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ABSTRACT

Ultrafine particles (UFPs, Dp < 100 nm) are recognised as having a more detrimental
effect on human health and climate compared to larger particles. However, critical gaps
persist concerning this unregulated pollutant, particularly regarding their control
strategies, personal exposure assessment, and new particle formation (NPF) in real-
world urban settings. This thesis addresses these gaps through a combination of data
analysis obtained from long-term monitoring and short field campaign data and
personal exposure campaigns in urban areas in the UK. The research aims to (i)
quantify long-term trends (2010-2021) in UFPs particle number and size distribution
along with other pollutants at an urban traffic site (London Marylebone Road), (ii)
assess personal exposure to important UFPs metrics, specifically particle number
concentration (PNC), average diameter, and lung deposit surface area (LDSA) by
mobile measurement, (ii) evaluate methods for normalising short-term personal
exposure to UFPs and other pollutants with the aim of reflecting an annual mean
exposure, and (iv) investigate NPF using an observational dataset collected during a

1-month summer campaign at an urban background site in Manchester.

The results show a statistically significant reduction in all examined air pollutants
ranging from 4.7%/yr to 8.3%/yr, with the most rapid decline reported in Black Carbon
(BC) and accumulation mode particle concentrations. Nevertheless, there has been
litle change in the concentration of the nucleation mode (Dp < 30 nm). The
implementation of the Diesel Particulate Filter (DPF) was associated with a significant
reduction in BC, confirming its efficacy under real-world conditions. Personal exposure
assessments revealed that exposure to PNC and LDSA with a smaller average

diameter was higher during bus journeys compared to walking, particularly on major



roads compared to residential roads. A method to eliminate spikes in PNC
concentrations during walking trips enables source estimation, specifically
distinguishing hyperlocal sources from local background contribution (19%) and
general local increments (9%). Moreover, new techniques for normalising personal
exposure data, which incorporate a correction factor for two distinct timeframes (during
the campaign and over a yearly period), have effectively diminished the non-
normalised concentration for the majority of examined pollutants, thereby enhancing
their comparability to the annual average concentration recorded at a local air
monitoring station. NPF substantially contributes to total PNC under favourable
conditions such as higher solar radiation and sulphuric acid levels, less polluted
atmospheric conditions, and higher wind speed. This study suggests that sulfuric acid
is the main driver of nucleation, while ULVOC may play a more important role in particle

growth.

The findings demonstrated that while regulatory intervention has significantly
decreased solid particles, its impact on the nucleation mode remains limited.
Therefore, a more effective control technology is required to mitigate UFP emissions
in urban areas. Employing spike removal and normalisation techniques for personal
exposure data enhances the distinction between episodic peaks and the actual
background exposure, as well as weather-independent trend estimations.
Consequently, it improves the understanding of personal exposure evaluation to
improve air quality regulations in urban areas. Furthermore, NPF events as a non-
traffic UFP source play an important role in urban areas, underscoring the necessity to

control gaseous precursors to effectively mitigate personal exposure to UFPs.
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Chapter 1: Introduction

1.1 Air Pollution in Urban Areas

Air pollution is considered as a significant contributor to the global burden of disease
(Fuller et al., 2022; Murray et al., 2020; Vos et al., 2020), leading to approximately 6.7
million deaths in rural and urban regions in 2019. This is the highest number compared
to that caused by other types of pollution (e.g., water pollution, occupational pollution,
and lead pollution). Among that total, ambient (outdoor) air pollution accounted for a
higher number of deaths (4.5 million) compared to indoor air pollution (Fuller et al.,

2022).

It is estimated that over 50% of the world's population resides in urban areas, with this
figure expected to rise to approximately 68% by 2050 (UN, 2019). Urbanization has
impacted upon air pollutants, specifically PM2.5 concentration (Han et al., 2014). This
is supported by research indicating that air quality has deteriorated with the increase
of population size and density (Borck & Schrauth, 2021, 2024). Air pollution in urban
areas is also affected by urban structure, with elevated concentrations of pollutants
(NOx and PM1o) found in the scattered and densely constructed regions of European
cities (Rodriguez et al., 2016). The scattered city layout potentially reduces
connectivity, making people more dependent on vehicles to commute and hence

increasing emissions from the transport sector.

Compared to many decades ago, the concentration of air pollutants emitted from fossil
fuels, specifically coal combustion, is significantly lower. This improvement was
achieved from the adaptation of better and cleaner technologies. However, the rapid

growth of motor vehicles in urban areas globally, and hence their exhaust emissions,



has resulted in elevated concentrations of various pollutants (e.g., fine and ultrafine
particles or UFPs) (Valavanidis et al., 2008). Analysis of air pollution trends between
2000-2019 in over 13,000 cities shows that PM2s levels have increased in more than
65% of urban areas worldwide. Despite a notable reduction in emissions of some
pollutants in European cities, the urban population’s exposure to air pollutants,
including PM25 and Oz, continues to be above the WHO limit for human health
protection (Guerreiro et al., 2014; Sicard et al., 2021). In India and China, a significant
reduction in pollutant emissions has been recorded, yet persistent high levels of
population exposure to particulate matter (PM) during recent decades have also been

observed (Gurjar et al., 2016; Zeng et al., 2019).

The decrease in black smoke emissions due to control strategies in developed
countries alters both the PM concentration and its composition. This is reflected in a
study that found PM2s composition in London, Beijing, and New Delhi was
predominantly comprised of carbonaceous particles emitted from road transport and
secondary pollutants, ammonium salts, and secondary organic carbon (Harrison,
2020b). The complexity of PM pollutants, which vary in size, chemical composition,
and concentration both temporally and spatially, make them more difficult to study than
gaseous pollutants (Harrison & Yin, 2000; Moreno-Rios et al., 2022); hence,

formulating control strategies is more challenging.

1.2 Particulate matter
Particulate matter (PM) is a solid and/or liquid suspended in the air. Among air
pollutants, PM is the most reliably linked to human health (Anderson et al., 2012) and

is commonly utilised as a proxy indicator for air pollution (WHO, 2024). PM can



originate directly from primary sources (e.g., coal burning, vehicular emission exhaust,

and wood burning, etc.) or can be formed via chemical reactions of gaseous

components in the atmosphere, referred to as secondary sources (Hinds & Zhu, 2022).

Generally, PM is classified based on its size, a significant property that impacts human

health. Different sizes of PM result in particles depositing in various regions of the

human respiratory tract, leading to diverse health outcomes (Peters et al., 1997,

Schraufnagel, 2020b).
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Figure 1 .Range of particle size and aerosol definition (Hinds & Zhu, 2022).

Fig. 1 illustrates the range of particle sizes and other phenomena by various

nomenclature, categorising particles into nanometre range (less than 0.01 uym), sub

micrometre range (less than 1 um), micrometre size range (1-10 ym), and those larger



than 10 um. The largest gas molecule size approaches the smallest particle size (Hinds

& Zhu, 2022), indicating a particle formation mechanism from gaseous precursors.

Aerodynamic diameter is a widely used metric for describing particle size, which also
reflects their generation and where the particle will deposit in the human body
(Anderson et al., 2012). This is defined as the diameter of spherical particles having a
density of 1000 kg/m? that has a similar settling velocity to the particles under study

(Hinds & Zhu, 2022).

1.3 Ultrafine Particles (UFPs)

As shown in Fig. 1, PM in air pollution research is broadly classified into PM+o (Dp <
10 ym), PMzs or fine particles (Dp < 2.5 ym), and ultrafine particles (UFPs, Dp < 100
nm). This size affects the particle mass, particle number, and surface area. Fig. 2
shows a typical particle size distribution in the ambient air. An important characteristic
of this figure is the particles with a diameter less than 0.1 ym predominantly contribute
to the total particle number, whereas those with a diameter larger than 0.1 ym largely
contribute to the total particle mass. Consequently, the concentration of UFPs is
typically expressed by the number concentration per unit volume of air, whereas the

larger particles (Dp > 1um) are generally measured by their mass concentration.
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Figure 2. Particle number, particle surface area, and particle volume (equivalent to particle mass) as a
function of particle size (Heal et al., 2012).

In terms of particle number size distribution, UFPs are typically expressed in three
different modes that reflect their sources and formation processes (Lewis et al., 2018),
i.e., nucleation mode, Aitken mode, and accumulation mode. Many literatures define
the size range of each mode differently, as summarised by Kumar et al. (2010), which
show the particle size ranges are typically classified as those with diameters of 1-30
nm for nucleation, 20—-100 nm for Aitken, and 30-300 nm for accumulation.
Nonetheless, the first two modes predominantly contribute to the total particle number
concentration measured at the urban background or urban traffic monitoring sites

(Kumar et al., 2011).



1.3.1 Health effect of UFPs

There is a growing body of knowledge concerning UFPs’ effect on human health,
particularly on the respiratory system. Compared to larger particles with the identical
chemistry, UFPs possess a greater surface area per unit mass, leading to increased
biological activity (Glnter Oberddrster et al.,, 2005). This larger surface area also
allows UFPs to uptake a greater number of toxic metals and organic compounds,
thereby inducing oxidative stress (H. S. Kwon et al., 2020). Owing to their smaller size
and larger surface area, UFPs can reach the alveolar region of the human lungs,
subsequently translocating to other organs, including the brain or the heart via
lymphatic and blood circulation and the nervous system, potentially affecting the
neurological system (Buzea et al., 2007; Peters et al.,, 2006; Samet et al., 2009;
Terzano et al.,, 2010). Furthermore, a study has demonstrated that UFPs are

associated with oxidative DNA damage (Vinzents et al., 2005).

Exposure to UFPs, both in the short term (i.e., hours to 1 month) and long term (i.e., 1
month to years), has been associated with more severe effects (Franchini & Manucci,
2007), particularly among vulnerable populations, including the elderly and individuals
with cardio-respiratory diseases (Lee et al., 2014). A study revealed that individuals
with asthma exhibited a greater cumulative respiratory intake of UFPs for a certain
exposure, which may exacerbate their susceptibility to the air pollution health effect
(Chalupa et al., 2004). Research indicates that exposure to this tiny particle during
commuting may cause acute effects for both healthy individuals and those with
compromised health (Knibbs et al., 2011). A recent systematic review study on the

health effects of UFP, which analysed 85 studies published between 2011 and 2017,



suggests that short-term exposure to UFPs has been linked to inflammatory and

cardiovascular diseases (S. Ohlwein et al., 2019).

Nevertheless, unlike other PM types (i.e., PM2sand PM1o), the guideline level of UFPs
has not been formulated by WHO in their latest Air Quality Guideline or AQG (WHO,
2021b). The reason for this is insufficient evidence from epidemiological studies on
UFP exposure to set the AQG level (USEPA, 2019; WHO, 2021b). Indeed, the quantity
of such studies is increasing, however, the inconsistent use of metrics to assess the
exposure makes the results across studies difficult to compare thoroughly. On the
other hand, sufficient evidence from extensive epidemiological studies supports the
establishment of a good practice statement to address concerns regarding the effect
of UFP on human health and the environment. The principal good practice statements
include measuring the particle number concentration (PNC) of UFP with Dp < 10 nm,
integrating UFP monitoring into the existing station for air quality monitoring, prioritising
control strategy for UFP emission sources by categorising them into low (PNC < 1000
#/cm? of daily average) and high (PNC > 10000 #/cm? for daily average or > 20000
#/cm? for hourly average) classifications, and leveraging emerging knowledge and

technology for personal exposure assessment.

1.3.2 UFPs in Urban Environments

In urban environments, road vehicles have been identified as the primary source of
UFPs (Brines et al., 2015; Chatain et al., 2021; Klompmakera et al., 2015; Ronkkd et
al., 2017), especially diesel-powered vehicles (HEI, 2013b), resulting in elevated UFP
levels in urban traffic compared to other urban environments (Kittelson et al., 2004; Shi

et al., 1999). Prior studies indicated that the concentration of UFP in proximity to the



road was significantly higher and substantially influenced by traffic emissions
(Belkacem et al., 2020; Hagler et al., 2009)et al., 2020; Hagler et al., 2009; (Padré-
Martinez et al., 2012; Shi et al., 1999; Vu et al., 2015), which account for approximately

~90% of total PNC at heavily trafficked locations (Kumar et al., 2010).

