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• 70 % (N-OpHrs) and 64 % (OpHrs) of the
PNCs were found in nucleation mode.

• Low fresh air exchange (0.24±0.11 times/
h) indicates need for better ventilation.

• PM peaks correlated (rpb > 0.40) well with
train arrival times at the platform.

• RDD was higher for PM2.5–10 and PNCs in
nucleation mode than their counterparts.

• PM0.1–1/PM0.1 contained magnetite
(<20 nm) and redox-active metal traces
(Cr, Ni, Mn).
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Underground railway systems are recognised spaces of increased personal pollution exposure.We studied the number-
size distribution and physico-chemical characteristics of ultrafine (PM0.1), fine (PM0.1–2.5) and coarse (PM2.5–10) parti-
cles collected on a London underground platform. Particle number concentrations gradually increased throughout the
day, with a maximum concentration between 18:00 h and 21:00 h (local time). There was a maximum decrease in
mass for the PM2.5, PM2.5–10 and black carbon of 3.9, 4.5 and ~ 21-times, respectively, between operable (OpHrs)
and non-operable (N-OpHrs) hours. Average PM10 (52 μg m−3) and PM2.5 (34 μg m−3) concentrations over the full
data showed levels above the World Health Organization Air Quality Guidelines. Respiratory deposition doses of par-
ticle number andmass concentrations were calculated and found to be two- and four-times higher during OpHrs com-
pared with N-OpHrs, reflecting events such as train arrival/departure during OpHrs. Organic compounds were
composed of aromatic hydrocarbons and polycyclic aromatic hydrocarbons (PAHs) which are known to be harmful
to health. Specific ratios of PAHs were identified for underground transport that may reflect an interaction between
PAHs and fine particles. Scanning transmission electron microscopy (STEM) chemical maps of fine and ultrafine frac-
tions show they are composed of Fe and O in the form of magnetite and nanosized mixtures of metals including Cr, Al,
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Ni and Mn. These findings, and the low air change rate (0.17 to 0.46 h−1), highlight the need to improve the ventila-
tion conditions.
Abbreviations

ACH Air change rate
BC Black carbon
CO carbon monoxide
CO2 Carbon dioxide
EDXS Energy dispersive x-ray spectroscopy
ESEM Environmental scanning electron microscopy
FEG Field emission gun
GC–MS Gas chromatography-mass spectrometry
ICP-MS Inductively coupled plasma mass spectrometry
N-OpHrs Non-operable hours
NP Nanoparticle
OpHrs Operable hours
PAH Polycyclic aromatic hydrocarbon
PM Particulate matter
PNC Particle number concentration
PND Particle number distribution
PTFE Poly tetra fluoro ethylene (Teflon)
PUF Polyurethane foams
RDD Respiratory deposition dose
SEM Scanning electron microscopy
TEM Transmission electron microscopy
STEM Scanning transmission electron microscopy
UFP Ultrafine particles
XRD X-ray diffraction

1. Introduction

Urban planners seek to decrease pollution levels in urban areas by
incentivising the use of alternative modes of public transport, including un-
derground or metro systems with electric trains. These rail systems reduce
traffic congestion and dependence on private vehicles and potentially im-
prove urban air quality (Yang et al., 2018). Around 2.8 million trips are
taken each day on the London Underground, with an estimated mean jour-
ney time of 47 min (Smith et al., 2020; TfL, 2020). Parts of the London un-
derground are over 150 years old; the rest of the Underground system
continues to develop rapidly. With similar patterns of development in
other cities around the world, the confined underground environment
and poor ventilation system raises concerns regarding elevated particle
concentrations (Mendes et al., 2018). As subway systems develop and
grow worldwide, human exposure to air pollutants in underground envi-
ronments and related health risks such as heart disease, stroke, lung cancer,
and respiratory disorders, have become a significant public concern (Smith
et al., 2020; Loxham and Nieuwenhuijsen, 2019; Grana et al., 2017; Chen
et al., 2021).

Investigations have found the airborne particulate matter (PM) load
to be significantly higher in underground metro systems than the outdoor
ambient air (Cartenì et al., 2020; Smith et al., 2020; Mohsen et al., 2018;
Perrino et al., 2015; Rivas et al., 2017a, 2017b; Wang and Oliver Gao,
2011). A summary of relevant literature on the average concentration levels
of fine (≤2.5 μm in aerodynamic diameter; PM2.5) and ultrafine (≤0.1 μm;
PM0.1 or UFP) particles for different underground stations in London
and cities around the world is presented in Table 1. PM levels in the
London underground system are much higher than in roadside environ-
ments (COMEAP, 2018), with concentrations in the range of 270–480 μg
m−3 (Seaton et al., 2005).

Other work has reported concentrations of PM2.5 mass in underground
environments 4-times higher than in outdoor background locations, e.g.
88 μg m−3 in the London underground compared with 19 and 22 μg m−3
2

at ambient background locations and roadside environments in central
London, respectively (Smith et al., 2020). These higher levels of particle
concentrations in London Underground stations are primarily influenced
by ventilation settings, depth and age of the tunnels, and are highest in
the deepest underground lines (Smith et al., 2020). However, there is little
data available on the air pollution exposure profiles of London Under-
ground commuters (Rivas et al., 2017a, 2017b). Furthermore, prior studies
have notmeasured continuous variations offine and ultrafine particles for a
longer period of time.

The sources and aerodynamic diameter of underground pollution are
very different to roadside environments. PM sources in the underground
are largely from non-exhaust emissions, resulting from high train braking
frequency leading to brake pad wear as well as the wear of train compo-
nents such as wheels, brake blocks, collector shoes and stick lubes
(Minguillón et al., 2018; Harrison et al., 2012). Other sources, including
the wear of rails, grinding of rails, escalators and refurbishment work
(Smith et al., 2020), are common to all underground stations around the
world, where particles are resuspended by train movements that elevate
PM concentrations (Querol et al., 2012). In general, the outdoor non-
exhaust sources emit coarse particles with a diameter between 2.5 and
10 μm (PM2.5–10). Sanders et al. (2003) undertook an investigation testing
different brake pads to measure the PM mass concentrations generated
and found that PM10 accounted for 63–85 % of the total brake wear mass,
depending on the type of brake pad used. Wahlström et al. (2010) showed
the characteristics of particle number distributions have higher peaks at
100 to 500 nm size range, independent of brake-pad type. The concentra-
tions of London Underground PM with different aerodynamic diameters
are expected to vary. No prior studies have measured the size-resolved dis-
tributions of all PM fractions, including the ultrafine fraction, on the
London Underground or used these measurements to predict deposition
profiles in the lung. This knowledge is important as it will significantly
help to improve predictions of the toxicity and impact of Underground pol-
lution on respiratory health.

Several studies have studied and characterised the phase chemistry and
metal composition of unfractionated PM2.5 or PM10 in underground train
environments, including the London Underground (Martins et al., 2021;
Smith et al., 2020; Mugica-Álvarez et al., 2012; Cheng et al., 2012; Kam
et al., 2011b). On the London underground, the greatest fraction of PM2.5,
was made up of iron oxide (Fe2O3), with small contributions of quartz,
traces of other metals in addition to 7 % elemental carbon, 11 % organic
carbon, and 14 % metallic and mineral oxides (Smith et al., 2020; Seaton
et al., 2005). Karlsson et al. (2005) showed that the majority of under-
ground iron-rich PM was Magnetite (Fe3O4). One study on a busy railway
station at the major terminal of an airport in Europe measured the presence
of Fe, Cu, Zn,Mn and Crmetals in PMwith a diameter of>180 nm (Loxham
et al., 2013). Electron microscopic characterisation of the morphology and
composition of fine and ultrafine PM collected on the Barcelona subway
system has been reported (Moreno et al., 2015b). The fine and ultrafine
PMwas principally composed of ultrafine Fe oxides (mixtures ofMagnetite,
Hematite nanocrystals - probably the result of continued oxidation) gener-
ated by frictional wear. However, there has been no information detailing
the composition and structure of UFP on the London Underground, which
is one of the most polluted urban underground transport systems (Smith
et al., 2020). It is important to address this knowledge gap as specific tran-
sition metals in the fine and ultrafine fractions generated from brake wear
could cause oxidative damage and genotoxicity (Loxham et al., 2013;
Bhabra et al., 2009; Charrier and Anastasio, 2015).

The aim of this work is to quantify the size-resolved distributions of
aerosols from ultrafine to coarse size range in an underground environ-
ment, namely South Kensington tube station, a deep London underground
railway system. In addition, we aim to provide an improved understanding



Table 1
Summary of relevant research studies reporting PM2.5 and PNCs in underground environments.

Study location
(country)

PM type Average concentration of PM
(μg m−3) and PNC (# cm−3)

Description Reference

Singapore
(Singapore)

PM10 ~5–70 The study findings suggest that any ventilation improvements and station design must be
focused on PM2.5 exposure reduction.

Tan et al. (2022)
PM2.5 ~5–60

Stockholm
(Sweden)

PM10 204 ± 180 Train frequency effect is more significant for PM10, and the ventilation system notably
decreases PM concentration at platform level.

Tu and Olofsson
(2021)PM2.5 102 ± 105

PM1 35 ± 34
Porto Alegre
(Brazil)

PM0.01–0.42 6.66 × 104 First study to measure the nanoparticles (NPs) and black carbon (BC) on two ground-level
platforms in Brazil, showing predominance of NPs enriched with metals that increase oxidative
stress like Cd, Fe, Pb, Cr, Zn, Ni, V, Hg, Sn, and Ba both on the platforms and inside train.

Lima et al. (2021)

Lisbon (Portugal) PM2.5 38 ± 21 PM2.5 concentrations were found to be moderate compared to other city metros. The chemical
composition analysis shows that the Fe element was found to be abundant in the metro PM
sourced from rail-wheel-brake abrasions.

Martins et al. (2021)

London (UK) PM2.5 88 PM2.5 concentrations in the London underground are many times higher than in other London
transport environments. Failure to include this microenvironment will lead to misclassification
in epidemiological studies.

Smith et al. (2020)

Beijing (China) PM2.5 165 ± 12 The analysis portrayed the average mass ratio of PM concentrations inside subway stations is
about 68.7 %, much lower than outdoor conditions (79.6 %).

Pan et al. (2019)

Athens (Greece) UFP 1.2 × 104 UFP concentrations showed a weak correlation with train passage frequency, and strong
correlation with urban background particle concentrations. The size distribution was strongly
influenced by outdoor conditions, such as the morning traffic rush hour and new particle
formation events observed at noon.

