normal venti-
lation protocols (impulsion in both tunnel and platform). With PM2.5

values commonly lying within the range 20–30 μg·m−3, air quality in
these stations is comparable to, or even cleaner than, that inhaled
when walking through the city streets above (Tsai et al., 2008;
Moreno et al., 2015a). Levels of particulatematter inside air conditioned
Metro train carriages (where commuters spend most of their travelling
time) in our study were also relatively clean, being broadly comparable
to commuting by tram in Barcelona (Moreno et al., 2015a). Switching
off A/C in such trains, however, produces a steady deterioration in air
Table 3
Mean concentrations of PM2.5 measured inside a train across three monitoring periods
with the same A/C filter.

PM2.5 (μg·m−3) Weeks after changing A/C filter

1 2 3 4 5 6 7 8 9 10 11 12 13

Train 1 (1 month) 40 47 43 43
Train 2 (2 months) 41 41 40 36 31 38 33 32 30
Train 3 (3 months) 46 43 35 33 31 32 31 35 34 35
quality, with ambient PM2.5 concentrations in some cases more than
doubling (Martins et al., 2015). Underground platform PM2.5 average
concentrations are typically substantially higher than those inside
trains, commonly exceeding 50 μg·m−3 and in several published stud-
ies N100 μg·m−3 (Johansson and Johansson, 2003; Seaton et al., 2005;
Kim et al., 2008; Park and Ha, 2008; Murruni et al., 2009; Ye et al.,
2010; Querol et al., 2012).

The majority of subway PM are locally sourced ferruginous particles
derived from the wear of rails, train wheels and brakes (e.g., Chillrud et
al., 2004; Aarnio et al., 2005; Kang et al., 2008; Salma et al., 2009; Jung et
al., 2012; Midander et al., 2012; Eom et al., 2013; Moreno et al., 2015b;
Cui et al., 2016).Many of these particles are extremelyfine: theOPS data
indicate the most common mean size at around 0.5 μm (data not pre-
sented here). These fine FePMmaterials are driven though the tunnels,
ventilation shafts, and into station platforms by the piston effect of the
trains, but their distribution is also influenced by the complex additional
flows imposed by the presence and positioning of tunnel vent shafts and
mechanical fans. Ventilation shafts in the tunnel will allow for the ex-
pulsion of air as the train approaches, thus ameliorating the blast of air
directed towards the next station until the train passes the shaft,
when air flow reverses in the shaft and an air blast peak is pushed
into the station (e.g. Kim and Kim, 2009). In our study at Collblanc it is
clear that the operational presence of a strong tunnel fan system does
much to maintain relatively clean tunnel air and so lessen contamina-
tion of platform air by subway FePM. The importance of these fans to
air quality is perhaps surprising considering the presence of brand
new full-length platform screen doors which would be expected to in-
hibit air exchange between platform and tunnel. However recently pub-
lishedwork has already indicated that such PSD systems do not prevent
contamination of the platform by tunnel air (Martins et al., 2015; Kwon
et al., 2016). Our data strongly reinforce this conclusion by demonstrat-
ing that such a PSD system will not prevent inhalable PM levels from
doubling or even (for the coarser sizes resuspended by the strong
train piston effect) quadrupling once the tunnel fans are shut down.

Another key point demonstrated by the data presented above is that
with regard to platformventilation, optimumair quality is best achieved
by combining platform impulsion fanswith tunnel extraction fans oper-
ating at high power to drive exterior air into the station and dilute the
FePM. Switching from platform air impulsion to extraction under
these well-ventilated conditions however fails to achieve this dilution,
despite the high air flow, leading to a clear deterioration in air quality
asmeasured by inhalable PMmass and number concentration. As dem-
onstrated in Fig. 2, the finer FePMparticles in particular are preferential-
ly increased by this switch to platform extraction, indicating that more
contaminated air is likely being sucked out of the tunnel into the plat-
form.When fans in the tunnel are operating at lower power, thus reduc-
ing general air flow on the platform, air quality is correspondingly
worse. Under these less well-ventilated conditions switching air flow
from platform impulsion to extraction makes little difference to ambi-
ent PM during operational hours. Such less turbulent conditions, how-
ever, do lead to greatly reduced platform PM concentrations at night
time, with the dust settling after trains cease running and tunnel fans
are operating at lower power (Fig. 2).

In our studies presented in this paper we have focused on the effects
of ventilation, not least because it has become increasingly clear during
the IMPROVE LIFE project that the air flow patterns present in subway
stations have an important, indeed dominant, influence on air quality.
The primary concerns of subway design have traditionally focused on
safety during emergency incidents underground, passenger comfort
(temperature; piston air blast on the platforms) and energy efficiency.
Given the greatly increased awareness these days of the benefits of
clean air to human health, with currentWHO Interim Targets for annual
mean concentrations of outdoor PM2.5 being 10 μg·m−3, improving air
quality inside city vehicles and below ground should be an additional
and equally important concern to design engineers involved in com-
muter transport. Many urban residents spend a significant amount of

http://improve-life.eu
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their lives commuting to work, and there is already more than enough
epidemiological and toxicological evidence published to demonstrate
the likely long term health benefits to such people of breathing cleaner
air while travelling.