In addition to traffic emissions, nucleation serves as an additional mechanism
generating UFPs in urban atmospheres, as extensively studied globally (Alam et al.,
2003; Brean et al., 2020a; Cai et al., 2021; Guo et al., 2020; Qian et al., 2007;
Siakavaras et al., 2016; Yu et al., 2016). Nucleation particle formation (NPF) events
are recognised as important sources of secondary UFPs in urban environments
(Kumar et al., 2014; Saha et al., 2018; Sowlat et al., 2016), especially in regions with
high insolation, as recorded in several European cities (Brines et al., 2015). Particles
generated from this mechanism also potentially act as cloud condensation nuclei

(CCN) and hence affect the radiation balance of the Earth (Kerminen et al., 2012).

Nucleation particle formation involves two mechanisms, including the formation of
molecular clusters and its subsequent growth (Lehtipalo, 2025; Kulmala et al., 2014),
from a diameter of a few nanometres to nucleation and Aitken mode, and possibly
toward a size at which they can serve as cloud condensation nuclei (CCN), i.e., more
than 50 nm (Kirkby et al., 2011). The former mechanism constantly occurs globally,
while the latter requires a particular atmospheric circumstance (Kulmala et al., 2014;

Kerminen et al., 2018).

The fundamental process governing NPF remains incompletely understood due to the
complex interaction of chemical and physical processes involved (Lehtipalo et al.,

2025). Nonetheless, it has been thought that the initial process in the new particle



formation is started by photochemical reactions of key gas precursors, mainly sulfuric
acid (Kuang et al., 2008; Kulmala et al., 2007; Wang et al., 2011), which will generate
thermodynamically stable clusters (Zhang et al., 2004) in diameter close to 2 nm
(Kulmala et al., 2007). Due to its low vapour pressure under a typical atmospheric
environment and the capability to form hydrogen bonding with important compounds
in the atmosphere, e.g., water, basic species, and organic acids, sulfuric acid is an
ideal precursor to those involved in nucleation (Lee et al., 2019). lodine oxoacids
(HIOx), including iodic acid (HIO3) and iodous acid (HIO2), are efficient nucleators in
coastal marine environments. A chamber study indicated that the nucleation rate of
these molecules was faster than sulfuric acid-ammonia under the same condition (He
et al., 2021). The follow-up investigation indicated that iodine oxoacid substantially
enhances the sulfuric acid-ammonia nucleation formation rate in marine and polar
environments by a factor of 10 to 10000 (He et al., 2023). Nevertheless, in polluted
urban areas, the role of iodine oxoacids as stabilizer is particularly pronounced, as they

enhance growth rates of sub-3 nm particles (Zhang et al., 2024).

Once the clusters are formed, it will subsequently grow mainly by condensation
involving low-volatility gaseous molecules, leading to an increase in particle size
without a decrease in particle number. This process will compete with the removal
mechanism due to the existence of preexisting particles (Harrison et al., 2000; Lee et
al., 2019). Alternatively, newly formed particles can grow through a coagulation
process due to the motion among them (Holmes, 2007), causing the collision of
particles that increase diameter and decrease particle number (Hinds & Zhu, 2022).
Apart from sulfuric acid, the condensation of oxygenated organic molecules (OOMs)

has been postulated to have an important role, particularly for the growth of newly



formed particles (Brean et al., 2024). Numerous OOMs are present in the atmosphere,
and they are commonly classified by their saturation mass concentration (C*,
expressed in ug/m?3) as the equivalent of saturation vapour (Stolzenburg et al., 2022)

proposed by Schervish & Donahue (2020). The classification is shown in Table 1.

Table 1. Classification of Organic Compound based on Saturation Mass Concentration (C*)

Classes of Organic C* (ug/m?)
ULVOC  Ultra Low Volatility Organic Compound C*<3x10°
Extremely Low Volatility Organic 3 3
ELVOC Compound 3x10 *<C*<3x10 *
LVOC Low Volatility Organic Compound 3x10 *<C*<0.3
SVOC Semi Volatility Organic Compound 0.3<C*<300
IVOC Intermediate Volatility Organic Compound 300<C*<3x10°
VOC Volatility Organic Compound C*>3x 10°

The low volatility of ULVOC facilitates them to efficiently nucleate under typical
circumstances, where supersaturation is an essential factor driving this phenomenon
(Schervish & Donahue, 2020). ELVOC and LVOC predominantly exist in the particle
phase in any ambient conditions and will condense onto pre-existing particle upon
collision, however, due to the high curvature of smallest pre-existing particle, LVOC
may not condense onto them and instead stick onto a larger particle (Bianchi et al.,
2019). SVOC, under equilibrium conditions in the atmosphere, exist in substantial
quantities in both gaseous and condensed phase. IVOC, these are molecules with

abundance fraction and relatively low vapor pressure, mostly exist in the gas phase
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under atmospheric circumstances. The final classes are VOC, which are notably

volatile in any circumstances (Bianchi et al., 2019; Donahue et al., 2012).

A comprehensive study on NPF analyses utilising data from 13 sites, including urban
background, urban traffic, and rural areas in 5 European countries, revealed that the
frequency of NPF occurrence at urban traffic was lower than that observed at urban
background and rural areas (Bousiotis et al., 2021b), however, higher growth and
formation rates were noted in these areas. The infrequency of NPF was linked to higher
pollutant concentration and condensation sink (Bousiotis et al., 2021a), which has
been considered as one of the key determinant factors in NPF events across various

environments.

Another study examined meteorological parameter effects on NPF using a long-term
data set of 85 years (cumulative across the sites) from 16 locations with different land
usage across Europe. It demonstrated the NPF event is strongly correlated (R?> 0.94)
to the solar radiation, air temperature, and atmospheric pressure, while revealing a
negative association with relative humidity at the majority of study sites (Bousiotis et

al., 2021b).

As mentioned earlier, sulfuric acid has been recognised as a crucial precursor of NPF.
Nonetheless, owing to a lack of direct observation of sulfuric acid, studies investigating
nucleation particle formation in urban environments predominantly employ gaseous
pollutants, i.e., SO,, as a proxy for sulfuric acid (Ali et al., 2025; Németh et al., 2018).
Limited studies have performed direct measurements of this molecule (Brean et al.,
2019), and there has been no prior study in the UK. Using sulfuric acid proxy instead

of direct measurement is subject to significant uncertainty due to insufficient research
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on the validity of this proxy in various environments (Kerminen et al., 2018). Additional
factors contributing to the regional NPF occurrence include elevated solar radiation
intensity, low relative humidity, and pre-existing particle concentration (Kerminen et al.,
2018). Highly oxygenated molecules (HOMs) have been regarded as another crucial
factor in NPF, particularly during the growth phase of newly formed particles, as
evidenced by an observational study in a polluted environment of Beijing (Brean et al.,
2019). A study in a mountainous environment in China highlighted that NPF in that
area is primarily influenced by HOMSs, potentially aided by low levels of sulfuric acid.
Furthermore, they have detected more than 1500 of ultralow-volatility HOMs, and ~700
extremely low-volatility promoting nucleation, and particle growth, respectively (Liu et

al., 2024).

A study conducted in three European cities employing long-term data on particle
number size distribution (PNSD), air pollutant concentration, and sulfuric acid proxy
found that the origin of air masses was not a significant factor in the area studied
(Németh et al., 2018). They investigated NPF events across three central European
cities, i.e., Budapest, Vienna, and Prague, which have a continental climate, a
predominant north-westerly wind, and comparable urban features, e.g., area and
population size. Their findings indicated that although NPF varied in frequency among
all study sites, no significant influence was observed from the air mass origin and back-
trajectory analysis, indicating that local conditions play a more important role in these
study areas. In contrast, Bousiotis et al., (2021b) studied NPF across 13 European
monitoring sites, covering a variety of urban, rural, and roadside settings. Their findings
highlighted that the incoming air masses significantly influenced the characteristic of

NPF, with cleaner air masses facilitating nucleation, while polluted air masses
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supported particle growth. This suggests that various urban areas may possess
different atmospheric compositions, contributing to heterogeneity in factors that

promote or hinder the nucleation event.

A review study on NPF from field measurements underscores the necessity for more
observational data analysis to explore NPF, hence improving understanding of such
phenomena across various urban environments and facilitating the generalisation of

NPF-related findings from one urban area to another (Kerminen et al., 2018).

1.4 UFPs Abatement Strategy

Policy interventions have been introduced for the road vehicles to improve the air
quality globally, including in the UK. This is achieved by imposing the emission
standards of pollutants (e.g., EURO standard) and regulating vehicles access to
specific areas based on emission standards (e.g., low emission zone and ultra-low
emission zone). The enforcement of Euro Standard regulations restricts road vehicle
emissions, with higher standards requiring stricter emission limits. Consequently, the
implementation of control technology for both new and in-use vehicles become
unavoidable. Fig. 3 shows an example of regulation on road vehicles throughout the

past decades in London, which ranks as one of the most congested cities in Europe.
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Figure 3. Policy Intervention in the Road Transport Sector Over 2010-2021 in London, UK.

Euro standards are enforced for new vehicles registered in the UK. The initial Euro
standards were implemented in 1992, and they have progressively tightened, evolving
from Euro 1 to Euro 6 for light-duty vehicles (LDVs) and Euro | to Euro VI for heavy-
duty vehicles (HDVs). The limit of particle number (PN), for the first time, was regulated
in Euro 5b for diesel LDVs and Euro 6 for petrol LDVs, which were introduced in
September 2011 and January 2014, respectively. The PN limit for HDVs was set out
in Euro VI, which was implemented in early 2014. The achievement of these additional
PN standards requires the fitting of a Diesel Particulate Filter (DPF) (Lewis et al., 2018)
on road vehicles. This after-treatment technology has been considered to have
efficiency of nearly 100% (Bergmann et al., 2009; Fiebig et al., 2014). A study
conducted on-road and in a laboratory measuring PNC and PNSD, specifically for non-
volatile particles, from different types of diesel vehicles’ exhaust emissions suggested
that DPF equipped to the vehicles effectively reduced particle number concentrations
across the entire size range examined (9.8 nm-565.7 nm) (Lee et al., 2015). Another

study evaluated a DPF fitted to a typical European diesel passenger car found that this
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technology reduced 99.5% of particle number and 99.3% of particle mass

concentrations (Bergmann et al., 2009).

The congestion charge (CC) was implemented in 2003 to reduce congestion. The
impact of this scheme on ambient air pollutants in London was (Atkinson et al., 2009;
Beevers & Carslaw, 2005) and found evidence of a relative reduction in PM1o and CO.
A recent study utilising air pollution data from 2000-2007 has shown that the London
Congestion Charge has significantly decreased certain pollutants (CO, NO, and PM+o)
while increasing NOx concentrations, which are directly linked to diesel vehicles. This
is due to a transition in transportation mode from private car to public transport, which
has led to an increase in diesel vehicle mileage, and hence the emissions (Green et
al.,, 2020). Furthermore, following two decades of implementation, the London

Congestion Charge has resulted in a 30% decrease in congestion (TfL, 2023).

The low emission zone (LEZ) implemented in London and other European cities, was
initially operated to mitigate regulated air pollutants, e.g., PM1oand NO,, to comply with
the EU limits (Holman et al., 2015). LEZ in London was enforced in multiple phases
from 2008 to 2012, covering most of the Greater London area. Only vehicles that
comply with specific PM emission limits are permitted to operate within the zone.
Holman et al. (2015) examined the efficacy of LEZ in European countries (i.e., UK,
Italy, Germany, Netherlands, and Denmark) and found that LEZ implementation may
lead to a modest reduction in PM1o and NO, average concentration in Germany, while
no significant effect was observed in other study sites. In London, the impact of LEZs
has been shown to slightly decrease PM1o and NOx levels after 5 years of

implementation (Ellison et al., 2013). However, the design of programmes to monitor

15



changes in many of the locations may have been inadequate to identify small

improvements.