Mendes et al. (2018)
(14.6–430
nm)

Rome (Italy) UFP 1.4 × 103 The concentrations of UFPs in underground train environments were found to be less and
comparable to urban background levels. However, in underground trains the PM10

concentration values are much higher.

Grana et al. (2017)

Barcelona (Spain) PM2.5 58.3 ± 13.7 PM concentrations in all subway systems of these cities displayed clear diurnal patterns,
depending largely on the operation and frequency of the trains and the ventilation system. PM
concentrations inside the trains were greatly affected by the surrounding (i.e. platforms and
tunnels) air quality conditions.

Martins et al. (2016)
Athens (Greece) PM2.5 68.3 ± 11.3
Oporto (Portugal) PM2.5 83.7 ± 45.7

Shanghai (China) PM2.5 177.7 ± 26.05 PM2.5 concentrations were found to be higher. Also, the elements such as Fe, Mn, Cr, Cu, Sr, Ba
and Pb concentrations are higher in the underground ambience compared to the urban air,
implicating the association of these elements with the metro working process.

Guo et al. (2014)

New York (USA) PM2.5 100.1 ± 41.0 PM and BC soot levels in NYC's subways are considerably higher than ambient urban street
levels and warrant further monitoring and investigation of BC and PM demonstrate similar
results for subway exposures.

Vilcassim et al.
(2014)

Mexico city
(Mexico)

PM2.5 60 The subway systems metals' concentrations were greater than the outdoors, exhibiting the
presence of many individual particles with a large metal content in the subway samples.

Mugica-Álvarez
et al. (2012)

Barcelona (Spain) PM10 and
PM2.5

339 ± 46 and 115 ± 16 PM levels inside the trains in summer are found to be low compared to the PM levels on the
platforms. The daily PM values were found to increase from 06:00 to 07 00 a.m., and from
07:00 to 10:00 p.m. But a marked decrease between 10:00 p.m. and 05:00 a.m.

Querol et al. (2012)

Los Angeles (USA) PM10 and
PM2.5

78 and 57 The subway line commuters are greatly exposed to higher PM concentrations. Regression
analysis showed that the subway line is less influenced by ambient PM levels. Strong
correlations of PM2.5 and PM10 found between train and stations reveal that PM from stations is
the main source of PM inside trains.

Kam et al. (2011a)

Shanghai (China) PM2.5 287 ± 177 The study shows that fine particles or ultrafine particles constituted the preponderant fraction
of metro station particulate matter.

Ye et al. (2010)

Paris (France) PM10 and
PM2.5

329 ± 107 and 93 ± 34 The average daytime PM10 and PM2.5 concentrations are approximately 5–30 times higher than
those measured in Paris air quality monitoring site but lower than those measured in previous
campaigns in subway systems.

Raut et al. (2009)
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of the aerosols' physico-chemical composition, and uniquely of the ultrafine
fraction, and likely exposure doses to the travelling public. The South
Kensington tube station can be considered a worst-case scenario of expo-
sure given that it is one of the deepest and oldest underground train systems
in theworld, in contrast to awell-ventilated overground platformwhere the
pollution will be made up of a mixture of PM from overground and under-
ground sources.

2. Materials and methods

We simultaneously monitored the airborne concentrations of PM10,
PM2.5, PM1 and the particle number concentrations (PNC) and distribu-
tions (PND) in the 6–10,000 nm size range (Section 2.2) while sampling
PM mass in different size fractions (Section 2.3) on the underground
platform of South Kensington station over a continuous duration of
23 days from 29 September to 22 October 2020 (Supplementary Infor-
mation Fig. S1). carbon dioxide (CO2) carbon monoxide (CO), and
black carbon (BC) were also measured simultaneously at a frequency
of 60 s. The filters collecting the PM mass in five different size ranges
(PM>10, PM2.5–10, PM2.5–0.1 and PM<0.1) were exchanged every 3 days.
PM2.5 was collected on 47 mm polytetrafluoroethylene (PTFE) and
3

quartz fibre filters by mini volume samplers. These filters were analysed
for trace metals size distribution and crystalline phase (characterised by
scanning electron microscopy (SEM)/transmission electron microscopy
(TEM)) and x-ray ray diffraction (XRD), elemental and organic carbon,
respectively and for polycyclic aromatic hydrocarbons (PAHs)
(characterised by gas chromatography–mass spectrometry (GC–MS))
(Section 2.5). PM>10, PM2.5–10, PM0.1–2.5 were collected onto polyure-
thane foams (PUF) that were analysed for trace metals using Harvard
impactors (Section 2.5). PM<0.1 were collected on 47 mm PTFE filters
using Harvard cascade impactors. These filters were analysed for PM
size, composition and crystal phase by TEM (Section 2.5 and Supple-
mentary Sections S1, S2 and S3).

2.1. Site description

South Kensington station serves the District, Circle, and Piccadilly lines,
with a train frequency of every 2–6 min for the District line, 8–12 min for
the Circle Line, and 2–6 min for the Piccadilly line (TfL, 2020). District
and Circle line trains use platforms 1 and 2 which are open to surface air
and the Piccadilly line uses deeper platforms (3 and 4) which are closed
off from surface air. The field campaign tomonitor airborne concentrations
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and sample the PM mass were carried out from 29 September 2020 to
22October 2020 on the Eastbound platform#4of SouthKensington station
of the Piccadilly line (Fig. 1) during both operable hours (OpHrs) (05:00 to
00:00 h; local time) and non-operable hours (N-OpHrs) (00:00 to 05:00 h).
The Piccadilly line in South Kensington station is around 18 m deep and
3.6 m wide and is one of the busiest lines in the London underground
with a footfall of ~33.86million passengers per annum (TFL, 2020). Venti-
lation shafts extract air and act as a ventilation system for the station
(COMEAP, 2018). These lines have been in service for more than a century.
This station is a hub for many nearby cultural, professional, and public ser-
vice institutions, resulting in high footfall throughout the day.

2.2. Airborne PM monitoring

Airborne PM mass concentrations were measured using a GRIMM
(model 11-C) aerosol monitor (GRIMM Technologies Inc., Germany). This
instrument measures particle size diameters of PM10, PM2.5 and PM1

in 31 different, equidistant size channels at a size range of 0.25–32 μm par-
ticles at a flow rate of 1.2 L min−1. We used a sampling interval of 60 s to
measure the airborne concentrations of PM1, PM2.5, and PM10. This equip-
ment has beenwidely used for PM concentrationmeasurements in previous
studies (Abhijith and Kumar, 2019; Rivas et al., 2017b). The instrument ran
continuously for 24 h each day for the entire sampling period. The mea-
sured data were downloaded from the instrument once every 3 days and
visualised using the GRIMM Aerosol Technik (V8–1 Rev. IV) software. Fur-
thermore, the visualised raw data were imported into the software and
processed to obtain the airborne concentrations.

The CO2 and CO concentrations, temperature, and relative humidity
were measured using a QTrak monitor (model 7575-X, TSI Inc., USA).
The QTrak uses a dual-wavelength NDIR (non-dispersive infrared) sensor,
which measures CO2 concentrations in the range of 0 to 5000 ppm with
an accuracy of ±3.0 % or ± 50 ppm, whichever is greater. Additionally,
the CO2 concentrations, CO, temperature, relative humidity, and baromet-
ric pressure measurements were measured, and data was extracted once
every 3 days, using the TrakPro™ Data Analysis software, which visualises
the data and exports for further analysis.

BC measurements were monitored using a portable MicroAeth MA200
monitor (Aethlabs, USA), operating at a flow rate of 0.1 L min−1 without
using an inlet cyclone. The data was extracted once every 3 days during
Fig. 1. (a) South Kensington Underground Station, Piccadilly line eastbound pl

4

the sampling period. The recorded measurements were then extracted
using USB connectivity to cross-platform microAeth® Manager soft-
ware that facilitates setting configuration and data downloading. The
exported data was then uploaded to the AethLabs Dashboard server
for processing and visualization. Attenuation of BC data generated due
to instrumental optical and electronic noise was rectified by post-
processing the data with the Optimized Noise-reduction Averaging
algorithm (Hagler et al., 2011). The MA200 monitor uses a filter tape
cartridge with 17 sampling locations of 3 mm diameter spots created
on filter tape with a measurement resolution of 0.001 μg BC m−3.

The Electrical Low Pressure Impactor (ELPI+, manufactured by
DEKATI) is a real-time particle spectrometer used to measure airborne
PND, in real-time, for a range of 0.006–10 μm with a flow rate of 9 L
min−1 operated at an ambient temperature of 10–35 °C and relative humid-
ity (RH) of 0–90 %. It has a pump pressure of 40 mbar, a charger voltage of
3.5±0.5 kV and charger current of 1 μA. The charged particles collected in
a specific impactor stage produce an electrical current, which is recorded by
the respective electrometer channel. The sensitivity of ELPI+ for PNC is
better for larger-sized particles as the amount of charge carried by a larger
particle is significantly higher than one. For instance, the minimum de-
tection limit of ELPI+ for 6 nm diameter particles is 250 # cm−3 which
improves to 0.10 # cm−3 for 10,000 nm diameter particles. All the air
quality monitors used in this study have a logging interval of 60s and
a list of monitors used for data collection is mentioned in Table S1.
The description on the performance of portable research-grade instru-
ments can be found in SI Section S4.

2.3. Sampling of airborne PM

Two MiniVOL samplers (Airmetrics, Springfield, OR, USA), a Harvard
Impactor, and ELPI+ were used for collecting the mass of size-segregated
particles. Two MiniVOL samplers were used simultaneously to collect par-
ticles onto two different types of filters for performing chemical analysis.
Thefilters wereweighed before and after use to estimate the amount of par-
ticles collected and expressed in μg m−3. Two MiniVOL samplers were
used simultaneously to collect particles onto two different types of
filters for performing chemical analysis. The first MiniVol sampler col-
lected PM2.5 using a PM2.5 impactor drawing air in at a flow rate of
5 L min−1 onto a 47 mm Polytetrafluoroethylene or Teflon (PTFE) filter
atform #4. (b) Air sampling equipment was placed on the station platform.
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(TISCH Scientific #SF18040, with 2 μmdiameter) and the second used a
47 mm quartz filter (WhatmanTM QMA grade).