Themain conclusions from this IMPROVE LIFE study on subway ven-
tilation and air quality may be summarised as follows:

1. Subwayplatform air quality ismarkedly influencedby thepower set-
ting of tunnel ventilation fans and whether or not the platform air is
being introduced by impulsion or removed by extraction.

2. In an “old-style”Metro station not fitted with platform screen doors
the best subway platform air quality during operational hours was
achieved by using platform fans operating on impulsion together
with tunnel fans operating at higher power, and the worst when
using platform fans set to extractionwith tunnel fans at lower power.

3. Switching from platform impulsion to extraction with higher fan
power in the tunnel results immediately in amarked increase in am-
bient inhalable PM, especially in the numbers of finest particles (sub-
micron), which are presumably being drawn into the platform from
the tunnel.

4. At night when neither trains nor platform ventilation fans are opera-
tional, platformair quality improveswhen tunnel fans areworking at
lower power, whether or not they are operating on impulsion or ex-
traction. The resulting reduction in air movement from tunnel to
platform, due to subdued fan power and no train piston effect, pre-
sumably allows particles to settle out of suspension.

5. Forced mechanical tunnel ventilation makes an important contribu-
tion to maintaining good air quality on subway platforms, even in
the presence of full-length (floor to ceiling) platform screen doors.
In our study at Collblanc (L9S), switching off tunnel fans (while
maintaining platform ventilation) resulted in a four- to fivefold in-
crease in platform PM1–10 number concentration.

6. The air quality benefits of operating air conditioning inside train car-
riages aremaintained for at least threemonthswithout changing the
filters. If energy efficiency and pathogens are similarly unaffected
over this time span (or more), then there is a strong case for revising
existing protocols requiring monthly replacement of such filters.
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h i g h l i g h t s
� Particle number size distribution recorded at 9 different metro platforms.
� Mean N0.3e10 correlate with the depth of the platforms in the old metro lines.
� UFP may be partly governed by outdoor emissions through mechanical ventilation.
� At operating hours, coarse particles less abated than UFP by tunnel ventilation.
� The control of coarse particles should be a priority at the metro system.
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a b s t r a c t

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 N0.3e10 are closely related with the schedule of the metro service.
Conversely, the hourly variation of N0.007e10 (mainly composed of ultrafine particles) could be partly
governed by the entrance of particles from outdoor emissions through mechanical ventilation. Mea-
surements under different ventilation settings at three metro platforms reveal that the effect on air
quality linked to changes in the tunnel ventilation depends on the station design. Night-time mainte-
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 N1e10. 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 mm. 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.
1. Introduction

Metro systems are main transportation modes and typically
serve billions of commuters annually in metropolitan areas
tal Assessment and Water
ona, 18-26, 08034 Barcelona,

he).
worldwide. In major cities, metro can be viewed as a transport
lifeline, relieving road traffic congestion (Vasconcellos, 2001). They
also reduce air pollution above ground, thus Silva et al. (2012)
concluded that a metro strike in S~ao 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. Generally, 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), NO2 (Klepczy�nska-Nystr€om 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; Triad�o-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;
Klepczy�nska-Nystr€om et al., 2012; Gustafsson et al., 2012;
Midander et al., 2012; Onat and Stakeeva, 2013; Colombi et al.,
2013; Su�arez 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;Mejía et al., 2008). PMmass is dominated by
coarse particles (>1 mm) and provides little information about
Table 1
Specifications of the instruments deployed for this study.

ELPI

Measurement principle Impactor technology with particle charging and electrical
Particle size range 0.007e10 mm
Size uncertainty 4% in cut-off diametera

Size channels 12
(0.007e0.056; 0.056e0.094; 0.094e0.156; 0.156e0.263;
0.263e0.384; 0.384e0.616; 0.616e0.953; 0.953e1.61;
1.61e2.4; 2.4e4.01; 4.01e6.62; 6.62e10)

Flow rate 30 L min�1

a Pagels et al., 2007.
ultrafine particles (UFP; <0.1 mm). 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 (0.374e10 mm as reported by OPS, and
0.384e10 mm 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 R2 of
the linear regression between equipments increases by 25% and
the slope is closer to one when the selected size range for ELPI is
0.616e10 mm (the lower selected stage being 0.616e0.953 mm
instead of 0.384e0.616 mm; 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
OPS

detection 120� light scatter and filter sampling
0.3e10 mm
5% at 0.5 mm
16
(0.300e0.374; 0.374e0.465; 0.465e0.579; 0.579e0.721; 0.721e1;
1e1.2; 1.2e1.4; 1.4e1.732; 1.732e2.156; 2.156e2.5; 2.5e3.343;
3.343e4.162; 4.162e5.182; 5.182e6.451; 6.451e8.031; 8.031e10)
1.0 L min�1; ±5% accuracy
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particle N concentrations (N0.007e10), 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�1; 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 mm 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 (4e10 mm) 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 0.007e0.094 (UFP)
and the 0.953e4.01 mm fractions has been compared and will be
discussed.