The Ultra-Low Emissions Zone (ULEZ), implemented in London in April 2019, has
been operated 24 hours every day with the exception of Christmas Day. Initially, the
area covered by ULEZ was smaller than LEZ, however, it has been progressively
expanded and now both schemes operate within the same territory. Unlike LEZ, it
impacts all vehicle types. Cars, vans, and other specialist vehicles require a minimum
of Euro 4 and Euro 6 for petrol and diesel-powered, respectively, while motorcycles
are required to comply with Euro 3 standards for NOx emissions. Lorries, coaches, and
larger vehicles over 3.5 tonnes only need to pay a charge if they do not meet the ULEZ
standard (TfL, 2025). A prior study showed that the London ULEZ led to a small
improvement, lowering NO, levels by less than 3% and only slightly reducing O3 and
PM:zs levels (Ma et al., 2021). Another study used a model to measure the effects of
ULEZ and LEZ and found a more significant reduction in NO and NOx in the ULEZ
compared to LEZ area (Hajmohammadi & Heydecker, 2022). In contrast, a report from
the Greater London Authority or GLA (2025) utilising observational data from air quality
monitoring stations over England estimated a much greater drop in NO2 concentration,
ranging from 24% to 54% depending on the region. The disparity in methodology and
the definition of the pre-intervention period employed by The GLA and the two
preceding studies results in the difference in the effect of ULEZ on NO2 concentration.
The GLA relied on the trend analysis and weather normalisation from the observational
dataset, while Ma et al., (2021) analysed further using change point detection (CPD)
and regression discontinuity design (RDD) as causal inference methods to strengthen

the robustness of their findings ((Ma et al., 2021).
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A recent study in Seoul has identified a decrease in pollutant concentration, specifically
PMi1o, NO,, CO, and SO, ranging from ~6% to 17%. However, an approximate 10%
reduction in PMa2s concentration was noted in association with the ULEZ

implementation, possibly attributed to secondary formation (Park & Lim, 2025).

Overall, there has been an increasing number of studies examining the impact of policy
on air pollutants, specifically larger particles (i.e., PM1o and PM2s5) and gaseous
pollutants (i.e., NOx and SOx). Nonetheless, there is limited study examining how policy
implementation influences emerging pollutants, including UFPs, which have been

acknowledged to have more adverse effects on human health.

1.5 Mobile Monitoring for Assessing Personal Exposure to UFPs

The assessment of human exposure to UFPs is crucial for understanding the impact
of this pollutant on human health and for formulating strategies to improve air quality.
This is also recommended by WHO as stated in their most recent guidelines (WHO,
2021b). Human exposure to air pollutants is traditionally assessed using data derived
from fixed air quality monitoring stations (Lin et al., 2023; Watson et al., 1988) where
the sophisticated and regulatory-grade instruments are deployed. However, this
stationary monitoring site typically required a very expensive cost for both deployment
and maintenance of instruments, supplementary infrastructure, and well-trained
personnel to run the instruments (Frederickson et al., 2023; Motlagh et al., 2020). While
fixed-station network data can provide air quality data regarding temporal trends (Hoek
et al., 2024) and are appropriate for defining regional air quality assessments

(Frederickson et al., 2022), their limitation leads to low spatial resolution (Kumar et al.,
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2015; Motlagh et al., 2020), and thus are not capable of capturing pollution at the

hyperlocal level (Kumar et al., 2015; An Wang et al., 2023).

Meanwhile, field monitoring results indicated substantial variation of pollutant levels
within short distances, particularly for traffic-related air pollutants (TRAP) in urban
environments, attributable to the existence of local emission sources (Apte et al., 2017;
Frederickson et al., 2022; C. Li et al., 2019; Shah et al., 2023). Studies found that there
was substantially more spatial variability in UFPs compared to larger particles (PMz2.5)
(Saha et al., 2019; Wu et al., 2015). Additionally, by combining long-term monitoring
data from both fixed sites and mobile measurement data, a study has highlighted that
the spatiotemporal profile of UFPs differs from that of other TRAP due to other
important sources, i.e., new particle formation (Gani et al., 2021) and restaurant

cooking (Saha et al., 2019; Shah et al., 2023; Ye et al., 2020a).

Local sources of UFPs, such as traffic and cooking activities, exhibit the highest
concentration near these sources, potentially contributing up to 3 times (Saha et al.,
2019) or ~9x higher when inside a vehicle (Apte et al., 2011) compared to that
measured in urban backgrounds. Although UFPs concentration decreases rapidly with
increasing distance from local sources (Luengo-Oroz & Reis, 2019; Weichenthal et al.,
2008) due to rapid dilution, coagulation or other removal mechanisms, these local
sources may significantly affect human exposure (Frederickson et al., 2022).
Therefore, there is a need to improve the spatiotemporal resolution of UFP to enhance
understanding of individuals’ exposure to this particle. In addition, although numerous

sources (e.g., local sources and background sources) may influence people's
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exposure during commuting, their contribution to the total exposure during travel

remains not well understood.

Recently, mobile monitoring has become an important complement to stationary
measurement conducted at fixed monitoring stations (A. Wang et al., 2023), enhancing
the spatiotemporal resolution of air pollution levels (Bousiotis et al., 2024). This method
has been extensively used for evaluating personal exposure to air pollutants, which
has been regarded as the best approach for more accurately predicting exposure
among smaller populations (Han et al., 2017). On the other hand, massive
development of air quality monitoring technologies that are simpler, more affordable,
and more portable than the regulatory-grade instruments offer study opportunities to
do the measurements that were not previously feasible (Bousiotis et al., 2024; A. Wang
et al.,, 2023). A literature review study found that mobile monitoring studies have
increased over the past decades, utilising both high-cost and low-cost (~£100s)
instruments (A. Wang et al., 2023). Between 2012 and 2021, almost one-third of the
examined research was published in the latter year. Nonetheless, among pollutants,
UFPs is one of the less studied pollutants compared to other TRAP i.e., NO,, BC, and
CO, particularly by non-low-cost air quality sensors. One of the reasons may be the
scarcity of low-cost sensors for ultrafine particles compared to those for larger particles

(PM2.5, PM1o).

To date, there has been a growing number of studies examining personal exposure to
UFP through mobile monitoring (Bergmann et al., 2021; He & Qiu, 2022; Knibbs et al.,
2011; Luengo-Oroz & Reis, 2019; Patel et al., 2023; Rivas et al., 2017b; Samad et al.,

2022; Tran et al., 2025; Van Ryswyk et al., 2021; Weichenthal et al., 2008). In addition
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to particle number, lung deposit surface area (LDSA) and diameter are other important
variables that need to be comprehended from personal exposure studies. Most prior
studies focusing on human exposure to UFP primarily reported number concentration,
while investigations into other metrics, i.e., LDSA, remain limited (Amin et al., 2024;
Geiss et al., 2016; Liu et al., 2022; Tran et al., 2025). LDSA is also important to assess
the dose-response relationship (Baldauf et al., 2016; Lepistd et al., 2020) and serves
as a more accurate indicator of UFP-induced inflammatory and oxidative stress

response (G. Oberdorster et al., 2005).

1.6 Weather Normalisation of Personal Exposure Data

Research on individual exposure to UFP has predominantly yielded descriptive data
reflecting conditions throughout the campaign. In fact, predicting long-term personal
exposure to UFPs is crucial for epidemiological research. Previous studies on personal
exposure to UFP primarily focused on temporal variation during data collection, which
mainly derived from a short campaign, such as specific times of day, days of the week,
and seasons (Liu et al., 2022; Luengo-Oroz & Reis, 2019; Weichenthal et al., 2008).
In fact, predicting long-term personal exposure to UFPs is crucial for epidemiological
research. Furthermore, the results may differ if it is conducted during different
timeframes, particularly for the UFPs, where meteorological factors could serve as an
important determinant of exposure (Weichenthal et al., 2008). A technique has been
developed to reduce bias in air quality data resulting from meteorological impact,
widely known as meteorology normalisation. This approach is typically employed by
utilising long-term air quality data to obtain more reliable trends in air pollutant
concentrations (Grange et al., 2018; Shi et al., 2021), especially for assessing the

efficacy of regulations on air quality. In general, this is usually done using three
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methods, including the chemistry transport model, the traditional statistical method,
and machine learning (Zheng et al., 2023), with the latter two being the most widely
used. Machine learning has been utilised in numerous global studies to analyse long-
term regulated air quality pollutant data, including in China, Argentina, Spain,
Birmingham, Switzerland, and Italy, London, US and India (Diaz Resquin et al., 2023;
Falocchi et al., 2021; Grange & Carslaw, 2019; Yong Guo et al., 2022; B. Liu et al.,

2023; Lv et al., 2022; Petetin et al., 2020; Shi et al., 2021).

Although extensive meteorological normalisation studies have been undertaken for
regulated pollutants, there is a lack of study on UFP, likely due to their unregulated

status and the consequent scarcity of measurement data.

The machine learning method has been considered a robust technique for removing
weather effects on air quality data; however, prior studies indicate that this method
necessitates extensive long-term air quality data, meteorological factors, and
advanced computer resources. Therefore, a new simpler approach by leveraging
short-term personal exposure data to UFP is required to be developed. Thus, the bias
arising from meteorological effects that likely impacts UFP concentration during data
collection can be mitigated, leading to a more accurate evaluation of air quality and

spatial distribution.

1.7 Research Motivation and Thesis Structure

e Urban traffic sites have been considered as having higher UFPs concentrations
than other urban types. In Europe, source apportionment of PNSD at six

monitoring stations (two of which are urban traffic) demonstrated that traffic was
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the major source at all study sites, contributing between 71% and 90% on an
annual average (Rivas et al., 2020). Various policies, specifically on road
vehicles, have been enacted to enhance air quality in this region. A systematic
evidence map examined over 300 studies on urban policy interventions
concerning traffic-related air pollutants (TRAP) globally, revealing that the
effectiveness of regulations in mitigating TRAP pollutants (e.g., PM1o, PM2s5,
and NOx) has been extensively researched, with PM10 being the most analysed
pollutant (Khreis et al., 2023). Some of the studies have been explained in the
previous section, which mostly analysed the larger particles (PM10 and PMz5).
Nonetheless, there is a lack of analysis focusing on the impact of policy
implementation on UFPs concentration. A deep analysis of this relationship is
crucial for evaluating the efficacy of existing policies, such as traffic regulations,
LEZ, ULEZ, and emission standards, in mitigating health risks associated with
UFPs. This study aims to fill this gap by investigating the trend in UFP levels in
association with specific policy measures over the past decade..

The air quality monitoring station is incapable of estimating exposure at the
personal level, which can fluctuate based on various factors (e.g., individual
activities, modes of transportation, and proximity to emission sources),
especially for UFPs that exhibit high spatial and temporal variability. Therefore,
personal exposure to UFPs studies by examining important metrics, i.e., particle
number and LDSA, is essential to conduct to obtain a more representative
exposure at the individual level, which can be used for further health risk
assessment in various settings, e.g., urban spaces, commuting modes,

activities, etc. This also serves as the implementation of UFP’s Good Practice
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Statement set by WHO, specifically by leveraging science and technology to
evaluate UFP exposure in epidemiological studies and UFP management. On
the other side, there has been an increasing body of research on personal
exposure to UFPs, primarily undertaken over short durations and only
describing conditions during the sampling period, where meteorological factors
might greatly affect the measurements. Meteorological normalisation has been
extensively performed on long-term air quality data obtained from stationary
monitoring stations. To the best author's knowledge, no approach utilising short-
term personal exposure data has been conducted. The representativeness of
this assessment for longer durations (e.g., seasonal or annual exposure)
remains questionable. Therefore, there is a need for further study to develop
and evaluate normalisation methods that can mitigate the impact of
meteorological factors on human exposure data. This will provide more reliable
exposure estimates that can be adapted for epidemiological studies, policy
assessment, and long-term health impact evaluation.