The Harvard Impactor operates at a flow rate of 30 L min−1 using three
different impaction stages which collect size-fractionated particles of PM10,
PM10–2.5 (coarse), and PM2.5–0.1 (fine) on PUF (Merryweather Foam, OH),
with a thickness of 0.64 cm and a density of 20 kg m−3. Particles in the
size range≤100 nm (PM0.1) were collected on 47mmTeflon (PTFE) filters
(TISCH Scientific #SF18040, with 2 μm diameter). The ELPI+, used to ex-
amine the number concentration and number size distribution for the par-
ticle size range of 0.006–10 μm,was operated at a flow rate of 9 Lmin−1. In
addition, the instrument collected particles onto polycarbonatefilters. Prior
to sampling, quartz filters were baked at 550 °C for 12 h to remove any ar-
tefacts. Theywere weighed before and after sampling using a microbalance
(Mettler Toledo XPR10) with a sensitivity of ±1 μg. After sampling, the fil-
ters were sealed in aluminium foil bags and stored in a freezer (−20 °C)
prior to analysis. All the sampling filters were collected every 3 days and
stored at a temperature of 4 °C until further analysis.

2.4. Data analyses

The data collected by the air monitors (GRIMM, Q-Trak, microAeth and
ELPI+) at a sampling frequency of 60s was combined. The final dataset
consisted of temperature, relative humidity, CO2, PM10, PM2.5, PM1, BC,
particle size distribution and concentration. The secondary variables such
as PM10–2.5, PM1/PM10, PM2.5/PM10, particle number concentration
(PNC) size range contribution from these datasets were estimated. The
microAeth collects awide range of particle sizes. However, the BCmeasure-
ments are only of the light-absorbing particles of the sample, which are
typically 0–1 μm in diameter. All the analyses were carried out using R soft-
ware (v4.0.3) (R Core Team, 2020), the open-air package (Carslaw and
Ropkins, 2012), and Python software (v2.7) (Python Core Team, 2018).

We generated a train schedule recording the moment when the front of
the trains entered the platform area (i.e., train still moving, not stationary
on the platform). This data was collected manually and in accordance
with COVID guidelines on social distancing. Therefore, data collection
took place in the following periods (avoiding busy station times):
12:30–14:03 h, 14:26–15:00 h and 15:54–17:00 h on 22 October 2020. A
dichotomous variable was created taking the value of 1 if a train arrived
at the station, otherwise 0. The train schedule was also included in the
main dataset by means of the dichotomous variable, and populated only
when data was available. Based on this information, point biserial correla-
tions (rpb) between aerosol (mass and number) concentrations and train ar-
rival were calculated. Similar analysis has been used by other studies (Xiao
et al., 2015; Griebel et al., 2019). The SciPy v0.18 open-source software for
scientific computing in Python was used for this purpose.

2.5. Physico-chemical imaging and analyses of the PM

We combined complementary experimental techniques to characterise
the composition of metals and organics in the PM. In summary, SEM com-
bined with energy dispersive x-ray spectroscopy (EDXS) was performed to
observe the morphological characteristics and chemistry of PM2.5 and
PM10. The morphology and chemistry of fine and ultrafine PM fractions
were characterised using transmission electron microscopy (TEM) com-
bined with EDXS and scanning transmission electron microscopy (STEM)
combined with EDXS. Full details of the extraction procedures and electron
microscopy techniques used, and information they provide, are described
in SI Sections S1, S2 and S3 and summarised schematically in Fig. S2.

XRD was used to characterise the crystalline phases in the PM. A
PANalytical X'pert Pro Multi-Purpose Diffractometer with a Cu anode was
used to examine PM evaporated on a Si wafer. The sample was scanned
for 16 h with a step size of 0.03340 from 0 to 1000 at room temperature.
Spectra collected by Ferreira, Travar, Hamdan and Alawadhi (Ferreira
et al., 2006; Travar et al., 2015; Hamdan and Alawadhi, 2020) were used
as a reference.
5

For inductively coupled plasma mass spectrometry (ICP-MS) analysis,
particle extraction from size-fractionated PUF (PM2.5–0.1, PM10–2.5 and
PM≥10) was conducted in Milli Q (Merck, Millipore) water with pulse son-
ication. IC-MS was performed using 2 sets of 3 filters (size-fractionated
Polyurethanefilters, i.e., 6 filters in total). Particleswere dried and digested
in acid, after which the remaining carbon was removed by centrifugation.
Measurements were taken on Perkin Elmer NexION 350D Inductively
Coupled Plasma Quadrupole Mass Spectrometer (ICP-QMS) at the London
Metallomics Facility, King's College London. For organic compound analy-
sis, a quarter of the PTFE filter was placed in a test tube and spiked with
an internal standard (d8-naphthalene) then 1 mL of dichloromethane was
added. The samplewas extracted in a sonic bath, followed by centrifugation
and the supernatant was transferred to a clean test tube. The procedure was
repeated four times and the supernatants were combined. The extract was
filtered through quartz wool held in a pipette to remove any particulates
and the eluant was reduced in volume under a stream of nitrogen to
~50 μL for analysis by GC–MS.

GC–MS analysis was carried out using an Agilent Technologies 7890A
GC coupled to a 5975C MS. The GC injector was operated in split mode
(10:1) with a column flow rate of 1.1 mL min−1. A J&W scientific DB-
5MSUI capillary column (30 m, 250 μm i.d., 0.25 μm film thickness) was
used for separation and helium employed as a carrier gas. The GCoven tem-
perature was initially held at 40 °C for 2 min, and then raised to 310 °C at a
rate of 5 °Cmin−1 where itwas held for 14min.Mass spectrawere acquired
in electron impact mode (70 eV) in the scan range of 50–500 amu and also
in selective ion monitoring for quantitation of aromatic hydrocarbons and
polycyclic aromatic hydrocarbons (PAHs). For quantification, an internal
standard was added at the start of the procedure that was self-correcting
for any losses during extraction. For our GC–MSmethod, the limit of detec-
tion (LOD) and limit of quantification (LOQ) were approximately 2 pg and
4 pg injected respectively for PAH in the low molecular weight range from
naphthalene (m/z 128) to pyrene (m/z 202). For higher molecular weight
PAHs, the LOD and LOQ were better than 4 pg and 10 pg injected, respec-
tively. The LOQ equates to better than 0.005 ng/m−3 for the lower molec-
ular weight range PAHs and 0.01 ng/m−3 for the higher molecular weight
range PAHs.

2.6. Underground ventilation

The decay approach was used to calculate the air change rate (ACH;
h−1), which quantifies the number of times per hour that air is replaced
by outdoor air, using the measured CO2 concentration in the underground
platform. The decay method has been used by other researchers for school
ventilation studies (Canha et al., 2016; Hänninen, 2013; Ramalho et al.,
2013). The selected approach is related to the CO2 decay sequence when
the concentration decreases towards the background level following
Eq. (1):

C tð Þ ¼ C0−CRð Þe−ACH t þ CR ð1Þ

where C(t) is the concentration at time t (h); C0 is the initial concentration;
CR is the CO2 concentration in the replacement air. In addition, assuming a
homogeneous CO2 distribution, the ACH is proportional to the CO2 concen-
tration in the underground platform according to Eq. (2):

ACH ¼ −
1
Δt

ln
C1−CR

C0−CR

� �
ð2Þ

whereΔt is the time (h) between initial (C0) andfinal (C1) observed concen-
trations. The ACH was calculated with a 10-min average CO2 data. Decay
sequences meeting all of the following three criteria were selected to ob-
tain the ACH: (i) Sequences using a time window of 8-h; (ii) The concen-
tration change (ΔCO2) between C0 and C1 of >50 ppm (over the typical
instrument accuracy); and (iii) When each identified sequence is com-
pared with Eq. (2) using the determination coefficient (R2) and those
giving R2 ≥ 0.9 were selected.
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2.7. Exposure doses

Exposure to PM and ultrafine particles poses potential health risks. Air
pollution inhalation exposure is determined here using estimated respira-
tory deposition dose (RDD) rates. The total dose received by an individual
equals the difference between the number of particles inhaled and exhaled
during each breath, breathing rate and the duration of exposure (Azarmi
et al., 2014; Joodatnia et al., 2013). The RDD is significantly influenced
by the size, shape, density and mass of the particles. Particle deposition
and inhalation rate through respiratory tracts are estimated using algebraic
and semi-empirical deposition models (Hofmann, 2011). We adopted a de-
position fraction (DF) model (ICRP, 1994) of the International Commission
on Radiological Protection (ICRP) since it is a commonly used approach by
researchers (Keast et al., 2022; Martins et al., 2015b) and in our previously
published work (e.g. Abhijith and Kumar, 2021; Kumar et al., 2018;
Kumar and Goel, 2016). The RDD for mass and number concentrations
are expressed in terms of the mass of particles deposited per unit time
(μg h−1) and the number of particles deposited per unit time (# h−1),
respectively. Mass-based RDD for PM10, PM2.5 and PM1 are estimated
using Eq. (3).

RDD of PM different size fractions, ið Þ ¼ VT � fð Þ � DFi � PMi (3)

where VT represents the tidal volume of humans, f is the breathing fre-
quency, DFi is the deposition fraction of particle size i in μm and PMi is
the mass concentration of particle size i in μm. VT value varies according
to gender and type of activity being carried out. In the case of the under-
ground environment, we assume the human subjects are performing
light exercise (Martins et al., 2015b) and the corresponding values of
VT as 1.25 L for males and 0.992 L for females and f as 20 and 21
min−1 for males and females, respectively. Usually, the total deposition
fraction (DFi) is estimated using Eq. (4) for the mass median diameter
(dp) of PM10, PM2.5 and PM1 (Hinds, 1999). The dp for different PM frac-
tions (PM10, PM2.5 and PM1) were calculated using the mass concentra-
tions of each size bin (Kumar et al., 2021; Kumar et al., 2018) and
subsequently, a plot has been made between the cumulative mass per-
centage of PM for different size fractions against the particle diameters
(Fig. S3). The dp was then determined by observing the 50 % of cumula-
tive mass percentage to the corresponding particle diameter. RDD's for
both particle mass concentrations (PMCs) and particle number concen-
trations (PNCs) were calculated using the DFi values extracted from
the average data of males and females for total and regional deposition
for light exercises predicted from the ICRP deposition model (Hinds,
1999) for different regions of the human respiratory tract (HRT),
which are the extrathoracic region (ET), tracheobronchial region (TB)
and alveolar region (AL). The total deposition DF is the sum of these
three regions or the DF can be expressed as mentioned in Eq. (4):

DF ¼ IF � 0:058þ 0:911
1þ exp 4:77þ lndp

� �þ 0:943
1þ exp 0:58−2:58 lndp

� �
 !