Data on N concentrations recorded at an urban background
station (41�2301400 N, 02�0605600E, 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 mm.

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), Llefi�a (L10), Sagrera, Sant
Ildefons (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 Llefi�a (see Table 2
for further details about the selected stations). The study was car-
ried out during warmer (AprileSeptember) and colder periods
(OctobereMarch; 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 mm 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 mm, 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 (Su�arez
et al., 2014; Moreno et al., 2015).

Table 4 shows median concentrations recorded by OPS (N0.3e10)
and ELPI (N0.007e10) at each station during metro operating hours
and distinguishing the colder and the warmer periods, as described
in Table 2. As can be observed, N0.3e10 concentrations vary widely
among stations, ranging between 62 and 148 #cm�3 during the
colder period and between 48 and 183 #cm�3 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 (Llefi�a). For the old stations under study, a
moderate correlationwas obtained between N0.3e10 concentrations
and the depth of each station (R2 ¼ 0.72; Figure S2).

In four of the selected stations, N0.3e10 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 (AprileSeptember) in all stations,

http://www.R-project.org


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

Fig. 1. Map of the metro system of Barcelona indicating the selected metro stations.
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Table 3
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 mm.

City Study N (#cm�3) on platforms Method

(a)

Barcelona (Spain) Moreno et al., 2015 23 000 (0.01e0.3 mm) Electrical charging of particles
Boston (USA) Levy et al., 2002 25 000 (0.02e1 mm) Condensation nucleus counter
Helsinki (Finland) Aarnio et al., 2005 31 000 ± 14000 (0.01e0.5 mm) Condensation nucleus counter
London (UK) Seaton et al., 2005 14 000-29 000 (0.02e1 mm) Condensation nucleus counter
Prague (Czech Republic) Cusack et al., 2015 11 500 (0.014e0.637 mm) Scanning mobility particle sizer
Stockholm (Sweden) Klepczy�nska-Nystr€om et al., 2012 8 960 ± 660 (0.01e0.1 mm) Scanning mobility particle sizer
Stockholm (Sweden) Gustafsson et al., 2012 900-6000 (0.01e0.7 mm) Scanning mobility particle sizer
Stockholm (Sweden) Midander et al., 2012 7500-20 000 (0.014e0.33 mm) Scanning mobility particle sizer
Taipei (Taiwan) Cheng et al., 2009 15 500 (0.02e1 mm) Condensation nucleus counter
Barcelona (Spain) This study Colder: 12 500 (0.007e10 mm) Electrical low pressure impactor

(b)

Fukuoka (Japan) Ma et al., 2012 108-145 (0.3->5 mm) Laser optical counter
Istanbul (Turkey) Onat and Stakeeva., 2013 54-209 Rush hours

49-184 Non-rush hours
(0.3->0.5 mm)

Optical counter

Milan (Italy) Colombi et al., 2013 124-220 (0.3->5 mm) Optical counter
Washington D.C. (USA) Birenzvige et al., 2003 100-1000 (>1 mm) Laser optical counter
Barcelona (Spain) This study Warmer: 116 (0.3e10 mm)

Colder: 100 (0.3e10 mm)
Optical sizer

Table 4
Summary of median and the interquartile range (25thd75th percentile) of N0.3e10 (OPS) and N0.007e10 (ELPI) concentrations at each station during metro operating hours,
distinguishing the colder and the warmer measurement periods.

Metro station Colder period Warmer period

N0.007e10 (#cm�3) N0.3e10 (#cm�3) N0.3e10 (#cm�3)

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

Joanic 17 520 8984.2 25 527 89 66 110 75 52 104
Llefi�a 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
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according to TMB ventilation protocols. The comparison of N0.3e10
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 Llefi�a stations, where N0.3e10 con-
centrations were by 30e40% 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 mm during the warmer period. The importance of
ventilation rates at tunnels to air quality in Llefi�a 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 N0.3e0.37, 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 N0.3e10 concentrations in all size ranges measured in
Llefi�a 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.

N0.007e10 data was only available during the colder period and in
four stations, with concentrations ranging between 7060 and
17520 # cm�3, which is in the range of those measured in the
outdoor urban background of Barcelona (14 000 # cm�3 on average
during the same period for N0.005e1). The highest concentrations
were recorded at Joanic station, opposite to what was observed for
N0.3e10, and the lowest in Llefi�a (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 N0.007e10, N0.3e1;
N1e2.5 and N2.5e10 concentrations for the whole sampling period.
Similar daily trends of N0.007e10 concentrations, which mainly



Fig. 2. Comparison of N concentrations between stations for different size ranges
(0.3e10 mm) 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.
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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) 7:00e22:00 h:
impulsion of outdoor air at platforms and extraction of indoor air in
tunnels, and b) 22:00e7:00 h: no ventilation at platforms and
impulsion of outdoor air in tunnels. The lowest concentrations of
UFP were recorded from 3:00e6:00 h, depending on the station,
which differ from the daily cycle of N0.3e10, whose concentrations
start increasing earlier, coinciding with the beginning of the metro
service. Important peaks of N0.007e10 were recorded from 8:00 to
10:00 h and from 19:00 to 21:00 h. Concentrations of N0.007e10
considerably decrease at 22:00 when the ventilation at the
platforms stops, while N0.3e10 concentrations remain more stable
and decrease with the end of the metro service (Fig. 3).