Despite numerous prior studies examining the NPF phenomena in urban
settings, the analysis of NPF-related datasets that include direct observations
of its primary precursors, such as sulfuric acid and HOMs, particularly in urban
areas of the UK, remains limited. This creates a notable gap, as these
precursors are acknowledged for facilitating the initial phases of nucleation and
particle growth. Consequently, further observational studies that incorporate
precursor measurements and meteorological analysis to understand NPF
behaviour in urban settings are necessary. This motivation directly guides the

next research objective presented below..
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The overarching aim of the thesis is to investigate aspects of UFPs, including control
strategies, personal exposure assessments, and a major source of secondary UFP
(i.e., NPF) to improve the understanding of the sources and processes affecting UFPs,

particularly in urban areas of the UK. The objectives of this thesis include:

- Analyse the long-term trends of particle and other traffic-related air pollutant
data and evaluate the association between these pollutants and policy
interventions enacted during the study period.

- Assess personal exposure to important metrics of UFPs by different commuting
modes and develop a method to estimate source contributions.

- Develop techniques to normalise short-term mobile personal exposure data to

represent long-term mean exposures.

Investigate the driving factors and characteristics of NPF at the molecular level in an
urban area. The chapters in this thesis attempt to address the aforementioned
objectives. Chapter two (i.e., methodology) will provide detailed information regarding
the study locations and the instruments employed to obtain air pollutant data discussed
in this thesis. Chapter three presents the long-term (12 years) trend of UFPs data,
i.e., PNC and PNSD, alongside certain traffic-related air pollutants at a roadside
monitoring station in an urban traffic area in London, UK. Further investigation of PNC
and PNSD distinguished by wind direction was reported. Additionally, policy
interventions are examined with the efficacy of Diesel Particulate Filter in reducing
pollutants in that region. Chapter four provides analysis of personal exposure to UFP
derived from mobile monitoring conducted during a short campaign in an urban

neighbourhood area in Birmingham. The variability of UFP metrics, specifically PNC,
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average particle size, and LDSA during walking and bus journeys was analysed. This
study also proposes a new method for estimating source contributions to overall
exposure. Chapter five provides a further study from the preceding chapter, focusing
on the evaluation of several methods for normalising personal exposure data to
represent annual mean. Alongside UFPs, certain pollutants, i.e., BC, PM+, PM2s, and
PM1o, measured by low-cost sensors, were also examined. Chapter six provides
insight into new particle formation based on an observational dataset, highlighting
essential precursors such as sulfuric acid and HOMs in an urban background area in
Manchester, UK. The characteristics of NPF event days, burst days, i.e., when
nucleation occurs without following particle growth, and non-NPF days are discussed.
The influence of HOMs with lower volatility, particularly ULVOC is highlighted. Chapter
seven presents the overarching conclusions from the thesis findings and

recommendations for future research.
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Chapter 2: Methodology

2.1 Overview
This thesis examined data from both primary i.e., data collected from field

measurements and secondary data i.e., existing data measured by air quality
monitoring stations to study ultrafine particles in urban environments. The first type of
data was gathered for a personal exposure study in Birmingham (Chapter 5 and
Chapter 6), while the second type was used to assess long-term monitoring data of
UFPs from a traffic area in London (Chapter 3) and to investigate NPF in a background
area in Manchester (Chapter 7). The detailed information of each location, the

instruments, and the calculation will be elaborated in the following section.

2.2Study Locations

2.2.1 London Marylebone Road
London Marylebone Road (LMR) is a congested road surrounded by tall buildings,

including educational buildings, shops, residences, and tourist attractions, forming a
wide street canyon around 40 meters in width (DEFRA, 2025a). The air quality
monitoring station at this site is classified as an urban traffic (UT) station, where air
pollution is heavily affected by nearby traffic emissions, as defined by UK Department
for Environment, Food & Rural Affairs (DEFRA). The additional criteria for the UT

station include:

- The sample of air must reflect the air quality of a street segment with a minimum
length of 100 metres.

- The position of the sampling probe at a minimum of 25 metres from the edge of
major intersections

- The position of the sampling probe is no more than 10 metres from the kerbside.
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The monitoring instruments are installed within a self-cabin, approximately 1 metre
from the kerbside, as shown in Fig. 5. This site measures various air pollutants,
including hydrocarbons, regulated pollutants (e.g., Os, NO2, NOx, PM2.5, PM1o, SOz,
CO), heavy metals, particle concentrations and numbers, and Black Carbon (BC). The
instruments have an inlet height varying from 3 to 4 meters. The UK DEFRA repository

(https://uk-air.defra.gov.uk) provides easily accessible data of measured pollutants.

Substantial traffic and reliable long-term air data monitoring, as well as various traffic-
related regulations enforced at this location, make this site such an ideal location for
air pollution studies over the past decade.(Campbell et al., 2024; Charron & Harrison,
2003; Fuller & Green, 2006; Harrison et al., 2011a; Harrison et al., 2012; Kamara &

Harrison, 2021; von Schneidemesser et al., 2010; Zhang & Stevenson, 2022).
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Figure 4. Urban Traffic site located on London Marylebone Road (source: https://uk-air.defra.qov.uk/).

2.2.2 Birmingham

Data on personal exposure to air pollutants was collected by mobile measurements
(walking and bus journeys) during a short campaign in spring 2023 in Selly Oak, an
urban neighbourhood in Birmingham. Selly Oak is situated on the southern side of the
University of Birmingham (Fig. 6) and accommodates a large number of university

students. Several potential emission sources exist, particularly those located along a
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major road, including a petrol station, shops, and restaurants, which were also passed

during the walking and bus measurements.

In addition, data obtained from the Birmingham Air Quality Supersite (BAQS,
52°27'19.9"N 1°55'44.2"W), an air quality monitoring station representing an urban
background region, was also utilised. The site is one of the three air quality supersites,
along with those in London and Manchester. This site is approximately 1 km on the
north side of the Selly Oak area, about 3 km southwest of the city centre, and roughly
100 meters on the east side of the nearest railway line. The BAQS is equipped with
reference-grade instruments that measured regulated air pollutants (e.g., O3, NOx,
SO2, PM mass concentration), particle number and size distribution, PM composition,
and meteorological parameters. The pollutants are measured at 3.2 - 3.4 meters above
ground level. Personal exposure devices were also co-located with regulatory-grade

instruments at this facility, as described in Chapters 4 and 5.
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Figure 5. The location of personal exposure study in Selly Oak Area (left), and Birmingham Air Quality
Supersite (right).
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2.2.3 Manchester Air Quality Supersite
The Manchester Air Quality Supersite (MAQS) is located on the Fallowfield Campus of

the University of Manchester (53°26'39.2"N 2°12'561.9"W), approximately 5 km
southeast of the city centre and around 10 km northeast of the Manchester Airport (Fig.
7). Alike BAQS, this site is also classified as an urban background site. This site has
various regulatory-grade instruments installed to measure aerosols, gaseous

pollutants, and meteorological parameters.
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During a brief campaign in the summer of 2021 at this site, various pollutants, including
PNC, PNSD, sulfuric acid, iodic acid, and HOMs, were quantified for the NPF
investigation, with an inlet height approximately of 1 metre. In addition to PNSD and
PNC, other pollutants that are regularly monitored, including BC, NOx, non-refractory
pollutants in particulate matter, and meteorological parameters during the campaign
period, were obtained from the Centre for Environmental Data Analysis (CEDA)

archive, i.e., an atmospheric and earth observation data repository. The inlets for all
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the instruments measuring these pollutants are at a height of 6.5 to 7 metres above

ground level.

2.3 Instrumentation and Measurement Methods

2.3.1 Instruments used in Field Campaign for Personal Exposure Study
The following personal exposure devices, as well as a GPS, were carried in a

backpack, with the inlets positioned within the breathing zone, i.e., the area ~30 cm

from the mouth (Int Panis et al., 2010), as seen in Fig. 8.

Figure 7. Sampling setup (a) shows a backpack carried personal exposure devices, (b) shows the position
of inlet within the breathing zone of a researcher.

For consistency, the researcher took the same seat on each trip during bus journeys,
specifically in the first or second row of the lower deck or stood in the same area when

no seat was available. The detail of instruments is explained as follows:

a) DiSCmini

A DiSCmini (Testo SE & Co. KGaA, Germany) was utilised for simultaneously

measuring multiple UFPs metrics, including particle number, average diameter, and
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LDSA, with a flow rate of 1 L/min at a high-resolution time of 1 second. An inlet tube
connector and an impactor supplied by the manufacturer were used, the former was
attached to the DiSCmini to allow air sampling within the breathing zone, while the
latter was fitted at the end of the inlet tube to remove larger particles (>0.7 microns),
following the manufacturer's recommendation. The DiSCmini is capable of measuring
particles within the size range of 10-300 nm, with a measured concentration ranging
from 102 - 10° particles/cm?3. This lightweight (0.7 kg), portable, and battery-operated

device is appropriate for field measurement, including personal exposure studies.

The working principle of this device is illustrated in Fig. 9.
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Figure 8. The working principal of a DiSCmini.

The inlet receives the sample air containing particles, which subsequently undergo
positive charging in a unipolar diffusion charger. The extra ions will be taken out by an
ion trap, while the charged particles will move through and be deposited by a diffusion
mechanism in a diffusion stage, generating an electrical current (lgimusion). Particles that
are not captured during the diffusion stage will enter the filter stage, generating an
electrical current (Isiter) that will be measured by an electrometer. The smaller particle

exhibits larger Brownian motion and will predominantly end up in the diffusion stage.
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The ratio of Ifiter to laifrusion is @ function of particle size, as seen in Fig 10, which shows
the calculated ratio for monodisperse particles and lognormal size distribution using

various widths.
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Figure 9. lsiter to laitrusion ratio as a function of particle diameter. o is the geometric standard deviation
(Martin Fierz et al., 2008).

This calculation is determined during the calibration process in a laboratory. The
resulting calibration curve is stored on the instrument to be used for determining
particle size during measurement (Martin Fierz et al., 2008; Fierz et al., 2011). Once
particle size is determined, the particle number concentration is then calculated using

the power law fit for the particle charge, as indicated in the equation below:

N = c Ifilter"' Idiffusion

prS Equation 1

where c is a constant established during the instrument calibration, and x = 1.1 (Fierz

etal., 2011).
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The International Commission on Radiological Protection (ICRP) has developed a
model to predict the deposition fraction of particles in various locations of the human
respiratory tract (Fig. 11), which shows the fraction as a function of particle diameter

(ICRP, 1994a).
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Figure 10. Predicted regional and total deposition for light exercise (nose breathing) based on ICRP
model (Hinds & Zhu, 2022; ICRP, 1994a).

LDSA is primarily quantified by utilising the distribution of particle sizes, specifically by
the summation of particle surface area in each size bin, weighted by deposition fraction
(X. Liu et al., 2023). However, a good association between the LDSA of particles and
the signal from a diffusion charger has been found, which is primarily based on the
approximately proportionate relationship of LDSA to d1, particularly for particles in the
size range of 100-300 nm (Fierz et al., 2011). Therefore, the correlation is applicable

to any diffusion charger that does not demonstrate significant losses, including the
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DiSCmini, and is achieved by using diffusion charging of particles. A charge q imparted

to a particle by a diffusion is dependent upon particle size, and can be described as:

q~ = d? Equation 2

where d refers to the diameter of particle. The ICRP deposition fraction model
demonstrates that as the particle diameter increase in the 20-300 nm range, the
fraction of particle deposition decreases, suggesting that the LDSA is roughly

comparable to the diffusion charger signal:
LDSA = Particle surface area x deposition probability= d? x d'=d'=~q

By assuming spherical particles, LDSA is subsequently estimated by Eq. 3:

2
S = Nrd?e(2 In%0) Equation 3

Where d is the geometric mean diameter, and o denotes the geometric standard

deviation of the lognormal particle size distribution (Testo, 2015).
b) Optical Particle Counter

A low-cost sensor was employed to quantify personal exposure to PM (PM1, PMzs,
and PM1o) utilising an Optical Particle Counter (OPC) N3 (Alphasense, UK), operating

at a flow rate of approximately 1.7 mL/s with a temporal resolution of 10 seconds.