ð4Þ

where IF is the inhalable fraction, which is calculated using Eq. (5):

IF ¼ 1−0:5 1−
1

1þ 0:00076d2:8p

 !
ð5Þ

Similarly, the RDD for PNCs has been calculated using Eq. (6).

RDD of PNCs Size � dependent DFð Þ ¼ VT � fð Þ ∑
14

i¼1
PNCi � DFi (6)

where PNCi and DFi are the particle number concentration and deposition
fraction of particles in each size range (i), respectively. Subsequently,
these doses have been summed up according to the particle modes as nucle-
ation (N6–30), accumulation (N30−300) and coarse (N300−10000).
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3. Results and discussion

3.1. Overview of particle number and mass concentrations

Table S3 shows the summary statistics of all the data recorded during
the field campaign. Fig. 2 shows the summary of aerosol mass concentra-
tion and the ratio of all the data collected over the 24-h period across all
the monitoring days, including weekdays and weekends (hereafter referred
to as full data) and segregated during underground non-operational hours
(N-OpHrs, 00:00 to 05:00 h; local time) and operational hours (OpHrs,
05:00 to 00:00 h). Overall, the PM2.5 and PNC concentrations ranged
from 7.4 μg m−3 (10th percentile, P10) to 69.3 μg m−3 (90th percentile,
P90), and from 3070 cm−3 (P10) to 17,151 cm−3 (P90), respectively.
The concentrations of underground PM10 and PM2.5 during OpHrs are
~5 times higher than that of the concentrations of roadside environments
(PM10; 22 μg m−3) and (PM2.5; 14 μg m−3) in London (DEFRA, 2021).
The concentrations measured in the current study are lower than the
PM2.5 (270–480 μg m−3) and PNC (14,000–29,000 cm−3) concentrations
reported by Seaton et al. (2005) at three London underground stations
(Holland Park, Hampstead and Oxford Circus). Such concentration differ-
ences could be due to factors such as the age of the line, trains in use, con-
struction technique, passenger density and station depth (Hester and
Harrison, 2009). However, the reported value of PM2.5 (52 μg m−3) by
Smith et al. (2020) for the Piccadilly line inside the subway train and
68 μgm−3 by Saunders et al. (2019) for the shallow lines of the London un-
derground network is within the range to those observed in our study. In
addition, PM10 (52 μgm−3) and PM2.5 (34 μgm−3) (Fig. 2a) concentrations
over the full datawere above the 24-h averagedWorld Health Organization
(WHO) Air Quality Guidelines of PM10 (45 μg m−3) and PM2.5 (15 μg m−3)
(WHO, 2021). Such high concentrations represent a health risk to the users
and staff of the London Underground.

The geometric mean concentrations of PM1 (16.3 μg m−3), PM2.5

(33 μg m−3), PM2.5–10 (16 μg m−3) and PM10 (49.9 μg m−3) during
OpHrs are about four-times higher than those obtained during N-OpHrs
(4.7, 8.6, 3.5, and 12.9 μg m−3, respectively) (Table S3). In particular,
these results showed an increase of 3.5, 3.9, and 3.9-times the concentra-
tions of PM1, PM2.5 and PM10, respectively, when compared to OpHrs. In
particular, the coarse fraction (PM2.5–10) exhibited the highest increase of
4.5-times during OpHrs compared with N-OpHrs, confirming the impor-
tance of the aerosol settling process during N-OpHrs (Mugica-Álvarez
et al., 2012).

Our PM fraction results differ from those reported by Mugica-Álvarez
et al. (2012), who reported a geometric mean PM2.5/PM10 ratio of
0.56 ± 0.09 for the Azcapotzalco Underground Station in Mexico City.
We obtained a slightly higher ratio of PM2.5/PM10 (0.66 ± 0.1) and
PM2.5–10/PM10 (0.31± 0.1) using the full data; both these ratios were gen-
erally constant throughout OpHrs (Table S3). This suggests that, on aver-
age, the coarse fraction (0.31 ± 0.1; PM2.5–10/PM10) could be related to
aerosol resuspension caused by train movement. Such fraction differences
can be related to the underground station characteristics (e.g., ventilation
settings, depth, and age of the tunnels), as mentioned by Smith et al.
(2020). In terms of age, Azcapotzalco Station opened in 1989 (STC,
2022), and South Kensington Station between 1865 and 1870 (LTM,
2022). This operating period difference of around 124 years means that
the tunnel designs are different as are the kinds of trains operating through
time (early London underground trains were coal-fuelled steam trains for
example). Additionally, compounded by low ventilation rates, huge
amounts of dust will have accumulated throughout the years in South
Kensington Station compared to Azcapotzalco Station.

The geometric mean concentration of BC (14.5 μg m−3) during OpHrs
were ~21-times higher than those (0.7 μg m−3) during N-OpHrs
(Table S3), suggesting that BC-rich particles are affected by aerosol settling
processes and the lack of BC sources during N-OpHrs. In particular, BC
concentrations ranged from 0.4 μg m−3 (P10) to 40.6 μg m−3 (P90) with
amedian of 14.3 μgm−3, which is~4.2-times higher than the reportedme-
dian value (3.38 μg m−3) for the Brazil railway (ground-level platforms) by



Fig. 2. Boxplots of (a-c) aerosol mass concentration and (d-f) aerosol mass ratios, for the full data (a, c), 00:00–05:00 h (b, e), and 05:00–24:00 h (c, f). Star symbols refer to
arithmetic mean concentrations, while horizontal lines within the bars show the median values. Note that the y-axis of Fig. 2b is intentionally kept low (by a factor of six) to
those in other sub-figures so that the bar plots are clearly visible.
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Lima et al. (2021), and~6.2-times themedian value (2.3±1.2 μgm−3) for
New York roadside (ground-level) by Vilcassim et al. (2014). However, the
median value reported here is similar to those (14.0 ± 5.4 μg m−3) re-
ported for the West 4th subway upper level (New York, USA; Vilcassim
et al., 2014). By contrast, BC geometric mean concentrations in our study
are around 31 % lower than those observed in the West 4th subway
lower level (20.9 ± 3.8 μg m−3) by Vilcassim et al. (2014). This could be
related to the spatial variation, depth of the station and underground line
sampled (Vilcassim et al., 2014) and, during our study, the COVID-19 pan-
demic reduced the users of the London underground by ~64 ± 3 % with
respect to 2019 (DfT, 2021), but not the train frequency during the sam-
pling campaign.

Fig. S4 shows that PM1, PM2.5, PM10 and BC concentrations (full data)
are similar during weekdays. Moreover, a similar pattern (during week-
days) was observed for PNC (Fig. S5). By comparison, a significant decrease
(p < 0.05) was observed during weekends, with reductions of −15 % for
PM1, −22 % for PM2.5, −26 % for PM10, −20 % for PNCs, and − 22 %
for BC compared with weekdays.

Heatmaps of hourly PM1, PM2.5, PM10 and BC (Fig. S6) illustrate the
contrast between N-OpHrs and OpHrs, where high concentrations are
mainly observed during OpHrs. In particular, N-OpHrs exhibited no
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significant differences (p < 0.05) between weekdays and weekends,
for both BC and PM1 concentrations, with an increase of +1 % for BC,
and a reduction of −2 % for PM1. By contrast, PM2.5, PM10 and PNC
showed a significant decrease, with reductions of −17 % for PM2.5,
−29 % for PM10, and − 35 % for PNC. During OpHrs significant differ-
ences (p < 0.05) between weekdays and weekends were observed for
PM1, PM2.5, PM10, PNC and BC, with reductions of −16 % for PM1,
−22 % for PM2.5, −25 % for PM10, −16 % for PNCs, and − 23 % for
BC. Such differences could be related to a reduction in the number of pas-
sengers and lower train frequency during weekends (Mugica-Álvarez
et al., 2012). Overall, the PM pollution in the studied London underground
platform exhibits the following trend: weekday OpHrs > weekend OpHrs,
and weekday N-OpHrs = weekends N-OpHrs.

3.2. PM mass concentration

Fig. 3a–d show the diurnal variation using the full data, where consider-
able PM1, PM2.5, PM10 and BC concentration differencesweremeasured be-
tween N-OpHrs and OpHrs. PM10 and PM2.5 showed two large peaks at
around 07:00 h and 17:00 h. This increase can be related to the train fre-
quency and numbers of passengers (morning and afternoon rush hour), as



Fig. 3. Diurnal variation (1-h resolution) of (a) PM10, (b) PM2.5, (c) PM1, (d) BC, (e) PM2.5–10/PM10, (f) PM2.5/PM10, (g) PM1/PM10, (h) CO2, and (i) PNC measured at the
UG site. X-axis represents time in hours and the shaded area indicates 95 % confidence intervals. Blue and green shaded areas represent the underground non-operational
(N-OpHrs) and operational hours (OpHrs), respectively.
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was also reported by Salma et al. (2007) for Budapest. For instance, the
highest PM10 and PM2.5 were~781 μgm−3 and~250 μgm−3, respectively
(Fig. S7). Both PM fractions increased rapidly during the transition from N-
OpHrs toOpHrs (Fig. 3). Similar study results have been reported by Tu and
Olofsson (2021) for the underground subway of Stockholm (Sweden)
where the PM concentrations were found to possess a positive correlation
between train frequency and platform PM levels for the various PM frac-
tions (PM10, PM2.5 and PM1).

The concentration of BC (1-min average peaks) reached ~86 μg m−3

(Fig. S8). The most plausible explanation for such high levels of BC could
be that they have been originated from the underground related activities
such as the emissions from graphite connections between the third rail
and the trains (Van Ryswyk et al., 2017). Additionally, the presence of
Fe particles in underground environments results in an overestimation
of BC concentrations (Rivas et al., 2017a), which cause interference due
to its absorbance of visible light at similar wavelengths (Moreno et al.,
2015a; Gilardoni et al., 2011). In some cases, the use of diesel-powered
maintenance trains in similar underground environments would have con-
tributed to higher levels of BC as reported for New York city's subway sta-
tion by Vilcassim et al. (2014), who recorded BC peaks of 111 μg m−3

when a diesel locomotive passed through the station. It is unlikely, how-
ever, that diesel-powered trains were in operation in our study area. The
presence of Fe was demonstrated by the chemical composition analysis
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(Section 3.5), which shows that particles were mostly composed of Fe,
and bulk composition analysis indicates around 23–76 % Fe by weight.