Conversely, the pattern is rather different in Llefi�a station, where
the highest N0.007e10 concentrations were recorded at around
13:00e14:00 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 (6:00e23:00 h) and
night (23:00e6:00 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 N0.007e10 and
N0.3e10 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 Al2O3, 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 0.007e0.094 (UFP) and
0.953e4.01 mm (coarse particles). The most notable difference is
the high relative abundance of Fe in the 0.953e4.01 mm 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
Llefi�a.

It is important to highlight the significant higher contribution of
SO4

2�, 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 0.007e0.094 size range at Joanic, Tetuan and
Llefi�a, 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).



Fig. 3. Mean daily cycle of N concentrations, expressed as dN/dlogDp, for particles in the size ranges 0.007e10 (as reported by ELPI), 0.3e1, 1e2.5, and 2.5e10 mm (as reported by
OPS) at Joanic, Tetuan, Llefi�a and Santa Coloma stations.
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3.3. Time variation of N concentrations

Table 5 shows the kernel density plots of N0.007e10 and N0.3e10
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
(0:00e5:00 h), hours with the maximum train frequency
(7:00e9:00 h), and hours with a standard train frequency
(10:00e21:00 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 N0.3e10 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.



Fig. 4. Relative contribution of the determined chemical components at the four metro platforms during the warmer period for particles in the size ranges 0.007e0.094 and
0.953e4.01 mm *Trace elements include the sum of Li, Sc, Ti, V, Cr, Mn, Co, Ni, Cu, Zn, Ga, Ge, As, Se, Rb, Sr, Y, Zr, Nb, Mo, Cd, Sn, Sb, Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Pb, Ho, Er,
Tm, Yb, Lu, Hf, Ta, W, Tl, Bi, Th, U.
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Table 5
Kernel density estimation of 5-min N0.007e10 and N0.3e10 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, N0.3e10
concentrations are 2e65% 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 Llefi�a, 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, Llefi�a 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 N0.3e10 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 N0.3e10
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 7:00e9:00 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 7:00e9:00 h and 10:00e21:00 h are
generally lower for N0.007e10 (dominated by UFP) than for N0.3e10,
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, N0.007e10 concentra-
tions at 10:00e21:00 h were significantly higher than at
7:00e9:00 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
(25thd75th 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 N0.007e10 (>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 N2.5e10, 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 N0.3e1 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 PM2.5 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 theseworks 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. N0.3e10 concentrations during nights affected by these intense
works were by 30e60% 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 (25thd75th percentile) of N
concentrations duringmetro operating hours (5:00e0:00 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 N1e10 concentrations were significantly
higher (by 15e30%; 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



Fig. 5. Box plots of 5-min dN/dlogDp concentrations for four different size ranges (0.007e0.094, 0.3e1, 1e2.5, 2.5e10 mm), comparing two ventilation settings. The black circle
within the box plots shows the median concentrations, while the box bottom and top represent the 25th and 75th percentile, respectively. The whiskers represent the lower and the
upper bounds.
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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:

- N0.3e10 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,
whichmay 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 N0.007e10 (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 N0.3e10 is more closely related
with the activities of the metro service.

- The extent to which N0.3e10 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 N1e10.

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 exposurewhen compared
with ground-level urban concentrations.
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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 (104 bacteria/m3). 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.
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O R I G I N A L  A R T I C L E

Bioaerosols in the Barcelona subway system

X. Triadó-Margarit1 | M. Veillette2 | C. Duchaine2 | M. Talbot2 | F. Amato3 |  
M. C. Minguillón3 | V. Martins3 | E. de Miguel4 | E. O. Casamayor1 | T. Moreno3

1  | INTRODUCTION

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,1,2). 
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 allergens.3 As current lifestyle implies that 

humans spend about 90% of their time in confined spaces,4 where air 
could be a significant transmission pathway, monitoring the air quality 
of indoor environments is of major interest.5 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.6

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.7 Given the fact that 
nearly 200 cities around the world have subway networks which are 

mailto:teresa.moreno@idaea.csic.es
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used by more than 100 million people every day,8 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.8,10 As most environmental microbes 
are not currently cultured by such approaches,11 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.12–14 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.15,16

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 (PM10,18). 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 composition,17–21 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 

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 (Llefià). 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 