Basically, the OPC-N3 uses a laser beam to detect particle number concentration
within a size range of 0.35-40 ym across 24 bins. An inlet draws the particle-containing
air sample, which then passes through a laser beam with a wavelength of 658 nm.
Individual particles scatter light as they cross the laser beam, which will then be
measured by a photodetector. The intensity of scattered light depends upon the

particle size, and Mie scattering theory is applied for determining the diameter of the
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particle. As particle size is known, particle number counts are then converted into
particle mass (PM1, PM2.5, and PM10) based on the assumption of a particle density of
1.65 g mL™" and a refractive index of 1.5+i0. The sensor weight is less than 105 g and
can measure up to 2,000 ug/m?for PM2.s. The precision of the optical particle counter
(OPC), similar to other low-cost sensors measuring particulate matter, is significantly
influenced by relative humidity, sometimes leading to overestimation at elevated
humidity levels due to the hygroscopic effect (Bousiotis et al., 2024; Crilley et al., 2020),
particularly for PM2.5 and PM1o measurements. Consequently, calibration using relative
humidity correction was implemented to enhance the accuracy of particulate matter
measurement. The calibration results are presented in Chapter 5, whereas the

calibration method of the OPC is elaborated by Bousiotis et al. (2024).
c) Micro Aethalometer

The microAeth AE51 from AethLabs was utilised to measure individual exposure to
BC. This instrument is portable and lightweight (approximately of 0.3 g), making it the
most commonly used BC monitor in personal exposure studies (Alas et al., 2020; Bista
et al., 2022; Rivas et al.,, 2017b). The operational principle is based on the
Aethalometer, a regulatory-grade instrument for monitoring the same pollutant. A
sample of air is drawn from the ambient air at a flow rate of 100 mL/min through a filter
with a diameter of 3 mm with a temporal resolution of 10 seconds. The tube inlet was
attached and positioned within the breathing zone, next to the DiSCmini’s inlet. The
instrument quantifies BC concentration by measuring light attenuation at a wavelength
of 880 nm through a loaded filter, namely a Teflon-coated glass fibre. The obtained
light attenuation is then converted to BC mass concentrations using a predefined mass

attenuation coefficient (Alas et al., 2020). The microAeth AE51 used in this
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investigation was calibrated with the Aethalometer model AE33 from Magee Scientific
over a period of five days at BAQS. The outcome of this calibration is detailed in the
supplementary information of Chapter 5.

2.3.2 Instruments used in Secondary Data Sources

The study conducted at the London Marylebone Road monitoring station (Chapter 3)
employed pre-existing datasets, including PNC and PNSD, and BC measurement,
which were downloaded from the UK DEFRA repository, specifically from the “Particle
Concentration and Numbers” network, and “UK Black Carbon” network. The regulated
pollutants and meteorological parameters were obtained via “Automatic Urban and
Rural Network”, and London Heathrow, which were integrated with the OpenAir

package (D. C. Carslaw & K. Ropkins, 2012) in R software.

Whereas the NPF study (Chapter 6) employs the dataset from a campaign at the
Manchester Air Quality Supersite, with most studied pollutants routinely monitored, and
its data can be accessed via the CEDA archive, with the exception of sulfuric acid,

iodic acid, and OOMs.

The detailed model of the instruments used in secondary data sources was presented

in the respective chapter, while their working principles are briefly explained as follows:

a) SMPS and CPC

Total number concentration and size distribution of aerosols are generally measured
by a Condensation Particle Counter (CPC) and a Scanning Mobility Particle Sizer
(SMPS), respectively. All of the SMPS and CPC installed at all study locations are TSI
Inc. products (TSI, 2014). Generally, the CPC works by generating vapour, typically

butanol, isopropyl alcohol, or water, that subsequently condenses onto the particle
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surface, resulting in the particle's growth to a size that can be counted optically. The
CPC typically sets the diameter at which 50% of the particles can be detected, defined
as Dso, as a lower limit of detection. The total number concentration of particles per
unit volume of air at a certain sample time (e.g., 1 second) and flow rate is then

obtained using Eq.4 below:

TNC (

particles) _ CPC counts (particles)

o3 Equation 4

i 3
sample time (s)x flow rate (m%)x 1000 (Cm )

Liter

The lower limit of CPC varies depend upon the CPC model. However, the CPC
installed at the three study locations are capable of measuring particle with size range
down to 7 nm up to several um and detect particles with a concentration of up to 50000

cm? at London Marylebone AQMS, and 100000 at MAQS.

The SMPS system comprises of an electrical classifier and a CPC. The former
classifies the particles in the sample air, after which the CPC counts them. The
particles in the electrical classifier are charged by a bipolar neutralizer so that they
have a known charge distribution. They will subsequently be selected based on their
electrical mobility, which usually depends on the sizes and the charge state of the
particle, by a differential mobility analyser (DMA). The particle size range measured by
SMPS is typically between 10 — 1000 nm for a long SMPS or down to 4 nm for a nano

SMPS.
b) Aethalometer

The Aethalometer (AE33, Magee Scientific) is used to measure Black Carbon (BC)
based on the light transmission through a sample. The measurement of light

absorption on a filter-loaded aerosol sample determines the BC concentration. The air
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sample is drawn through an area on the filter tape. The aerosol is then analysed by
measuring the light transmission through one portion of the filter tape that contains the
sample and comparing it with the blank sample as a reference area. The analysis is
conducted simultaneously at seven wavelengths, where 880nm is defined as standard
use for BC measurement. The BC level is then calculated based on the attenuation of
light transmitted through the particle-laden filter using a mass absorption cross section

value of 7.77 m?/g.
c) Chemical lonisation Mass Spectrometer (CIMS)

Chemical lonisation Mass Spectrometer (CIMS) is a measurement technique with
highly stable tools for measuring some key NPF precursors, including sulfuric acid

(Jokinen et al., 2012), VOCs, and HOMs (Zhang et al., 2023).

In this study, a nitrate- based CIMS was installed at Manchester Air quality supersites
for approximately 1-month period measurement. The instrument consists of three
components: (i) an inlet for chemical ionization at the ambient pressure (Cl), (ii) an
atmospheric pressure interface (APi), (iii) a time-of-flight mass spectrometer (TOF)
(Jokinen et al., 2012). Nitrate ions (NO3z"), which serve as reagent ions for chemical
ionization, are produced within the CI inlet. This is done by introducing nitric acid
(HNOs3) vapor into the sheath air, which is subsequently exposed to X-ray radiation,
resulting in the nitrate ion formation (Olin et al., 2022). The inlet tube pulls the ambient
air sample at a specified flow rate, typically around 8-10 L/min. Sheath flow is
subsequently introduced into an ion reaction tube that is concentric with the sample
flow. The nitrate ions in this sheath flow are then directed into the sample flow by an

electric field, which helps them interact with the analyte molecule. The ionized sample
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is then guided into the differentially pumped atmospheric pressure interface (APi)
through a critical orifice. The ions thereafter enter the time-of-flight (TOF) mass
spectrometer, which measures the duration they need to travel over a specified
distance, enabling the calculation of their mass-to-charge ratio (m/z) (Jokinen et al.,
2012). The mass and time resolution of this instrument are approximately 3700 m/Am
and 1 second, respectively, with a mass spectrum ranging from 7 to 1126 Th (Alage et

al., 2024).

d) Chemical Speciation Monitor

Aerosol Chemical Speciation Monitor (ACSM) is capable of quantifying non-refractory
components of PM1 or PM2s in real time. Non-refractory is defined as a species that is
volatile at ~600°C, such as chloride, sulfate, ammonia, nitrate, and organic
compounds. The timescale of the vaporisation is extremely short, occurring within a
few seconds. The ACSM principally works by collecting a submicron aerosol sample,
which will subsequently enter the aerodynamic lens and concentrate into a narrow
beam. These concentrated particles then travel through chambers which will eventually
reach the final detection chamber where particles collide and immediately vaporize on
a heated oven. The resulting vapours are then ionised by electron impact and
chemically analysed using a quadrupole mass spectrometer to obtain aerosol mass
spectra, which are then used for quantifying chemical species concentration.

(Marmureanu et al., 2025; Ng et al., 2011).

e) Beta Attenuation Mass Monitor

The concentration of particulate mass is automatically measured by a Beta Attenuation

Mass Monitor (BAM). The air sample is pulled through a size selective inlet (i.e. PM25
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and PM1o) and subsequently passed through a filter tape to collect particulate matter.
Carbon-14 emits beta particles, which then pass through the filter tape. The attenuation
of beta radiation correlates with the particle mass collected on the filter sample. PM
concentration is then obtained by dividing the mass collected with the volume of

sample air.
f) Gaseous regulated-pollutant Analyser

Secondary data of some gaseous regulated pollutants, including NO, NOx, CO, Os,
and SOz derived from London Marylebone Road AQMS, were utilised for supporting
analysis of data in the UFP study (Chapter 3). The standard methods are applied by

the AURN for measuring those pollutants as described below (DEFRA, 2025b):
e Ozone (03)

Ozone measurement technique is based on UV light absorption at a specific
wavelength of 254 nm. The sample of air is passed through a cell tube of length (1),
after which the absorption of UV light is quantified by a UV detector. A zero-reference
intensity is provided by an ozone-removing scrubber. Ozone concentration (c) is then
determined by comparing the UV light intensity between the air path with no ozone (10)

and the air sample (I1), using Eq.5 below (AQEG, 2008):

I, = I, e ®¢ Equation 5

Where a is the absorption coefficient at wavelength 254 nm.
¢ Nitric Oxide (NO), Nitrogen Dioxide (NO2), and Nitrogen Oxides (NOx)

NO, NO2, and NOx concentrations are measured by a chemiluminescent analyser, a

widely used instrument for monitoring such pollutants in the UK. The technique of
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measurement relies on the detection of light emitted from the reaction between NO
and Os to generate an excited NO2z as expressed in Eq. 6-7, with the intensity of the

light (hv) is proportional to the NO concentration.

NO + 0; - NO," + 0, Equation 6
NO,” - NO, + hv Equation 7

This analyser is typically built with dual chamber, with the other chamber used to
simultaneously measure NOx (i.e., NO+NO2) concentration. The total NOx
concentration is obtained by reducing NO2 concentration in the air sample utilizing an
NO2-to-NO converter. Thus, the concentration of NO2 is obtained by the subtraction of

total NOx and NO instead of directly measuring such pollutant (AQEG, 2004).

e Sulfur Dioxide (SO2)

The concentration of SOz is determined by measuring the UV fluorescence resulted
from the absorption of the UV light by SO2molecules in the air sample at a wavelength

of 214 nm. The intensity of the fluorescence is proportional to SO2 concentration.

e Carbon Monoxide (CO)

The Non-Dispersive Infrared (NDIR) analyser detects carbon monoxide levels in
ambient air. This device measures carbon monoxide (CO) by analysing the absorption
of infrared (IR) radiation by CO molecules in the ambient air sample. The decrease in
infrared radiation after passing the air sample is directly linked to the concentration of
CO.