Although there is a decrease in PM10, PM2.5 and PM1 between OpHrs
and N-OpHrs, the average PM2.5–10/PM10, PM2.5/PM10 and PM1/PM10 ra-
tios (Fig. 3e–g) were almost constant throughout the day. PM2.5/PM10

and PM1/PM10 ratios showed a maximum peak at 03:00 h (Fig. 3f–g);
this behaviour indicates the settlement of PM2.5–10, which has been re-
ported in other studies (Mugica-Álvarez et al., 2012; Salma et al., 2007).
Conversely, the maximum PM2.5/PM10 ratio of ~0.72 was observed
between 00:00 and 05:00 h, which is lower than the value of 0.94 (when
compared to N-OpHrs) reported by Mugica-Álvarez et al. (2012) and Raut
et al. (2009). This indicates that some mass fraction of PM10 remains
in the underground atmosphere, or there are some overnight activities
(e.g., cleaning, maintenance) re-suspending or generating coarse particles
(>2.5 μm) (Raut et al., 2009). For instance, Fig. 4a shows that on average
the coarse fraction accounted for 36 % of the total PM10 mass, and during
different hours of the day (Fig. 4b–i) could range between 31 %
(21:00 h) and 47 % (06:00 h). In addition, we observed that PM1 mass con-
tribution to PM10 increased between 18:00 and 04:00 h, with a maximum
peak of 43 % at 03:00 h (Fig. 4c), also indicating the settlement of PM10.

Overall, Fig. 4j–k show that the contribution to PM10 increased
from 31 % (OpHrs) to 36 % (N-OpHrs) and from 35 % (OpHrs) to 40 %
(N-OpHrs) for PM1 and PM2.5–10, respectively. By contrast, the PM2.5–10



Fig. 4. Pie charts showing the contribution of PM fractions (PM1, PM1–2.5, PM2.5–10) to total PM (full data) for (a) 24 h, (b) 00:00–01:00 h, (c) 03:00–04:00 h, (d) 06:00–07:00 h,
(e) 09:00–10:00 h, (f) 12:00–13:00 h, (g) 15:00–16:00 h, (h) 18:00–19:00 h, (i) 21:00–22:00 h, (j) non-operational hours (N-OpHrs) and (k) operational hours (OpHrs).
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contribution to PM10 increased from 25 % (N-OpHrs) to 34 % (OpHrs),
which indicates that the aerosol fine fraction (<2.5 μm) contributions are
similar between N-OpHrs and OpHrs, with values ranging from 61 % to
65 %, respectively.

Temporal variability at a one-minute resolution of PM10, PM2.5, PM1,
BC and CO2was evident in our experiment (Fig. S9), which is in good agree-
ment with the findings of Tu and Olofsson, 2021, as well as of Cusack et al.
(2015) who observed that the train frequency was more significant for PM
variation in the underground tunnel.

3.3. Particle number and size distributions

The geometric mean of PNC (Table S3) during N-OpHrs (5315 cm−3)
and during OpHrs (7835 cm−3) are comparable with those reported
by Raut et al. (2009) in the Magenta subway station (Paris, France),
who observed PNC levels of 7000 cm−3 during operational hours and
4000 cm−3 during non-operational hours. Our results differ from the obser-
vations made in Prague underground metro (Czech Republic) by Cusack
et al. (2015), who reported higher levels than ours at 8500 cm−3 and
11,500 cm−3 for background and operational hours, respectively. In addi-
tion, the percent of change (PC = [(OpHrs – N-OpHrs)/N-OpHrs] × 100)
was calculated using GM to compare our results with Raut et al. (2009)
and Cusack et al. (2015). Our study indicates an increase of 47% (between
N-OpHrs and OpHrs) while the work by Raut et al. (2009) revealed an in-
crease of 75 %. Conversely, an increase of 35 % was obtained by Cusack
et al. (2015) using background levels as N-OpHrs. Those values indicated
that PNCs increased during OpHrs could range from 35 % to 75 % of
PNCs during N-OpHrs. Additionally, PNCs during OpHrs were 4.7-times
lower than typical roadside environments (2.5 × 104 cm−3) (Kumar
et al., 2021).

Fig. 5a shows the diurnal variation of PNC; the lowest concentrations
were observed between 03:00 and 06:00 h, similar to PM10, PM2.5 and
PM1 patterns (Fig. 3a–c). By contrast, the maximum PNC peaks were
observed at different times between 18:00 and 21:00 h than those observed
in mass concentrations (07:00 and 17:00 h); this PNC behaviour is dis-
cussed in the subsequent text.

The daily average PND (Fig. 5b) shows a maximum peak between 6
and 30 nm (nucleation mode), and a slight peak between ~30 and
300 nm (accumulation mode). Our results are similar to those reported by
Seaton et al. (2005) from a London underground study, who reported
that 80 % of particles had <1 μm diameter using a microscopic measure-
ment approach. Different hours were selected to compare the PND develop-
ment (Fig. 5a). Over 70 % of the PNCs were found in nucleation mode
between 03:00 and 06:00 h (Fig. 5c–d). By contrast, between 09:00 and
18:00 h, nucleation and accumulation mode particles accounted for 64 %
and 33% of the total PNCs, respectively (Fig. 5e–g). Additionally, PNCs ob-
served during N-OpHrs could be related to the entrainment of surface air
into the underground station and overnight activities (such as maintenance
operations).

Overall, Fig. 5h shows that up to 70% of the PNCswere observed in nu-
cleation mode during N-OpHrs and decreased by 6 % to about 64 % of the
total PNCs during OpHrs. We observed that PNDs during bothN-OpHrs and
OpHrs were similar, between 6 and 15 nm, and on average only larger
particles showed a reduction during N-OpHrs; this behaviour aligns well
with PNDs reported by Raut et al. (2009) during operational and non-
operational hours. Moreover, during OpHrs, the particle mass distribution
(PMD) shows an increase of particles (>0.1 μm) with a peak around
3 μm, representing an increase of just ~1 % of the PNCs in the coarse frac-
tion (300 nm and 10 μm). The most plausible explanation for such behav-
iour is that in the underground environment most particles are sub-
micron sized, but the mass concentration is governed by a small number
of coarse particles (Raut et al., 2009).

Fig. 6 shows the variation of PNDs, PNC and PM2.5 (fromELPI+) during
field measurements. In particular, the transition between N-OpHrs and
OpHrs is characterised by a sudden increase in the mass concentration of
PM2.5, and a gradual rather than abrupt PNC increase. By contrast, the
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transition between OpHrs and N-OpHrs (18:00 to 00:00 h) showed a
mass concentration decrease at around 18:00 h, but PNC continued to in-
crease, reaching a maximum concentration between 18:00 and 21:00 h
(Fig. 6A–B). Cusack et al. (2015) and Seaton et al. (2005) reported a similar
PNC pattern, which they related to the entrainment of surface air into the
underground station.

The PND contours show that the particle size varies throughout the day
(Fig. 6a); particles between 10 nm and 10 μm decreased during N-OpHrs,
and an increase in particles between 10 and 300 nm was observed during
OpHrs. The PNDs reported here show a peak of 126 nm, the same as results
reported byCusack et al. (2015), butwe also observed high particle concen-
tration between 6 and 20 nm,which is comparablewith the results reported
by Raut et al. (2009). We observed that PNC increased between 16 and 22
October 2020, with a maximum peak of 50× 103 cm−3. Similarly, Seaton
et al. (2005), Raut et al. (2009) and Aarnio et al. (2005) reported PNC
peaks up to 29 × 103 cm−3, 20 × 103 cm−3 and 77 × 103 cm−3, respec-
tively. Such an increase was largely attributed to the entrainment of surface
air to the underground platform (Aarnio et al., 2005; Seaton et al., 2005).

3.4. Ventilation

Table S3 shows the CO2 concentrations, which ranged from 404 ppm
(P10) to 740 ppm (P90) and reflects the variations in passenger numbers
with a mean value of 558± 120 ppm (Fig. 3h). The CO2 concentrations re-
ported here are within the range of those reported byMoreno et al. (2015a,
2015b) in the Barcelona Subway (694 ± 63 ppm). Additionally, during
our field measurements, the maximum CO2 concentration observed was
936 ppm; a difference (ΔCO2) of 525 ppm compared with the global (out-
door) average CO2 mean (411 ppm; October 2020) (NOAA, 2021). Such
an increase was largely attributed to the CO2 generation caused by passen-
gers and the ventilation conditions present in the underground environ-
ment. In addition, the diurnal variation of CO2 shows two peaks; during
the morning (07:00 h) and afternoon (17:00 h) rush hours (Fig. 3h),
where CO2 generation by underground users can be an important factor.

According to the American Society of Heating, Refrigerating and Air
Conditioning Engineers (ASHRAE), the CO2 concentration differences
between indoor and outdoor air should be <700 ppm to be comfortable
for occupants (ASHRAE, 2013). Adverse health effects (such as behavioural
changes and physical stress) have been associated with CO2 concentrations
between 700 and 3000 ppm (Beheshti et al., 2018; Martrette et al., 2017).
In our study, ~18 % of the CO2 readings were over 700 ppm. However, as
discussed in Section 3.1, occupancy of the London underground during the
field measurements was about 64 ± 3 % lower than in 2019 due to
the COVID-19 pandemic (DfT, 2021). As a result, the CO2 present as a result
of passenger exhalation can be assumed to be lower than would normally
be expected.

Decay sequences that met the criteria explained in Section 2.4 can be
found in Fig. S10. We observed that all sequences were detected after
17:00 h, which could be related to the decrease in occupancy due to the
transition between OpHrs and N-OpHrs. This suggests that the ACH results
could be related to outdoor air infiltration (Canha et al., 2016), but only
if the ventilation system is turned off during N-OpHrs. The ACH varied
between 0.17 and 0.46 h−1 (Table S2), with a mean value of 0.24 ±
0.11 h−1.We observed the highest ACH value (0.46 h−1) over theweekend
(Saturday) and lower values duringweekdays,which ranged from0.17 h−1

to 0.23 h−1. Similar findings had been reported elsewhere, where the plat-
form air quality was reported to be improved during N-OpHrs and week-
ends due to factors such as the absence of trains, inhibiting resuspension
and outside air by the train movements and allowing settling of resus-
pended particles (Tu and Olofsson, 2021; Moreno et al., 2015a, 2015b).
There are no specific ACH limits for underground spaces, but as an
example, these values are 50 % lower than the minimum recommended
limit of 0.5 h−1 for Finnish residential buildings (Järnström et al., 2006).
Moreover, the underground ACH is ~25-times lower than the recom-
mended ACH in school classrooms (5–7 h−1; VentAxia, 2021), 29-times
lower than hospital ward guidelines (6–8 h−1) (VentAxia, 2021), and



Fig. 5. (a) Diurnal particle number concentration variation, (b–g) particle number and mass distributions. In (b) average particle number and mass distributions using full
data, in (c–g) showing different hours with a 1-h average window, and (h) during non-operational hours (N-OpHrs, blue color) and operational hours (OpHrs, black
color). Pie charts represent the proportion of PNCs of different size ranges.
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Fig. 6. Temporal variation of (a) PNDs, (b) PNCs and PM2.5 during field measurements (top figure). Upper case letters A–B represent two selected time ranges. PM2.5 was
obtained using the ELPI+ macro file assuming a particle density of 1 g cm−3. Blue and green shaded areas represent the underground non-operational (N-OpHrs) and
operational hours (OpHrs), respectively.
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~33-times lower than sport facility guidelines (6–10 h−1; Ariëns et al.,
2008; VentAxia, 2021).