Practical Implications
• 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.
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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®μ 
(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 μm pore size), and the remaining collection liquid 
was processed through a Microcon- 30 kDa centrifugal filter unit col-
umn (MRCF0R030, EDM Millipore, Darmstadt, Germany). Volumes 
ranging from 100 to 140 μL were used to perform the extraction 
using the Qiagen Viral RNA QIAamp®. Extracted RNA was eluted in 
50 μL of elution buffer and contaminating DNA removed from RNA 
samples by treating with the TURBO DNA- freeTM 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 μL of the 50- 
μL RNA extracted previously was used for the RT reaction. The final 
reaction mixture (20 μL) was as follows: 15 μL of sample, 4 μL of the 
iScript 5× reaction mix, and 1 μL 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 μL/tube) and the cDNA (20 μL/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 μL 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), 
QIAamp® DNA Mini kit according to the manufacturer’s recommen-
dations, except a 180- μL ATL buffer was used instead of a 200- μL 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 × 105 copies of genome/μL. Then, 10 μL 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 
S2 and S3. To quantify the DNA, serial dilutions (106 to 100 genome/
μL) 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.22–25

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 Systèmes (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

http://www.ibis.ulaval.ca/?pg=sequencage
http://www.ibis.ulaval.ca/?pg=sequencage
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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 pipeline27 version usearch8.0.1623_i86osx32. 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-
tabase29,30 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.31 Community similarities were 
represented by non- metri multidimensional scaling (metaMDS func-
tion) using Bray- Curtis dissimilarities after Hellinger standardization.32 
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 0 (no separation) to 1 (complete sep-
aration).33 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 

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.34 
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.35 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 work37 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 | Influenza A and B

The viral load related to influenza on the subway indoor air was as-
sessed by qPCR 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 × 102 genomes/m3 and 1.82 × 102 genomes/m3, 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 

info:ddbj-embl-genbank/LT158063
info:ddbj-embl-genbank/LT158198
http://www.r-project.org/
http://www.r-project.org/
http://www.google.org/flutrends/
http://www.google.org/flutrends/
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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 × 103, 3.08 × 
101, and 1.06 × 103 of rhinovirus genomes/m3 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. 

Indeed, a sample from a train with AC contained 1.52 × 102 of A. fu-
migatus genomes/m3 of air; while on platform and lobby, they con-
tained 8.12 × 102 and 1.78 × 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 × 103 to 
3.29 × 106 equivalent E. coli genomes/m3 of air, which correspond to 
an average concentration of 4.46 × 104 equivalent E. coli genomes/
m3 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).

F I G U R E  1   Comparison of 
concentrations of gene copies of specific 
markers for airborne influenza viruses 
determined by qPCR 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

1e+01

1e+02

1e+03

In
flu

en
za

 g
en

om
e 

eq
./m

^
3 

of
 a

ir

Inside train
– AC

Inside train
– no AC

Lobby Platform

(A) (B)

Nov-Dec
sampling

period

Influenza A Influenza B

Inside train Lobby Platform

Jan-Feb
sampling

period

F I G U R E  2   Concentrations of 
airborne Bacterial 16S rRNA gene copies 
determined by qPCR analyses for different 
compartments of the Barcelona subway 
system (n = 54)

1e+04

1e+06

E.
 c

ol
i g

en
om

e 
eq

./m
^

3 
of

 a
ir

Inside train
– AC

Inside train
– no AC

Lobby Platform

Inside train
Lobby
Platform

Station

Joanic

Llefia

Sta Coloma

Tetuan

Inside train



     |  569TRIADÓ- MARGARIT eT Al.

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).38 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 

(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 

F I G U R E  3   Non- metric multidimensional 
scaling (NMDS) ordination analysis of 
community similarities based on Bray- 
Curtis dissimilarities. Colors are related 
to the place of origin of samples in 
the subway system, and point size is 
proportional to the OTU richness (set 
at 0.03 cutoff). Each point corresponds 
to the different sample types analyzed, 
from either different lines or stations, and 
indicated with specific labels; in addition, 
asterisk is indicating those samples taken 
from inside train without air- condition. 
Dotted lines join each sample with its 
corresponding group centroid. The ellipsoid 
areas are indicative of distribution (and 
dispersion) of each group on the ordination 
space. The inner panel contains boxplots of 
beta- diversity as distance to centroid for 
different groups of samples compared
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number of studies have focused on bioaerosol exposure of citizens in 
subway stations (eg,6,9). 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 m3 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 104 bacteria/m3, which is 
higher than values previously reported.8,40,41 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/m3.8,41 However, 

when microscopic counts were carried out, similar bacterial concen-
trations to ours were found,6 and it was shown that fluorescence mi-
croscopy and qPCR methods were comparable to each other.42 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.43–45

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 PM2.5 con-
centrations at the same sampling locations. Thus, previous studies 
described that the PM2.5 concentrations were lower inside trains, es-
pecially when AC was functioning.18 As the sources of airborne bac-
teria (outdoor air, humans) and PM2.5 (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 102 influenza genomes/m3 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.46 
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 × 102 genomes/m3 of air 
and 1.82 × 102 genomes/m3 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 × 102 total viral particles in 
case of influenza A and 1.52 × 102 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.47–49 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—TCID50). 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.17 
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 qPCR primers sets were originally 

F I G U R E  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
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designed for universal detection of influenza (A and B),51 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 

the 2013- 2014 campaign were related to influenza A (varieties H3, 
H3N2, and H1N1pmd09).