2.4 Data Processing

For data derived from personal exposure monitoring, the clocks of each instrument

were aligned before the sampling time. The DiSCmini data was stored on an SD card,
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then processed and exported to tab-file format using the Testo DiSCmini data
conversion tool software, while data recorded by MicroAeth was downloaded via
microAethCOM software by connecting a USB cable to an instrument and a computer.
The OPC data measurement was stored on an SD card and can be directly accessed
by inserting the SD card into a computer without the need for any software. All the data
from each instrument, along with the GPS coordinates, was merged and synchronised
in an Excel file. Statistical analysis and data visualization for all studies were mainly
done using R software.

2.5 Calculations and NPF Classification

To date, no mathematical definitions determine an NPF event. However, a method
proposed by Dal Maso et al. (2005) has been widely used to classify an NPF event
(Bousiotis et al., 2021a; Bousiotis et al., 2021b; Brean et al., 2020a; Kerminen et al.,
2012; Németh et al., 2018; Siakavaras et al., 2016) that needs to meet the following

criteria:

1. The formation of a new mode is clearly observable in the particle size
distribution.

2. The mode must start in the nucleation mode ( Dp <25 nm).

3. The mode must last for several hours.

4. The mode must show growth.

There are several important parameters describing NPF in the atmosphere. This work

uses the parameters listed below.
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a) Condensation Sink (CS)

A condensation sink (CS) refers to the rate at which a vapour molecule condenses
onto a particle surface. The calculation of this parameter employs particle size

distribution data using Eq.8 below. (Kulmala et al., 2012):

CS =2nD Zd’p ﬁm,d'pd,de'p Equation 8
Where D is the diffusion coefficient of the condensing vapour, which is usually
assumed to be sulfuric acid, while dp is the diameter of the particle, Ndp is the particle

number at diameter dp, f,, and is a transition-regime (Kulmala et al., 2012)
b) Coagulation Sink (CoagS)

The rate at which a particle (dp) collides and coagulates into a larger particle (>dp) is
defined as Coagulation sink (CoagS,,). This is calculated by the Eq. 9 as follows

(Kulmala et al., 2012):

d'p,=max

CoagSgy, = Zd’ d K(dp, d'p)Ndp Equation 9
p—"p
Where K(dp, d’p) refers to the coagulation coefficient between particles sizes dp and

d’p. The uptake of condensation vapor during the condensation growth potentially
serves as a control mechanism and hence inhibits further particle formation (Dal Maso
et al., 2005). The rate at which a particle grows defined as the particle growth rate is

quantified according to a method by Nieminen et al (2010).
c) Formation Rate

The formation rate at size dp is calculated using Eq. 10 (Kulmala et al., 2012):

dNgp GR .
Jap = d_t+ CoagSgp-Ngp + E'Ndp Equation 10
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dep
dt

Where represents the rate at which particles enter the size dp, and the remaining

terms represent the loss mechanisms caused by coagulation sink and particle growth

rate.
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ABSTRACT

Diesel engines are a major contributor to emissions of both Black Carbon (BC) and
ultrafine particles. Analysis of data from the only roadside monitoring site in Europe with
a continuous dataset for size-segregated particle number count (Marylebone Road,
London) from 2010-2021 reveals that the growing number of vehicles fitted with a Diesel
Oxidation Catalyst (DOC) and Diesel Particle Filter (DPF) has been very effective in
controlling the emissions of solid particles and hence BC, but that there has been little
change in the liquid mode (<30nm) particles, and that concentrations of ultrafine particles
(<100nm) still well exceed the threshold for “high” concentrations (>10* cm-3 /24-hour
mean) defined by WHO. BC declined by 81% between 2014 and 2021, but the ultrafine
particle (<100nm) count declined by only 26%. Consequently, in locations worldwide with
heavy diesel traffic, concentrations of ultrafine particles are likely to remain “high” for the

foreseeable future unless more effective abatement technologies are implemented.

Keywords: Ultrafine particles; nanoparticles; policy impact; diesel particle filters

(DPF); air pollution
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INTRODUCTION

Ultrafine particles (UFPs) are defined as those with a diameter less than 100nm. There
are concerns that they may have enhanced toxicity per unit mass and the World Health
Organization has recommended enhanced surveillance and precautionary limits on
concentration (WHO, 2021). UFPs make a negligible contribution to the PM mass in
the ambient air, but they contribute dominantly to the particle number count (PNC)
(Harrison et al., 2000; HEI, 2013). Thus, the concentration of UFPs is mainly
expressed and quantified by number concentration (particles/cm3) (Austin et al., 2019;

Cassee et al., 2019).

Although there is no strict definition of classification based on size range, particle size
distribution are generally classified into three groups which are the Nucleation mode
(diameter particle or Dp < 30nm), Aitken mode (Dp 30-100nm), and Accumulation
mode (Dp > 100nm), which may reflect their formation process and origin (AQEG,
2018). Many studies have revealed that the PNC in urban traffic-related sites is
relatively higher than in other urban environments (Giemsa et al., 2021; Oliveira et al.,
2009) because of the emissions from the high volumes of road vehicles. Wahlin et al.
(2001) found that petrol and diesel vehicles mainly emit particles with a diameter less
than 300nm. Another study in a street canyon found an association between
accumulation mode particles and emissions from heavy duty traffic, while a stronger
association was found between smaller size range particles (30-60nm) with light duty

traffic (Charron and Harrison, 2003).
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Globally, policies to improve urban air quality have been implemented in recent
decades. For the UK’s road transport sector, these involve both requirements for strict
emission standards (i.e., Euro standards), and local traffic regulations (e.g.,
Congestion Charge, Low emission Zone (LEZ), Ultra Low emission Zone (ULEZ)). A
policy's effectiveness in improving air quality can be assessed through the trends of
pollutant concentration (Gualtieri et al., 2014; Font and Fuller, 2016). Hence, long-
term data sets from the air quality measurement site play a crucial role in evaluating
and quantifying the impact of those regulation implementations. Studies in the UK to
date (Font and Fuller, 2016; Holman et al., 2015; Ma et al., 2021; Harrison and
Beddows, 2017) have generally focused on some of the regulated pollutants (e.g.,
NO2, PMzs, PM10), and there has been limited study focusing on the UFP, either

number concentration (PNC) or number size distribution (PNSD).

In Europe, diesel vehicles are responsible for most of the exhaust particulate matter
from road vehicles. Particles emitted in diesel exhaust fall into two main types: solid
graphitic (Black Carbon) particles, often comprising a loose aggregate of primary
spherules of around 40nm diameter, and a second mode of generally smaller particles,
comprising mainly liquid, derived substantially from condensed engine oil
(hydrocarbon) vapour (Kittelson et al., 2006; Harrison et al., 2018). The latter particles
form in the roadside atmosphere as the hot exhaust gases cool as they mix with cooler
ambient air. Some of the first observations of the formation of the semi-volatile
particles were made on the heavily trafficked Marylebone Road in London (Charron
and Harrison, 2003). Formation of such particles depends upon the presence of

condensation nuclei, typically sulfuric acid or tiny ash particles formed from metallic
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impurities in the fuel, upon which the semi-volatile hydrocarbons condense. A
reduction in the sulphur content of motor fuel in 2007 led to a consequential major
reduction in particle number concentrations at Marylebone Road, presumably because
of a reduction in sulfuric acid nuclei, causing more vapour to condense on the larger,

graphitic particles (Jones et al., 2012).

Our study has analysed 12-years (2010-2021) of particulate matter data derived from
Scanning Mobility Particle Sizer (SMPS) and Condensation Particle Counter (CPC)
instruments, and other related pollutant data derived from the Automatic Urban and
Rural Network (AURN) measured at an urban traffic site in London. This is the only
roadside measurement site in Europe with a continuous dataset over this period.
Moreover, PNC and PNSD differentiated by wind direction were also further analysed.
Some policy interventions implemented during the study period were identified to

evaluate any associations between them and the particle number and size distribution.

MATERIALS AND METHODS

Site Description: The London, Marylebone Road (LMR) site has been extensively
studied (Harrison and Beddows, 2017; Hicks et al., 2021; Kamara and Harrison, 2021)
for air quality research in the UK. Located at 51°31'21.1"N 0°09'16.6"W, the air
monitoring equipment is in a large cabin on a sidewalk on the southern side of
Marylebone Road. Marylebone Road is a six-lane highway which carries
approximately 80000 vehicles/day, and the nearest carriageway is only ~1 metre from

the monitoring station. The road is about 32 metres wide, and the buildings
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surrounding the site have a maximum height of around 25 metres, forming a street

canyon of typical height to width ratio.

Data Collection: Multiple year (2010-2021) datasets of hourly concentration of PNC,
PNSD and Black Carbon (BC) were downloaded from the UK-Air data repository. Total
number concentrations were derived from a CPC (TSI 3022A to June 2017, then 3772-
CEN, both measuring from a lower Dso cut point of 7nm) (Tompkins et al., 2021).
Particle size distributions were measured using a SMPS. This consists of a CPC (TSI
model 3775) combined with an electrostatic classifier (TSI model 3080). The
electrostatic classifier consists of a charge neutraliser (incorporating a Kr-85
radioactive source) and a Differential Mobility Analyser (DMA — TSI model 3081)
(Tompkins et al., 2021). The range of particle size distribution data derived from the
SMPS is 16.55-604.3 nm with 51 size channels. The sum of particles measured by
the SMPS (TNCS) is typically substantially less than the total particles counted by the
CPC (TNC), mainly due to the different lower measurement cut points. Black carbon is
quantified based on light transmission through a filter-based sample using an
Aethalometer instrument (model AE22 to November 2019, then AE33) that is operated
at several wavelengths, from which the BC concentration is measured at 880nm
wavelength using the default mass absorption coefficient built into the instrument
(Ciupek et al., 2021). Regulated-pollutants (CO, NOx, NO2, NO, PM2s, PM1o)
concentrations and surface meteorological data were downloaded from the Openair
package, which was already integrated with data from Automatic Urban and Rural
Network (AURN) and London Heathrow (LHR) Airport. Although the distance between

the measurement site and meteorological station at LHR is approximately 22.5 km, the
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study by Manning et al. (2000) shows a fair consistency of wind direction up to 40 km
from the measurement station. In addition, data from LHR is representative of larger
scale air flows and is not influenced by the nearby buildings in London. A wind rose
from the entire period (2010-2021) shows a prevailing wind from the south-west
direction, as seen in Fig.S1. The pollutant data capture is mostly higher than 90%,
apart from TNC and SMPS data (Table S1) which has under 50% data capture in

several years due to instrument maintenance.

Data Analysis: Data analysis mainly used the Openair package in R software
(Carslaw and Ropkins, 2012) and MS Excel. The Theil-Sen method (Theil, 1950; Sen,
1968) available in the R-Openair package was used to estimate the trend of pollutant
concentrations which used the median slope among all lines through the paired sample
points. It is very suitable for air quality data analysis because it tends to yield
confidence intervals accurately, even for a non-normal dataset, and is also resistant to
outliers (Carslaw and Ropkins, 2012). For the slope estimation, the de-seasonalised
mode in which any seasonal fluctuation and cyclical variation was removed, was
selected to yield a more unambiguous indication of the pollutant trend. This is done
using Seasonal Decomposition of Time Series by Loess (STL) i.e a filtering procedure
to decompose a time series into seasonal, trend and remainder. The Loess smoother
is applied sequentially in STL, allowing for fast computation even for very long time
series and significant quantities of trend and seasonal smoothing. This allows analysis
of the procedure's properties. It can also decompose time series with missing values

(Cleveland et al., 1990).
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RESULTS

Long-term trend of Particle Number and Pollutants Concentrations: Data from
the roadside Marylebone Road supersite in central London were analysed for trends
in particle metrics and other traffic-related pollutants. Table 1 shows the overall Theil-
Sen slope of all pollutants in concentration units and per cent per year. It shows many
statistically significant downward trends over the given period. The reduction in CO
and NOx is in line with a decline in national emissions from road transport for almost
all pollutants in the UK from 2010-2019, based on National Atmospheric Emissions

Inventory data (NAEI, 2022).

TNC can be derived from both CPC (TNC) data directly and SMPS (TNCS) data by
summing the size bins, as well as for each size-range mode, and all show a downward
trend.