Olesen and Parsons (2002) and the ISO 7730 guidelines recommend in-
door temperature ranges of 22–27 °C for cooling (summer) and 19–25 °C for
heating (winter) seasons. Ambient temperatures observed in the London
underground ranged from 14.3 °C (P10) to 20.0 °C (P90), with a mean
value of 15.1 ± 1.6 °C (N-OpHrs) and 17.8 ± 1.8 °C (OpHrs), Table S3.
In addition, the mean temperature during N-OpHrs and OpHrs is below
the recommended ranges, with ~78 % and ~99.9 % of the data below
the inferior limit guidelines for heating and cooling seasons, respectively.
Similarly, according to the ASHRAE Standard-55-2004, the indoor RH
should be between 30 % and 60 % to avoid bacterial growth and skin irri-
tation (Charles et al., 2005). In our study, the RH ranged from49% (P10) to
69 % (P90), with a mean value of 64± 6% and 58± 8% during N-OpHrs
and OpHrs (Table S3), respectively, with 55 % of data within the recom-
mended ASHRAERH-threshold. Charles et al. (2005) note that comfortable
temperatures are challenging to achievewith high RHvalues. Here, 45% of
12
RHvalueswere over the upper ASHRAE threshold and could be linkedwith
temperature values outside the ideal indoor ranges.

Fig. 7 shows the temporal variation of PM1, PM2.5, PM10, PNC, temper-
ature, and CO2 between 06:00 and 12:00 h (01 October 2020). During
those hours, the Spearman correlation of PM1, PM2.5, PM10, PNC, and
temperature with CO2 was >0.4. A comparison between 07:00 and
08:00 h (Fig. 7a–e, A–E) showed a similar increase-decrease pattern with
respect to CO2. Those patterns suggest a CO2-PM build-up/dilution loop
related to the train movement through the underground platform, where:
(i) during the time between trains, CO2 levels start to increase (accumula-
tion of people and CO2 exhalation) combined with a slight rise in air tem-
perature; (ii) when a train arrives at the platform, airborne PM levels
increase through resuspension; (iii) when a train stops at the platform, all
or some CO2 sources are added/removed from the site; and (iv) the move-
ment of the train leaving the platform could cause a rapid dilution process
that affects PMandCO2, causing a decrease of air temperature. In our study,
train frequency data collected between 12:00 and 17:00 h on 22 October



Fig. 7. Temporal variation (1-min resolution) between 06:00 and 12:00 h (October 01, 2020) for (a) PM1; (b) PM2.5; (c) PM10; (d) PNC; and (e) Temperature. Spearman
correlation (rs) between each variable with CO2 is indicated in the top right corner of each panel. ACH obtained for this day is (0.23 h−1). Upper case letters A-E
represent the selected time-window range (07:00–08:00 h).
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2020 (Table S4), showed that trains arrived every 2.8± 0.9 min and spent
around 1.0 ± 0.2 min at the platform, which suggests that approximately
every 2.8 min a build-up/dilution loop occurs. For instance, using data
collected between 12:00 and 17:00 h (22 October 2020), point biserial cor-
relation coefficients (rpb) indicated that PM1, PM2.5, PM10, PM1–2.5, and
PM2.5–10 were moderately correlated (rpb > 0.4), and PNC weakly corre-
lated (rpb = 0.02) with trains arriving at the underground station
(Table S5). Similar observations were made by Tu and Olofsson (2021),
where positive correlations were found between train frequency and parti-
clemass concentrations for PM10, PM2.5, and PM1 particles. Fig. 8 shows the
PM and PNC data points when a train arrived at the station. Our results sug-
gest that only aerosol mass concentration (PM1, PM1–2.5, and PM2.5–10) var-
iations are positively correlated with trains arriving at the station.
However, further measurements are needed to support our results under
more detailed train frequency.

Negative or near zero Spearman correlations of PM1, PM2.5, PM10 and
temperature with CO2 were observed (−0.46 to −0.04) between (00:00
and 06:00 h) (Figs. S11–13), which is related to a PM decrease when
13
compared to N-OpHrs. By contrast, a positive Spearman correlation of
PNC and CO2 was observed (~0.4) (Fig. S15), which could be related to
the entrainment of surface air into the underground station and overnight
activities (e.g., cleaning and maintenance).

3.5. Chemical composition and morphology of PM

Bulk elemental analysis of PM2.5–0.1, PM10–2.5 and PM10 was conducted
by ICP-MS on PM that was extracted off filters collected on the 03 and
15 October 2020 to characterise the composition of metallic components
of different size fractions in PM based on their concentrations (Table S3).
This confirmed the presence of elements including Na, Mg, Al, P, K, Ca,
Ti, Cr, Mn, Fe and Ni. Fe constituted the largest elemental contribution
(depicted by pie charts in Fig. S16) as seen in previous work (Loxham and
Nieuwenhuijsen, 2019; Smith et al., 2020). There was a similar proportion
of Fe by weight in PM2.5–0.1 and PM10–2.5 but lower in PM10 for both days
collected. Al and Mn were the next most dominant metals across all size
fractions. The Fe and Mn were probably generated from frictional contact



Fig. 8. Temporal variation (1-min resolution) for 22 October 2020 (between 12:30
and 17:00 h). (a) PM1, (b) PM1–2.5, (c) PM2.5–10, and (d) PNC. The maroon
concentration marked data point indicates train arrival. Point biserial correlation
(rpb) between each pollutant and trains arriving at the underground station, is
indicated in the top right corner of each panel. Peaks outside the following time
intervals 12:30–14:03 h, 14:26–15:00 h and 15:54–17:00 h were not labelled as
train entering the station and not included in the analysis.
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between the disc and pad of Fe-Mn-C steel braking systems, including the
brake-wheel and rail-wheel interfaces (Bhadeshia, 2002; Moreno et al.,
2015b). Trace toxic transition metals, notably Cr in the fine fraction, were
present in the PM2.5–0.1 fraction. Othermetals were also detected, including
Cu and Zn, also found in rail alloys and brake pads. We note that the sam-
pling duration of 24 h was too long to collect and characterise large num-
bers of sampling events and hence precluding extensive statistical
analysis, however, we are reassured by a number of characteristics. We as-
sume that the underground train system represents a relatively stable atmo-
spheric reservoir with consistent sources of PM, therefore the variability
would be much lower than in a surface environment. Since we sampled
for 24 h, all diurnal variables are captured in a single sampling event. We
conducted these measurements and analysed this separately on two
Fig. 9. (a). XRD pattern showing the phase chemistry of the PM, (b) ESEM image showin
Cl, K, Ca and Fe EDX chemical maps showing the major elements detected in individual
background as well as the PM. (c–e) Examples of EDXS spectra fromdifferent, representat
resolution secondary electron field emission gun (FEG)-SEM images showing PM2.

percentage with standard deviations of the characteristic elements including Fe, C
for 3 size fractions: PM2.5–10, PM1–2.5 and PM0.1–1, measured by ESEM-EDXS. n = n
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separate days and saw similar trends. This gives us confidence that the re-
sults are representative, although fine details may provide valuable oppor-
tunities for future studies.

XRD confirmed that the PM was composed of Fe-rich phases - in this
case, quartz magnetite (Fe3O4) - and also sodium chloride (NaCl), quartz
(SiO2) and Gypsum (CaSO4 · 0.5 H2O) (Fig. 9a). Electron microscopy
combined with spatially resolved EDX chemical analysis was used to
characterise the distribution of elements and morphology of individual
PM in each size fraction, including the ultrafine PM0.1 (<100 nm) fraction
(Figs. 9–10). Fig. 9 shows representative low-resolution ESEM images of
PM (with a resolvable diameter distribution shown in (Fig. S17) on a pol-
luted quartzfilter with corresponding EDX chemical maps showing the cor-
responding elemental distribution of the major metals in PM. The size and
morphology of individual particles were variable (Fig. 9b–e and j) and EDX
of individual particles confirmed that the PM were mainly composed of
near-spherical particles of Fe, Ca, Al and Si with some fibrous Ca-rich par-
ticles. In EDX chemical maps, Na and Cl were also co-localised indicating
the existence of NaCl particles (Fig. 9). Since the quartz filters are made
from silica, the presence of Si in the PM was confirmed by sonicating
the PM off the quartz filters onto TEM grids (SI Fig. S17). STEM-EDX
of the sonicated PM showed a noticeable presence of Si in the PM
which could, together with the Al, arise from aluminosilicates possibly
derived from concrete building materials that line the Underground
tunnels.

High-resolution SEM showed that PM fractionated during collection
onto the PUF filters were highly heterogeneous in diameter and mor-
phology (Fig. 9f–h). Individual particles with diameters of 8 μm down
to 50 nm (Fig. 9f–h; indicated by arrows) were detected, with a frequent
occurrence of ultrafine particles <100 nm. Some particles had a corru-
gated surface, possibly composed of agglomerates of ultrafine PM
(Fig. 9h). A comparison between the metal composition of different
size fractions (PM10–2.5, PM2.5–1 and PM1–0.1), characterised by high-
resolution SEM-EDX, is shown in Fig. 9i–k. Although less sensitive,
this supports ICP-MS data in Table 2 that particles were composed of
Fe as the major contributor and also Ca, Na, Al, K and Ti.