Regarding the quantitation of A. fumigatus, when detected, it was 
in average of 102 per m3 of air. This is consistent with the results ob-
tained by Bogomolova and Kirtsideli12 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. 

F I G U R E  5   Venn diagram showing taxon 
overlap between different compartments 
in the Barcelona subway system (panel 
A). Mean relative abundances (where 
present) and occupancy relationships 
for bacterial taxons (panel B). The points 
are colored in accordance with their 
widespread character. The taxonomic 
labels for those taxa reporting either mean 
relative abundance values above 0.5% or 
occurrence above 50% are shown
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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.12 
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.53 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.6,54 However, a higher propor-
tion of human- associated bacterial genera were found in indoor air.54 
Conversely, a previous study reached opposite conclusions,8 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.55 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.7 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,21 
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.19 Hence, the observed situation would be reasonable, with 

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,56,57 
and references therein58; 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.59 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,60 besides their high 
metabolic diversity, as observed in members of the genus Paracoccus 
too.61 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),62,63 although given that Barcelona subway platforms 
have low CO levels,20 such an interpretation seems less applicable to 
our samples. Furthermore, members of Chitinophagaceae have been 
already described as airborne bacteria in urban environments.64

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, 
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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 PM2.5 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 

 

 PM2.5 at subway platforms are several times higher than the outdoor 

ambient air concentrations. 

 Platform Screen Doors and advanced ventilation systems in modern 

stations reduce PM2.5 concentrations on the platform. 

 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.  

 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 PM2.5 (atmospheric particulate matter with an aerodynamic diameter less 

than 2.5 µm) 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 PM2.5 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 PM2.5 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 rail 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 PM2.5 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 PM2.5 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)-21(H)β-29-norhopane and 17(H)-21(H)β-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. PM2.5 was 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-1. A 

field blank of each station was taken at each station. After sampling, the filters 

were stored in aluminum foil at 4ºC 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 PM2.5 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 µl was evaporated under a gentle N2-gas stream 

and 25 µL bis(trimethylsilyl)trifluoroacetamide (BSFTA)+trimethylchlorosilane 

(99:1) (Supelco) and 10 μL of pyridine (Merck) was added and placed in a 70ºC 



oven for one hour in order to derivate the OH of levoglucosan to trimethylsiilates. 

Then, 25 µL 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 µL under a gentle N2-gas stream. Before 

analysis by GC-MS, 25 µL 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 II) equipped with a 60 m fused capillary column (Rxi-5Sil MS 0.25-mm x 25-

μm 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 ºC held for 1 min., while the 

initial temperature for PAH and hopanes analysis was 90 °C. Then both programs 

were heated to 120ºC at 12ºC/min and to 320ºC at 4ºC/min where they were held 

for 10 min. The injector, ion source, quadrupole and transfer line temperatures 

were 280ºC, 200ºC, 150ºC and 280ºC, 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-d7 (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+j+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)-21(H)β-29-norhopane (norHOP) and 17(H)-21(H)β-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 m-3 for organic molecular tracers and 5 pg m-3 for PAHs and 

hopanes. 

 

2.3. Complementary data 

PM2.5 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 PM2.5, TC, 

and analyzed compounds at the metro station platforms. As can be seen, the 

concentrations of PM2.5 and TC measured at the platforms are correlated (R2 = 

0.69; p<0.001), with the TC being about 20 % of PM2.5. Highest concentrations 

were observed in the L3 subway platforms of Tarragona, Poble Sec and Palau 

Reial (PM2.5 = 87 µg/m3 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 µg/m3) and the not-operative platform Collblanc 2 (19 

µg/m3). 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 PM2.5 

measured at the platforms is higher than the average PM2.5 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; PM2.5 measured here is 

very similar (within a factor 1.2) to the outdoor PM2.5 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 PM2.5 concentrations 

significantly increased from 24 ± 5 µg/m3 to 58 ± 6 µg/m3 when the ventilation 

was switched off, while the TC concentrations increased from 5 ± 1 µg/m3 to 7 ± 

1 µg/m3, indicating an accumulation of indoor PM that is about four times higher 

than the outdoor PM2.5 (Table S1a). 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 PM2.5 and TC concentrations around 70 µg/m3 and 14 µg/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 S1a), 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 PM2.5 and TC concentrations at the 

station platforms during daytime (Table S1b and S1c). These results show that a 

dominant part of the PM2.5 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)-21(H)β-29-norhopane 

and 17(H)-21(H)β-hopane, were the most abundant hopanes and their 

concentrations showed a very strong correlation (R2 = 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 