Over 2010-2021, the Nucleation mode decreased more slowly (4.9%l/year, with
confidence interval (Cl): 5.52, 4.14%/year) than other modes, while the accumulation
mode showed the fastest rate of decline of 7.3%/year (Cl: 7.64, 6.99%/year). The
Aitken mode decreased at a similar rate to the TNCS. The inventory of total particle
number emissions reported by the UK’s Air Quality Expert Group (AQEG, 2018) also
showed that the transportation sector was the dominant contributor to the TNC
emissions in 2005 (as a base year). BC has the most significant decline among other
pollutants over the study period, and decreased by 8.3%/year (Cl: 8.56, 7.98%/year).
BC is primarily released by combustion engines (particularly diesel), wood and coal
burning from the residential sector, heavy oil or coal power stations, field burning of

agricultural wastes, and forest and vegetation fires (WHO, 2012). In UK urban areas,
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diesel road traffic is the main source, as revealed by large roadside increments
(Harrison and Beddows, 2017). The data for 2014-2021, corresponding to the growing
penetration of Euro 6/VI into the vehicle fleet, show an almost level trend in Nucleation
particles (+1% per year) and TNC (-0.4% per year). Over this period, Accumulation
mode particles fell by 10.2% per year and BC by 12.1% per year.

The trends of TNC found in this study are comparable with another recent study by
Mikkonen et al (2020) that analysed particle number concentration (Dp 6-1000nm) over
2008-2018 in Budapest. They found a decreasing decennial statistical trend (4-5%)

that was mainly associated with the decrease in road traffic emissions.

Due to a vortex in the Marylebone Road street canyon, the emissions from traffic on
Marylebone Road are carried directly to the sampler by winds in a southerly sector,
while air on northerly sectors is predominantly the background from north London
(Harrison et al., 2019), and hence trend analysis differentiated by wind direction was
conducted. The summary of the trends of all pollutants is presented in Fig. S2. It shows
that the most significant reduction of pollutants mainly occurred when the air came
from the southerly sectors, mainly south and south-westerly directions. The very
significant reduction observed for BC and Accumulation mode particles over the period
2010-2021 was 8.7% (Cl: -8.94, -8.34%) and 8% (Cl: -8.45, -7.65%) per year,
respectively. Smaller reductions of pollutant concentration mainly occurred when the
air masses came from the north-easterly wind sector, reflecting a mix of particle
sources in the north London area, and a regional background of largely secondary

particles.
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Time Variation of Pollutants and Particle Size Modes Over 2010-2021: Fig. S3
shows the diurnal variation of the traffic-generated pollutants BC and NOx for each
year, while the yearly change is presented in Table S2. Overall, it is observed that
concentrations reach a peak during the morning and afternoon rush hour and have a
minimum at around 3 am coinciding with the minimum traffic volume, particularly on
weekdays (Helfter et al., 2011). Pollutant concentrations, however, remain high during

the middle of the day as the traffic volume passing on this road remains high.

The traffic-related pollutants have decreased substantially from 2016 onwards (Fig.
S3), which is strongly associated with the rapid growth of the Euro 6/VI vehicle
proportion as presented in Fig. S4. Pollutant concentrations were observed sometimes
at a lower level in 2020 and 2021, attributable to movement restrictions during Covid-
19 which at times led to a dramatic reduction in vehicle numbers in London. However,
overall vehicle numbers on Marylebone Road varied little between the years. (Fig. S5).
Black Carbon concentrations gradually decreased after 2012 and reduced
substantially from 2016 onwards, likely associated with the growing numbers of Euro
6 and VI-compliant vehicles fitted with DPFs, which are reported to remove around
99.9% of all solid, carbonaceous emissions of UFP (Calderon-Garciduefias and Ayala,
2022). A significant reduction in BC concentration following LEZ implementation and
other clean air program policies was also observed at all measurement sites in Leipzig,

Germany (Baldauf et al., 2016).

Diurnal variations in particle counts (Fig. S3) over 2010-2021 show a significant

reduction of nucleation mode particles from 2013 to 2014, followed by a similar level
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from 2014 onward and slightly reduced in 2021. Unlike other pollutants, the
concentration level of this mode in 2020 was observed not to be significantly different
compared to that in 2014-2016. This trend was reflected in the annual average,

particularly in the 225° wind sector with highest concentrations.

A gradual decrease of Aitken mode was observed from 2010-2020, which was very
clearly observed during 2016-2020. The Accumulation mode, the solid particles mainly
resulting from the combustion of diesel fuel as well as from the growth of Aitken mode
(Vu et al., 2015), remains high starting from the morning rush hour and decreases after

around 8 PM.

The annual average particle number concentration of each mode and regulated
pollutants according wind direction were analysed (Fig. 1, and Fig. S6). As indicated
by Fig S3, a sharp decline of Nucleation mode particles was observed from 2013 to
2014, which then stabilises and changes little from 2014 to 2021, seen most clearly in
the sectors from 135 to 270 degrees in which the traffic emissions on Marylebone Road
are sampled most effectively. An obvious continual decline was observed for the
Accumulation mode, particularly in the 135 to 270° wind sectors which are most
reflective of the emissions on Marylebone Road. The Aitken mode, also shows a
strong decline, but not as substantial as the accumulation mode, presumably because
it contains some liquid mode particles which are poorly removed by the DPF. The
Nucleation mode proportion of the particles rose from 23% in 2015 to 39% in 2021,

and the Accumulation mode shows the opposite trend, decreasing from 22% in 2015
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to 12% in 2021. The trend in the proportion of nucleation mode particles out of the total

number of particles is shown in Fig. S7.
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Fig. 1. Annual mean concentration of each particle size mode split by year (2010-
2021) and wind direction. Data are filtered according to hourly average wind direction
and averaged over one-year intervals. The error bars correspond to one standard
error. The Nucleation mode data show a sharp drop from 2013 to 2014, after which
there is no clear upward or downward trend. The Aitken and Accumulation mode data
show a steady decline. The 180° and 225° data show the greatest contribution of
Marylebone Road traffic.

Continuous Number Size Distribution: Annual particle number size distributions are

shown in Fig. 2, showing changes over the period 2010-2021. The distribution in 2010
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is clearly bimodal, and as time progresses, the contribution of a mode at ca.70nm
gradually declines, until it is not visible in the data for 2021. For further investigation,
an analysis of PNSD split by wind direction was conducted (Fig. S8). This shows that
the change in size distribution affected all wind sectors indicating that the changes
seen in the emissions on Marylebone Road also occurred in the air of north London,

which dominates the air sampled on winds in the northerly sector.

Annual Average PNSD at LMR Annual Average PNSD at LMR from 225°

—— 2010 —e— 2010

20000 2014
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Dp —a—2021 Dp —8—2021

Fig. 2. Annual average particle number size distributions (PNSD) at London,
Marylebone Road, 2010-2021. These show all data (left panel), and data only for the
225° wind direction (right panel) which is most affected by Marylebone Road traffic. A
mode visible at around 70nm in the earlier years is no longer visible at the end of the
time series.

Emissions Regulation Implementation Over 2010-2021: In order to mitigate against
the health impacts of fine particle emissions from road traffic, diesel particle filters
(DPF) were made mandatory on new light duty diesel vehicles from Euro 5 which was
enforced across Europe from January 2011 and continued with the subsequent Euro
6 from September 2015. Particle filters were also required for Gasoline Direct Injection
engines by imposition of a similar standard in Euro 6, and for heavy duty vehicles by
Euro VI from 2013. The Directive requiring the use of particle filters was framed in
terms of a limit on the number of particles emitted per kilometre, and in order to make

the test repeatable was limited to particles involatile at 300-400°C and smaller than 23
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nm. Due to the natural turnover of the vehicle fleet and the introduction of the London
Ultra-Low Emissions Zone requiring diesels to conform to Euro 6 standards from April
2019, a progressively larger proportion of vehicles fitted with DPFs has been using

Marylebone Road.

As it takes time for new vehicles which comply with the regulations to penetrate the
market, the data on fleet composition, based on vehicle type and Euro standard, was
downloaded from the National Atmospheric Emissions Inventory (NAEI, 2022). Data,
available from 2013 onward, was filtered so as to use only data from within the Inner
London area, as seen in Fig. S4. It shows a steady increase in the aggregate of Euro
5 and Euro 6 in all light duty categories from 2013 to >80% in 3 out of 4 vehicle
categories in 2021. A more prominent increase of Euro VI HGVs can be seen from
2015 onwards, from 2% in 2014 and up to 87% in 2021. Buses and coaches were the
slowest heavy-duty category to adopt Euro VI but still reached >70% by 2021.

A progressive reduction of vehicle non-compliant with DPFs was observed in all vehicle
types during 2013-2021, within the range of 11-26% per year; larger decreases were
seen in heavy-duty vehicles (Rigid and Artic, and TfL buses) (see Table S3). These
rates of change closely follow the trends of BC and accumulation mode particle

reductions during 2014-2021 as seen in Table 1.

The London Low Emission Zone (LEZ) was implemented in four phases from 2008 to
2012, covering initially only parts of central London (Fig. S9), and operates 24h a day.
This policy restricts vehicles within the zone based on PM emission standards. The

London Ultra-Low Emissions Zone (ULEZ) was introduced in April 2019 and operates
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24h every day except Christmas Day. This requires Euro 6 or Euro VI for light and
heavy-duty vehicles and has accelerated the uptake of these technologies, and
although initially Marylebone Road was on the northern border of the zone and not

subject to its regulations, inclusion occurred when the ULEZ was extended in 2021.

The decline in Black Carbon correlated with the increased penetration of vehicles
meeting the Euro 5, 6 and VI standards, as exemplified for heavy duty trucks in Fig. 3.
The slower decline in Accumulation mode particles than Black carbon is attributable to
the large background in secondary Accumulation mode particles which is only

indirectly affected by vehicle emissions regulations.
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Fig. 3. Temporal trends in Black Carbon and Accumulation mode particle
concentrations in relation to heavy duty truck traffic which did not meet the Euro VI
emissions standard, 2013-2021. The continuous lines join annual averages for the
particle metrics, and the bars show those heavy duty trucks which either did or did not
meet the Euro VI emissions standard. A strong relationship is seen in the trends for
Black Carbon and Euro VI non-compliant vehicles.

The Nucleation mode particles comprise mainly semi-volatile compounds and partition

between the vapour and particulate phases. At the high temperature of the exhaust
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gases, the vapour phase will predominate. The DPF is highly effective at removing
particles of all sizes as indicated in the finding of present study that shows significant
reduction of particle number but is not designed to remove vapour. This should be
removed by the DOC, which has been a standard fitment on diesels since Euro 3.
However, a laboratory study on a Euro 5 light duty diesel engine (Alam et al., 2019)
found a reduction of organic carbon in the sum of both phases of only 56% by a diesel
oxidation catalyst (DOC) and diesel particulate filter (DPF) relative to engine-out
emissions, hence explaining the small effect of emission controls upon the Nucleation
particle fraction. A further consideration is that the formation of Nucleation mode
particles is competitive with vapour condensation onto larger particles (Harrison et al.,
2018), and if the condensation sink provided by those larger particles declines, as
reflected in the reduction of Aitken and accumulation mode particles, the formation of
Nucleation mode particles is favoured. Calderén-Garciduefias and Ayala (2022) report
the formation of Nucleation mode particles in the exhaust of catalysed, but not

uncatalyzed DPFs.