Next, we acquired high magnification dark-field-STEM images of PM
sonicated off the filters to characterise, in detail, the chemistry and mor-
phology of the fine and ultrafine particles. At highmagnification, it became
evident that some PM2.5 and PM1 particles were in fact agglomerates of
smaller nm-sized particles with varied chemistry. STEM-EDXS maps illus-
trated that the PM2.5 and PM1 were made up of nm-sized substructures
(<500 nm) composed of several different metals, including Fe, Cr, Al, and
Mn (Fig. 10a, e and i). Fe and other metals were co-located with O
(Fig. 10a, e and i), indicating that the Fe was most likely present in the
form of various oxides. Some of the particles were mostly metal-rich
(Fig. 10a), whereas other particles were composed of a cloud of carbon-
rich matrix containing discrete nm-sized particles of metals (Fig. 10e and
i) and the individual nm-sized particles had variable chemistries
(Fig. 10b–j). High-resolution TEM of the iron-rich particles in Fig. 10i
showed they were made up of <20 nm particles (Fig. 10k) constituting a
larger agglomerate; high-resolution images of these (Fig. 10l) revealed lat-
tice fringes with d-spacings characteristic of Magnetite (Ferreira et al.,
2006). The characteristic planes corresponding to magnetite were labelled
on the Fast Fourier transform (FFT) inset (Fig. 10l) and confirmed XRD
measurements (Fig. 9a) that the most dominant iron-containing metal frac-
tion is magnetite (Fe3O4), which is consistent with other studies on the
underground (Smith et al., 2020). To our knowledge, this is the first time
that the ultrafine fraction of London Underground Pollution PM has been
characterised to be magnetite.
g the morphology of the PM collected on quartz filters, and corresponding Na, Al, S,
PM indicated by arrows in (b). An O map was included but was present all over the
ive particles (marked onmaps in (b)) and their Feret diameters. (f–h) A series of high
5–0.1 particles on a PUF filter at different magnifications. (i–k) Average atomic
a, Na, Al, and K, with trace amounts of Ti, Mg, P, S and Cl detected in the PM
umber of particles measured.
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Finally, we compared the mean atomic percent of characteristic ele-
ments in the PM for the size fractions <2.5 μm, including the ultrafine
PM0.1 fraction, using high magnification STEM-EDX (Fig. 10m–o). This
15
technique has a higher spatial resolution than SEMandhigher EDX sensitiv-
ity. The fine (PM2.5–1 and PM1) and ultrafine fractions (PM0.1) all contained
Fe, Na, Mg, Al, P, S, Cl, K, Ca, and also Ti, Cr, Mn, Ni transition metal ele-
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ments. Taken together, this data complements the ICP-MS analysis
(Table 2) and is consistent with recent work by Smith et al. (2020), who
found that PM2.5 in the London underground contained 47 % Fe2O3, and
14%metallic andmineral oxides, including CaO, but also provides fresh in-
formation about the metal-composition and internal structure and chemis-
try of the respirable fractions of PM: PM2.5–1, PM1 and PM0.1. Notably, the
PM2.5 was made up of mixtures of metals including Fe, Cr, Zn, Al, Ni and
Mn and ultrafinemetal particles in amatrix of C probably derived from fric-
tional abrasion of components of steel used in wheels and rails. The source
of the carbonaceous matrix is unknown but could be from a graphitic lubri-
cant used to reduce friction.

Aromatic hydrocarbons and PAH were detected and their concentra-
tions are presented in Table S6. PAH are common pyrogenic products, i.e.
they arise from the incomplete combustion of fossil fuels. The pyrogenic
PAH are mostly present as “parent” forms, i.e. they have rings alone with
no side chains.

The level of benzo(a)pyrene (B[a]P) is commonly used as a marker for
carcinogenic PAHs and in the UK 0.25 ngm−3 B[a]P is recommended as
an annual average air quality standard (DEFRA, 2007), an order of magni-
tude higher than the levels detected in our samples (Table S6). The associ-
ation of PAH and inhalable PM has been described in the literature (Yan
et al., 2015). Relatively high concentrations of fluoranthene and pyrene
are evident in our data (Table S6). Our data are similar to measurements
in the Berlin underground where fluoranthene and pyrene were found to
be relatively abundant PAH (Fromme et al., 1998) and to data from the Bei-
jing underground where the relative abundance of 4-ring PAH such as fluo-
ranthene and pyrene was found to be higher than for surface forms of
transport (Yan et al., 2015). The ratio of fluoranthene to pyrene in Berlin
underground trains was found to be distinctly higher (>1.5) than observed
for above-ground motor vehicles (Fromme et al., 1998) and our data also
show fluoranthene to pyrene values of >1.5 for the London underground.
The presence of PAH in our data suggests the circulation of partial combus-
tion products with the underground tunnel system. The underground sys-
tem is powered by electricity suggesting that the source of PAH must be
from another source. Possible mechanisms for the introduction of PAH in-
clude fresh air introduced by the ventilation process or the use of oil-
based lubricants within the underground system. The generation of under-
ground transport-specific molecular distributions (i.e. relatively abundant
4-ring PAH and fluoranthene to pyrene ratios >1.5) could involve a selec-
tion or concentration process includingmolecular weight fractionation dur-
ing atmospheric transport or, because it is recognised that PAHs are
commonly associated with fine particles (Miguel et al., 2004), the preferen-
tial adsorption of certain types of PAH to particulate matter.

Collectively, these unique observations of PM chemistry are significant
as these transition metal-containing ultrafine PM would be inhaled on the
Underground Platform and would have the potential to drive damaging ox-
idation reactions in the lung, with a small fraction potentially entering the
circulation (Loxham et al., 2013). Particles with a diameter of <2.5 μm can
become internalised by alveolar macrophages (Hirota et al., 2013) where
they have been shown to elicit pro-inflammatory responses linked to the
imposition of intracellular oxidative stress (Loxham et al., 2013). Other
work has shown that transition metal-containing PM2.5 collected from an
urban environment in Beijing can cause mitochondrial damage, so it is
expected that the ultrafine PM collected on the London Underground
could also impair the mitochondria of cells (Miao et al., 2019). This could
be significant as changes to the structure and function of mitochondria
can lead to human diseases including respiratory illnesses (Nunnari and
Fig. 10. STEM-EDXS maps of (a) PM2.5 and (e, i) PM1 showing co-location of transitio
particle with heterogeneous chemistries. (a) DF-STEM image of a representative 2.5 μ
and Fe (b, c, d) EDXS spectra of selected substructures with their respective Feret dia
chemical maps of C, O, Na, Al, Si, S, Cl, Ca, Cr, Mn and Fe (f, g, h) EDXS spectra of sel
representative Fe-rich 1 μm particle and corresponding chemical maps showing C, O,
with their respective Feret diameters. (k) TEM image of iron-containing particle (seen
pattern of the selected region showing space frequencies of planes characteristic of m
percentage of the PM for three size fractions of PM0.1, PM0.1–1 and PM1–2.5 measured us
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Suomalainen, 2012). Othermetals, including Cu and Zn, were also detected
that can also contribute to cellular oxidative stress (Shen and Anastasio,
2012; Theodorou et al., 2016). Cr was measured in PM2.5–0.1 which is of in-
terest as this metal is known to induce cellular oxidative stress and genotox-
icity (Bhabra et al., 2009; Charrier and Anastasio, 2015). These different
PM2.5–0.1 chemistries and structures will behave differently in an intracellu-
lar environment, for example, some mixtures of metals may act synergisti-
cally, to promote oxidative stress through multiple mechanisms (Charrier
and Anastasio, 2015) and different particle types will degrade over differ-
ent time scales, resulting in differing temporal responses. PAHs were also
detected, many of which are established mutagens, carcinogens and terato-
gens, inducing DNA damage and oxidative stress (Patel et al., 2020). PAH
has been found adsorbed on PM2.5 (Miao et al., 2019). The most likely
source of PAH is partial combustion products from vehicle exhausts (Patel
et al., 2020). Yet, we have identified a PAH distribution that appears char-
acteristic of underground transport systems (relatively abundant 4-rings
and fluoranthene to pyrene ratios >1.5). The PAH weight distribution
could be related to atmospheric transport or selectivity during PAH adsorp-
tion on PM.

3.6. Exposure doses

The impact on the lung to inhaled PM is a function of the PM deposition
dose in different regions of HRT (Martins et al., 2015b). Therefore, we esti-
mated the RDD for PMCs in coarse (PM2.5–10) and fine (≤2.5 μm) particle
size range and for PNCs in nucleation, accumulation and coarse particle
modes for light exercise (walking) for males (Fig. 11) and females
(Fig. S18). Given their higher inhalation rates and tidal volumes, the RDD
is ~25 % higher for males in all size fractions than females. As an example,
we discuss only the RDD of males below and the results of female RDD are
presented in Fig. S18.

As expected, the total RDD of PMCs was lower during N-OpHrs
than OpHrs (PM10 > PM2.5–10 > PM2.5 > PM1: 72, 70, 79 and 77 %)
(Table S7). The deposition of the fine fraction is 18% lower than the coarse
fraction. This pattern of the relative increase of coarse particle doses dem-
onstrates the dominance of the coarse fraction in the underground train
environment due to mechanical wear as a result of friction between the
brake, wheel and rail track and resuspension of resulting PM (Martins
et al., 2016). RDD for coarse particles was 47.04± 33.49 μg h−1 compara-
ble to those found at urban roadsides during walking (40 to 66 μg h−1;
Kumar et al., 2018). The deposition rate for fine particles was 38.68 ±
22.20 μg h−1, which is relatively low compared to those reported by
another underground study (54.6 μg h−1; Martins et al., 2015b).

The total deposition is the sum of particle depositions in three different
regions of the HRT (Table S7). The ET region is the entrance to the human
respiratory tract. We observed the highest deposition of coarse and fine
particles compared with TB and AL regions with a contribution of 61 %
and 39 %, which are ~3.3 and ~4.7 times higher during OpHrs than N-
OpHrs. Particles deposited in the ET region do not then travel into the
lungs. Therefore, this region acts as the first line of defence against airborne
pollution (Cheng, 2003). Particles deposited here aremore swiftly removed
compared with those deposited in the deeper region of the lungs (Löndahl
et al., 2014).

Similarly, deposition of coarse and fine particles in the TB region was
~2.7 and 4.5 times higher during OpHrs, with coarse and fine particles
contributing to 46 % and 54 %, respectively. The AL region had a deposi-
tion of 19 % of coarse particles and 81 % of fine particles, which are
n metals within the particles and ultrafine substructures that constitute the larger
m particle and corresponding chemical maps of C, O, Na, Al, Si, S, Cl, Ca, Cr, Mn
meters. (e) DF-STEM image of a representative <1 μm particle and corresponding
ected substructures with their respective Feret diameters. (i) DF-STEM image of a
Na, Al, Si, S, Cl, Ca, Cr, Mn and Fe. (j) EDXS spectra of selected nm-substructures
on (i)). (l) High-resolution image of particles seen in (k) and corresponding FFT

agnetite (111–2.07 nm−1; 311–3.9 nm−1; 400–4.7 nm−1). (m–o) Average atomic
ing STEM-EDXS.
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Table 2
PM2.5–0.1, PM10–2.5 and PM10 chemical composition measured by ICP-MS as a pro-
portion of the weight of each pollution fraction collected.