(∑hopanes = 5.8 ng/m3), Palau Reial (5.3 ng/m3) and Tarragona 4.8 ng/m3), 

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/m3) and the not-operative platform Collblanc 2 (1.2 ng/m3) 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 Σhopane concentrations at 

the station platforms correlate with the observed measured PM2.5 and TC 

concentrations (R2 = 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 PM2.5 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/m3), and Santa Coloma (59 ng/m3) and Sant Ildefons (55 

ng/m3), while lowest concentrations were measured at the platforms of the L3 line 

Palau Reial (5 ng/m3), Tarragona (5 ng/m3), Maria Cristina (4 ng/m3) and the 

modern L9 platforms of Collblanc (3- 7 ng/m3). 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/m3 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 PM2.5, or TC, is however not equally important for the 

different stations. The overall correlations between levoglucosan and TC is very 

weak (R2 = 0.06), although a substantial correlation (R2 = 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 

S1a,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/m3), and the 

modern L9 stations of Collblanc (3 ng/m3). 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 (R2 = 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 PM2.5 or TC (R2 = <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 PM2.5 or TC (R2 < 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/m3), while the lowest concentrations were measured at the platforms of 

the modern L9 Collblanc stations (0.5-0.6 ng/m3). 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/m3 and a recommended annual 

value of less than 0.12 ng/m3 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/m3 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 (R2 = 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; R2 = 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 S1a), 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 Ildefons (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]anthracene 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 (R2 = 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 Ildefons 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 (R2 < 0.02) between the scores values of the 

outdoor components and the TC or PM2.5 concentrations.  

 

Conclusions 

The PM2.5 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 

platforms 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. PM2.5 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, Plaça 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, µg/m3) at the station’s platforms. 
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Figure 5a.  
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Table S1a Tarragona (June 2015) Tarragona  (april 2016) Collblanc (PSD) (may-june 2016)

number of samples

mean sd mean sd mean sd mean sd mean sd mean sd

outdoorPM2.5 18 2 19 1 14 3 15 3 14 3 13 0

PM2.5 (µg/m3) 70 10 84 12 77 18 81 10 24 5 58 6

TC (µg/m3) 14 2 16 2 13 2 13 2 5 1 7 1

PM2.5/PM2.5ourdoor 3,9 0,6 4,5 0,9 6,1 2,3 5,4 0,4 1,7 0,2 4,6 0,6

TC/PM2.5 0,20 0,02 0,19 0,02 0,17 0,02 0,16 0,00 0,19 0,03 0,11 0,01

benz[a]anthracene 0,08 0,02 0,14 0,05 0,08 0,05 0,10 0,02 0,04 0,02 0,02 0,01

chrysene 0,25 0,06 0,30 0,09 0,18 0,08 0,22 0,06 0,07 0,03 0,05 0,03

benzo[b+j+k]fluoranthene 0,24 0,07 0,36 0,19 0,24 0,03 0,30 0,12 0,19 0,12 0,10 0,02

benzo[e]pyrene 0,19 0,06 0,31 0,12 0,19 0,04 0,26 0,13 0,15 0,09 0,06 0,04

benzo[a]pyrene 0,15 0,03 0,20 0,11 0,12 0,07 0,13 0,06 0,11 0,06 0,03 0,01

indeno[123cd]pyrene 0,11 0,05 0,14 0,06 0,08 0,04 0,10 0,01 0,07 0,03 0,03 0,02

benzo[ghi]perylene 0,19 0,03 0,40 0,22 0,18 0,07 0,22 0,07 0,14 0,05 0,07 0,05

ΣPAH 1,21 0,23 1,86 0,76 1,08 0,32 1,33 0,46 0,77 0,38 0,37 0,18

nor-hopane 2,30 0,44 2,60 0,54 2,08 0,60 2,26 1,31 0,78 0,41 0,69 0,05

hopane 2,12 0,50 2,96 0,86 1,68 0,47 1,85 1,11 0,59 0,33 0,50 0,07

∑hopanes 4,42 0,92 5,56 1,39 3,75 1,07 4,12 2,42 1,37 0,74 1,19 0,12

levoglucosan 4,2 0,7 5,6 1,5 19,5 11,8 12,2 2,0 3,9 2,6 1,6 0,5

nicotine 5,4 1,5 7,3 2,0 11,3 4,2 10,8 3,7 3,4 1,3 2,4 0,5

9 56 3 6 3
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Table S1b Palau Reial (april 2015) Maria Cristina (may 2015) Poble Sec (sept.2016)

number of samples

mean sd mean sd mean sd mean sd mean sd mean sd

outdoorPM2.5 16 5 17 8 20 11 16 3 13 2 12 1

PM2.5 (µg/m3) 80 19 101 19 68 11 71 20 69 10 83 16

TC (µg/m3) 15 5 19 2 14 3 13 3 15 2 15 3

PM2.5/PM2.5ourdoor 5,2 1,8 7,1 3,3 3,9 1,5 4,6 0,9 5,3 0,8 6,7 1,5

TC/PM2.5 0,19 0,02 0,19 0,02 0,21 0,02 0,19 0,02 0,21 0,01 0,18 0,01

benz[a]anthracene 0,10 0,04 0,11 0,02 0,11 0,02 0,11 0,02 0,21 0,05 0,17 0,02

chrysene 0,27 0,11 0,33 0,09 0,29 0,11 0,28 0,06 0,55 0,17 0,45 0,07

benzo[b+j+k]fluoranthene 0,23 0,12 0,21 0,06 0,16 0,02 0,16 0,04 0,43 0,08 0,38 0,06