Component 03 Oct 2020 - weekend
(mg/g pollution)

15 Oct 2020 - weekday
(mg/g pollution)

PM2.5–0.1 PM10–2.5 PM10 PM2.5–0.1 PM10–2.5 PM10

Na 6.559 5.997 13.021 6.835 7.941 8.030
Mg 1.743 1.863 4.029 2.204 2.853 2.277
Al 4.125 3.769 20.697 5.563 3.726 10.047
P 0.839 0.876 5.577 1.262 1.154 2.752
K 5.564 5.488 15.683 7.683 6.894 7.738
Ca 23.855 32.623 92.994 29.229 47.347 44.761
Ti 0.140 0.203 1.155 0.193 0.214 0.549
V 0.015 0.014 0.066 0.022 0.015 0.035
Cr 0.456 0.305 0.401 0.606 0.302 0.221
Mn 1.967 1.386 2.224 2.684 1.405 1.264
Fe 592.944 592.250 399.525 746.088 758.061 227.331
Co 0.016 0.015 0.031 0.023 0.015 0.017
Ni 0.154 0.144 0.291 0.210 0.142 0.159
Cu 0.331 0.244 0.522 0.465 0.249 0.301
Zn 0.292 0.222 0.627 0.408 0.218 0.352
Sr 0.031 0.047 0.192 0.042 0.053 0.095
Mo 0.372 0.330 0.231 0.335 0.288 0.121
Cd 0.001 0.001 0.002 0.002 0.001 0.001
Sb 0.010 0.010 0.014 0.017 0.013 0.008
Ba 0.081 0.069 0.288 0.128 0.095 0.177
Pb 0.023 0.031 0.101 0.051 0.040 0.054

Fig. 11. Respiratory deposition doses for males of various particle sizes of PM and PNC
(a) RDD of PMCs during OpHrs; (b) RDD of PMCs during N-OpHrs; (c) RDD of PNC
extrathoracic region, tracheobronchial region and alveolar region of the human respira
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~1.2 and ~4.7 times higher during OpHrs compared with N-OpHrs. The
percentage deposition of fine fractions increased gradually compared
with the coarse fraction in the TB and AL regions, supporting the assump-
tion that the finer the particles, the deeper they can penetrate the respira-
tory system (Sturm, 2016). Similar trends were observed for the fine
particle deposition in the different regions of HRT in a study of a subway
system in Barcelona with a higher deposition of fine particles in the AL re-
gion (11.5 %) compared to the TB (3.9 %) region (Martins et al., 2015b).
The RDD rates of PNCs showed higher deposition in nucleation mode,
followed by accumulation and coarse modes, during OpHrs. This trend is
expected as the PNCs are dominated by nucleation mode (69 % of total
PNCs), followed by accumulation (27 %) mode and a modest fraction in
the coarse mode (4 %) (Fig. 5). The deposition of nucleation, accumulation
and coarsemode particleswas 17, 60 and 72% lower duringN-OpHrs com-
pared with OpHrs. Nucleation mode particles are usually formed as a result
of the gas to particle conversion process (Kumar et al., 2011, 2014). How-
ever, there are no direct sources of gaseous emissions in the underground
to support the formation of nucleation mode particles and thus explaining
the modest differences observed between the OpHrs and N-OpHrs. Metallic
brake abrasions at stations have been reported to produce particles down to
20 nm (Namgung et al., 2016; Grigoratos and Martini, 2015; Kukutschová
et al., 2011), which would have contributed to the increased differences for
accumulation and coarse mode particles during OpHrs due to train activity
compared with N-OpHrs.
s in the underground during OpHrs (05:00–00:00) and N-OpHrs (00:00–05:00) for
s during OpHrs; (d) RDD of PNCs during N-OpHrs. ET, TB and AL refer to the

tory tract.



P. Kumar et al. Science of the Total Environment 858 (2023) 159315
Deposition is a function of the number of particles in a particular mode
and, as nucleation mode particles had the highest PNCs (Fig. 5), their depo-
sition was highest in all three regions (ET, TB and AL), followed by the
deposition of accumulation and coarse mode particles (Fig. 11). In the ET
region, the deposition of nucleation mode particles during OpHrs was
1.12± 1.45× 109 h−1, 80 % and 95% higher than those in accumulation
and coarse modes, respectively. In the TB region, the deposition of nucle-
ation mode particles during OpHrs was 1.47 ± 1.85 × 109 h−1, 80 %
and 99 % higher than those in accumulation and coarse modes, respec-
tively. Finally, in the AL region, the deposition of nucleationmode particles
during OpHrs was 3.18 ± 3.72 × 109 h−1, 70 % and 99 % higher than
those in accumulation and coarse modes, respectively. N-OpHrs followed
the same trend. The nucleation and accumulation mode particles followed
the same pattern of deposition (AL > TB > ET) in contrast to the coarse
mode (ET > AL > TB; Fig. 11). These observations are consistent with
the expectation that coarse particles are deposited largely in the upper
HRT region.

4. Conclusions

The following conclusions are drawn from the extensivemonitoring and
physicochemical analysis of the PM in different size fractions:

• Variation in mass concentration of PM and BC aerosols correlated with
train and passenger numbers, peaking at busy times. Airborne pollutant
concentrations decreased in N-OpHrs, highlighting the aerosol settling
process. In contrast during OpHrs, 64% of PNCswere found in nucleation
mode which increased during N-OpHrs; these could be related to the en-
trainment of surface air into the underground station. PNDs were similar
between 6 and 15 nm during both OpHr and NOpHr, but only larger par-
ticles decreased during N-OpHrs. Point biserial correlation analysis indi-
cates that trains arriving at the underground station caused some PM
concentration variation, however, PNC were found to be weakly corre-
lated with train movement.

• Poor ventilation on the underground platform with a replenishment of
fresh air of 0.24± 0.11 times per hour could be responsible for the accu-
mulation of pollutants in the Underground system over time.

• The mean RDD of PMCs for coarse particles was ~1.2 times higher than
fine particles, showing the dominance of coarse particle generation in
the underground subway system. The deposition was higher during
OpHrs than N-OpHrs.

• The mass of fine particles deposited in the alveolar region was 81 %
higher than coarse particles. Similarly, the RDD of PNCs showed higher
deposition of coarsemode particles, followed by accumulation and nucle-
ation mode during OpHrs. The AL region had a higher deposition of nu-
cleation and accumulation mode particles during OpHrs and N-OpHrs.
This data highlights that coarser particles mainly deposit in the upper
HRT regions, whereas the ultrafine particles can reach the deeper region
of lungs.

• PMof all size distributions are largely composed of Fe in the form of mag-
netite and trace contributions of other metals including Cr, Al, Ni and Mn
which could potentially cause cellular toxicity. The ultrafine fraction of
PM was composed of transition metals including Fe with contributions
of Cr, Al, Ni and Mn and made up of <20 nm particles of Magnetite.
The fine PM2.5 and PM1 particles were hybrids of nm-sized structures
of metal-mixtures in a larger matrix of metal or carbon that could affect
their degradation behaviour inside cells.

To our knowledge, this is the first study that describes the composition
and structure of the ultrafine and fine fractions of pollution PM. It is fo-
cussed on one Underground station with measurements performed over a
limited time period, however the measurements of diurnal variations in
PM and BC mass and PM composition (excluding the ultrafine fraction)
are consistent with existing studies on different underground systems
(Section 3.3) and are most probably applicable to other underground sys-
tems depending on different factors such as the age of the line, trains in
19
use, construction technique, passenger density and station depth (Hester
and Harrison, 2009). Although commuter exposure time on platforms is
generally limited to an average of around 2 to 5 min (Martins et al.,
2015a), and there is a dominance of coarse particles, the continuous expo-
sure to the increased deposition doses of fine and ultrafine PM composed of
iron oxides and other toxic metals and PAHs in the AL region for a
prolonged period in underground train systems, could lead to increased
cellular toxicity and detrimental health effects (Sturm, 2016). For example,
these nanometer-sized particles could become internalised by cells, ampli-
fying toxicity or further penetrate the lung barriers crossing into the blood-
stream contributing to adverse cardiovascular and respiratory responses
(Patel et al., 2020; Karlsson et al., 2005; Patel et al., 2020). In addition to
previous observations and recommendations made regarding the cumula-
tive risk to the health of workers or commuters (Seaton et al., 2005), we
would like to add the following points:

• The possible adverse health effects associated with exposure to the spe-
cific underground aerosols that we have described and particularly the
potentially toxicmetals identified here in the finer fractions needs further
investigation. In particular, we need to understand whether these parti-
cles are more toxic than those present on the busy London roadside.

• Future research should focus on the real-time-spatial distribution of PM
and ventilation efficacy through a better understanding of local air
flows and pollutant dispersion characteristics, identifying locations with
very high levels of PM in the underground. These evidence-based ap-
proaches can help transport providers to develop and establish strategies
to mitigate the impact of PM on passenger health.

• We recognise that London Underground has a cleaning programme to re-
move particulatematter but that this is a complex and slow task.We recom-
mend that improved ventilation is also needed to disperse and remove the
high levels of PM observed during operating hours and use of screen doors
between the train and platform such as on the new Elizabeth Line. Given
that the underground environments are complex in terms of their built
structure and the dynamicflowof the people,more sophisticatedmodelling
approaches are also needed to estimate their ventilation in real-time.

• Vulnerable passengers might consider how they can limit their exposure to
particulate matter while travelling in the underground. This could include
avoiding rush hours where possible and/or wearing facemasks capable of
filtering out ultrafine particles.

• The UK's Health and Safety Executive for example may consider if it is
necessary to establish separate Workplace Exposure Limit categories for
smaller PM fractions than the currently measured larger-sized fraction,
with lower limits given their potential toxicity and capacity to cross the
lung barrier. In the meanwhile, local authorities should consider col-
lecting similar detailed data (particularly on the smaller PM fractions)
on public transport to develop evidence-based, localised strategies to re-
duce passenger exposure to air pollution.
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