benzo[e]pyrene 0,18 0,12 0,19 0,09 0,16 0,03 0,16 0,03 0,36 0,05 0,35 0,05

benzo[a]pyrene 0,15 0,13 0,13 0,03 0,13 0,02 0,14 0,05 0,18 0,00 0,19 0,09

indeno[123cd]pyrene 0,10 0,06 0,15 0,03 0,09 0,05 0,10 0,09 0,14 0,04 0,10 0,02

benzo[ghi]perylene 0,14 0,12 0,15 0,05 0,20 0,04 0,30 0,20 0,33 0,06 0,26 0,03

ΣPAH 1,17 0,68 1,27 0,27 1,13 0,16 1,26 0,38 2,21 0,20 1,90 0,16

nor-hopane 2,10 1,26 2,84 0,24 1,21 0,49 1,09 0,23 2,60 0,81 3,33 1,20

hopane 1,67 1,03 2,33 0,29 0,95 0,38 0,89 0,21 2,21 0,61 2,87 0,97

∑hopanes 3,77 2,29 5,17 0,30 2,15 0,87 1,98 0,44 4,81 1,42 6,21 2,17

levoglucosan 6,1 1,8 3,7 1,1 3,5 0,6 4,0 0,8 13,1 3,1 9,5 1,7

nicotine 1,7 0,8 1,9 0,8 3,1 0,6 3,1 1,1 28,5 4,6 28,9 5,2

77 4 4 4 5



Table S1c 
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Table S1c Sagrera (feb.-mar.2015) Santa Coloma (okt.2015) Joanic (nov.2015)

number of samples

mean sd mean sd mean sd mean sd mean sd mean sd

outdoorPM2.5 15 6 19 8 15 2 15 2 31 12 23 5

PM2.5 (µg/m3) 40 14 48 10 52 26 47 10 78 22 75 11

TC (µg/m3) 11 3 12 3 12 4 12 1 14 5 15 3

PM2.5/PM2.5ourdoor 2,6 0,4 2,7 0,8 3,4 1,4 3,3 1,2 3,1 2,2 3,3 0,6

TC/PM2.5 0,28 0,03 0,24 0,04 0,25 0,06 0,27 0,06 0,18 0,05 0,19 0,02

benz[a]anthracene 1,15 0,55 0,60 0,33 0,07 0,01 0,12 0,03 0,18 0,13 0,23 0,13

chrysene 1,69 0,65 1,02 0,51 0,21 0,02 0,24 0,06 0,31 0,18 0,40 0,21

benzo[b+j+k]fluoranthene 1,37 0,74 0,87 0,44 0,44 0,29 0,57 0,30 1,10 0,70 1,07 0,58

benzo[e]pyrene 0,61 0,30 0,39 0,19 0,23 0,06 0,42 0,22 0,71 0,55 0,78 0,47

benzo[a]pyrene 0,49 0,23 0,29 0,17 0,19 0,11 0,32 0,19 0,64 0,56 0,68 0,48

indeno[123cd]pyrene 0,39 0,16 0,24 0,15 0,08 0,04 0,20 0,10 0,40 0,27 0,40 0,24

benzo[ghi]perylene 0,64 0,31 0,37 0,22 0,17 0,03 0,43 0,22 0,70 0,46 0,80 0,36

ΣPAH 6,33 2,91 3,78 1,96 1,39 0,34 2,30 1,08 4,04 2,80 4,36 2,35

nor-hopane 1,03 0,51 0,91 0,33 2,57 1,20 1,63 0,35 1,09 0,86 1,90 1,14

hopane 0,90 0,43 0,80 0,29 1,95 0,88 1,29 0,23 0,88 0,68 1,47 0,87

∑hopanes 1,93 0,94 1,72 0,61 4,52 2,07 2,92 0,58 1,97 1,54 3,36 2,01

levoglucosan 101,8 54,7 59,6 41,1 34,4 24,6 74,4 35,3 92,0 48,7 83,7 42,4

nicotine 15,4 7,0 17,4 7,0 7,7 2,4 12,0 3,6 13,5 5,8 12,3 3,3

65 30 5 8 7



Figure S1a. Loading % of the analyzed compounds in the outdoor and indoor 

components in a two-component resolution. 

 

Figure S1b. Score values (left) of the components and the TC concentrations 

(right, µg/m3) at the station’s platforms. 

 

  



Figure S2a. Figure S1a. Loading % of the analyzed compounds in the outdoor 

and indoor components in a three-component resolution. 

 

 

Figure S2b 
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