Two further factors need to be considered. The number of vehicles burning neither
petrol or diesel, i.e. hydrogen fuelled, electric vehicles (EVs) or hybrid vehicles in
electric mode, and hence unlikely to emit nanoparticles, except in small quantities from
the tyres and brakes, has been increasing as shown in Fig. S4. However, by 2021
only 0.5% of passenger cars in inner London were electric vehicles. Taxis comprise
6.4% of the vehicles in central London, and by 2021, 50% were either battery-electric,
hybrid or hydrogen fuel cell. Hence, even allowing for the greater distance travelled

by taxis, it seems likely that only a few percent of vehicles on Marylebone Road were
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neither petrol nor diesel, and hence would have little influence on the air quality trends
observed. There has been a shift of petrol vehicles towards gasoline direct injection
(GDI), which emit sub-23nm solid particles (Pfau et al., 2022). However, the particle
number emission limit set by Euro 6 requires the fitting of particulate filters which are
highly efficient at removing solid particles of all sizes, and hence no effect upon the

sub-23 nm particles in the atmosphere is anticipated.

DISCUSSION

The long-term (2010-2021) trends of both particle number and size distribution and of
some regulated pollutant concentrations have been analysed from an urban traffic site
in the UK. The Aitken mode (Dp 30-100nm), Accumulation mode particles
(Dp>100nm), and Black Carbon decreased faster than other pollutants, and reduced
by 6.2%l/year (Cl: 6.5- 5.8%/year), 7.3%/year (Cl: 7.64, 6.99%/year) and 8.3%/year
(Cl: 8.56, 7.98%/year), respectively. The most significant reduction occurred when the
wind was blowing from the southerly sector, which at this site carries fresh emissions
from traffic to the sampling station, confirming that the policy intervention in the road
transport sector has effectively decreased those pollutant concentrations. The change
in particle emissions is clearly seen in the changing size distribution. The Nucleation
mode proportion of the entire particle population gradually rose from 23% in 2015 to
39% in 2021, and the Accumulation mode shows the opposite, decreasing from 22%
in 2015 to 12% in 2021. Analysis of PNSD split by wind direction shows two different
populations of data, in which the southerly winds (particularly 180°, 225°, and 270°)
contribute higher concentrations than that from the northerly sector. Another study by

Ronkko et al (2017) that focused on nanocluster aerosol (Dp 1.3-3nm) has also found
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a high concentration from wind sectors that were associated with emission from the

road.

At LMR, a clear change was observed in the particle size distribution, most prominent
in the 225° wind sector which is most influenced by the Marylebone Road traffic; a
bimodal pattern is seen in the early years, in which a modal (~70nm) peak gradually
disappeared by the end of the period, indicating a significant change in the sources of
these particle size ranges.

DPFs were introduced as a measure to reduce air pollution by diesel exhaust particles.
As the mass of particles became difficult to measure in laboratory regulatory tests, the
Euro 5, 6 and VI emission standards were defined in terms of a particle humber
concentration. As the formation of the nucleation mode particles occurs in the diluting
exhaust gases, it is inherently variable, depending upon the dilution ratio and
environmental conditions, and consequently the emission standards were set in terms
of the number concentrations of involatile (solid) particles >23nm in the exhaust gases.
The introduction of DPFs has clearly had a major beneficial impact upon
concentrations of Black Carbon and Accumulation mode particle emissions, but there
remains an issue of poor control of the Nucleation mode particles. As a consequence,
the total particle number count declined by only 26% between 2014 and 2021, which
compares poorly with the 81% decline in Black Carbon. The relative toxicity of different
particle components and sizes is not well understood, but there remains enhanced
concern over ultrafine particles due to their high surface area to volume ratio and ability

for translocation within the human body (WHO, 2021).
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In the Good Practice Statement issued by WHO (2021) as part of its updated Air
Quality Guidelines a concentration of ultrafine particles exceeding 10,000 cm3 is
defined as “high”. It is noted that compliance with the WHO guideline is not only
exceeded at Marylebone Road but is also observed at a suburban background site in
London at Honor Oak Park (Ciupek et al., 2022). Current concentrations at Marylebone
Road exceed the threshold for “high” values by around a factor of two, and at the
suburban Honor Oak Park site in south London also exceeded that level in one of the
past three years. Compliance with the recommendation is likely to require a much-
increased uptake of battery-electric vehicles with a much-reduced emission of ultrafine
particles. High concentrations of ultrafine particles are a worldwide phenomenon
(Kumar et al., 2014), and hence this is likely to be a widespread and persistent

phenomenon.
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TABLE LEGENDS

Table 1.

Overall trends for the period 2010-2021, and 2014-2021 at London

Marylebone Road for de-seasonalised data. Trends are calculated for the various
metrics using the Theil-Sen method. Negative values indicate a reduction with time.
The brackets show 95% Confidence Intervals, while the statistical significance marked
py “xFx7 e e T4 represents p<0.001, p<0.01, p<0.05, and p<0.1, respectively.

FIGURE LEGENDS

Fig. 1.

Fig. 2.

Fig. 3.

Annual mean concentration of each particle size mode split by year (2010-
2021) and wind direction. Data are filtered according to hourly average
wind direction and averaged over one-year intervals. The error bars
correspond to one standard error. The Nucleation mode data show a
sharp drop from 2013 to 2014, after which there is no clear upward or
downward trend. The Aitken and Accumulation mode data show a steady
decline. The 180° and 225° data show the greatest contribution of
Marylebone Road traffic.

Annual average particle number size distributions (PNSD) at London,
Marylebone Road, 2010-2021. These show all data (left panel), and data
only for the 225° wind direction (right panel) which is most affected by
Marylebone Road traffic. A mode visible at around 70nm in the earlier
years is no longer visible at the end of the time series.

Temporal trends in Black Carbon and Accumulation mode particle
concentrations in relation to heavy duty truck traffic which did not meet the
Euro VI emissions standard, 2013-2021. The continuous lines join annual
averages for the particle metrics, and the bars show those heavy duty
trucks which either did or did not meet the Euro VI emissions standard. A
strong relationship is seen in the trends for Black Carbon and Euro VI non-
compliant vehicles.
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655 Table 1. Overall trends for the period 2010-2021, and 2014-2021 at London
656  Marylebone

657 Road for de-seasonalised data. Trends are calculated for the various metrics using
658 the Thei-Sen method. Negative values indicate a reduction with time. The brackets

659 show 95% Confidence Intervals, while the statistical significance marked by “***”, “**”,
660 “*”, “+” represents p<0.001, p<0.01, p<0.05, and p<0.1, respectively.
661
Trends 2010-2021 Trends 2014-2021
Parameter
# cm™ year™ % year™ #cm™ year™ % year™
Nucleation 242 [-290, -191] *** -4.86 [-5.52, -4.14] *** 28.6 [-44.5, 99.8] 0.98 [-1.41, 3.69]
Aitken -643 [-700, -597] *** -6.18 [-6.53, -5.84] *** -541 [-581, -494] *** -7.18 [-7.54, -6.9] ***
Accumulation -328 [-352, -309] *** -7.28 [-7.64, -6.99] *** -305 [-323, -283] *** -10.18 [-10.14, -9.75] ***
TNCS -1211 [-1333, -1101] *** -6.11 [-6.5, -5.72] *** -853 [-951, -749] *** -6.26 [-6.72, -5.63] ***
TNC -1815 [-2351, -1364] *** -5.2 [-6.39, -4.15] *** -74.5[-742, 804] -0.38 [-3.32, 4.85]
Mg m~ year™ % year™ Hg m=year™ % year™
BC -0.83 [-0.9, -0.77] *** -8.26 [-8.56, -7.98] *** -0.76 [-0.82, -0.7] *** -12.1[-12.5,-11.8] ***
co -0.04 [-0.04, -0.03] *** -5.2 [-5.51, -4.69] *** -0.04 [-0.04, -0.03] *** -7.15[-8.22, -5.54] ***
NOx -18.3 [-22.4, -14.0] *** -4.73 [-5.29, -3.90] *** -36.5 [-39.8, -33.4] *** -9.31[-9.61, -8.88] ***
662
663
664
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8 Table S1. Data capture of TNC CPC, SMPS, and Regulated Pollutants.

Data Capture (%)

Parameter
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

Wind
speed 100 95 100 100 100 100 100 100 100 100 100 99

Wind dir 100 96 100 100 100 100 100 100 100 100 100 98

co 96 92 95 99 97 98 86 72 98 97 79 84

NO, 97 93 94 99 99 99 99 99 98 95 97 94

NO. 97 93 94 99 99 99 99 99 98 95 97 94

NO 97 93 94 99 99 99 99 99 99 95 97 94

0O; 94 54 96 98 95 98 97 98 96 98 92 93

SO; 92 83 98 80 97 99 99 99 92 98 96 95

PMyo 93 90 85 94 93 97 95 96 97 96 75 76

PM_s 58 91 92 97 97 97 96 96 90 91 79 86

BC 97 92 97 99 99 99 98 95 89 95 86 97

TNC 84 79 74 57 51 47 8.4 39 73 80 63 38

TNCS 76 70 37 86 82 90 93 59 44 36 86 74
9
10

11 Table S2. Overall Change of Pollutant Concentration (in percentage) Over 2010-
12 2021.

PM, PM2. TN TNC Nucleatio Aitke Accumulatio
Year co NOx NO: NO 03 SO2 0 5 BC C S n n n
2010
2011 1% 9% 1% 15% 1% 4% 21% 8% 17% 7% -12% 21% 9% 7%
2012 0'% 2% 3% 5% 9'% 19% 20'% ’ 2'% ] 4'% 9% 1% 20% 7% 8%
- - - - 0, - _EO, -0 - - _209, _1139, 219, 269
2013 e 0% 10%  10% 8% 79, 5% 6% g0 139 20% 13% 21% 26%
2014 3% 17% 10% 20% 1'0/ 50% 10'0/ 9% 3% -4% -15% -35% -8% -4%
(] (]

90, _Qo, -0 - 0, 0, _80 - - - 1) _Qo, _70, _1179,
2015 2% 9% 6% .o 8% 0% 8% 1300 23%  24% 9% 9% 7% 13%
2016 2% % 1% A% 1% 4'0/ 8% 0%  -5% 2% 13% 6% 6%

0

2017 32'% 4% 6% 3% 5% 13'% 8%  -3% 18'% -5% 7% 7% -17%
2018 9% 6'% 1% 23'% 28% 1'% 0% 2% 29'% -13% 7% -15% -16%
2019 -5% 27'% 26'% 27'% ™%, 4'% % 9% 4 1'% 9% 1% 3% -3% -4%

75



13

14

15

16

17
18

19

20
21

2020 11-% 43-% 30_% 50_% 43% 48_% 27_% 37-% 27-% 39-% 7% 4% -23% -37%
2021 60% 0% 2% 1% 13'% 2% 2%  17% 12'% 13%  -11% 21% -3% -8%
Overal - - C a9y - - - o 64% 54% 65% 7%
| 34% 64% 56% 68% ° 67% 48% 53% 86% 48% O ° R it s
Some of data are excluded due to very low data capture (<10%)
Table S3. Annual change of vehicle non-compliance with DPF
Vehicle types % year™
LDVs-Petrol Cars -12%
LDVs-Diesel Cars -17%
LGVs-Petrol Cars -13%
LGVs-Diesel Cars -11%
HDVs-Rigid and Artic -21%
HDVs- Buses and Coaches  -15%
HDVs- TfL Buses -26%
N
25%
20%
15%
1)9( \
5% I
«_. M2 4 :
ol /1
A1 40271
S calim = 0.2%

Oto2 2to4 4106610173

(ms™)

Frequency of counts by wind direction (%)

Fig. S1. Wind rose from LHR over 2010-2021.
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Fig. S2. Overall de-seasonalised trends split by wind direction for the period 2010-
2021 at London, Marylebone Road. Error bars represent 95% CI. All of the trend
estimation are statistically significant to the level of p<0.001.
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38 Source: NAEI, 2018 (https://naei.beis.gov.uk/data/ef-transport)

39
40 Fig. S4. Vehicle Fleet Composition within Inner London Area
41
42
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Fig. S5. PNC and BC concentration and Average Number of Vehicle per day at LMR.
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direction and averaged over one-year intervals. The error bars correspond to one
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Fig. S8. Average PNSD split by wind direction at London Marylebone Road.

Fig: S$9. Low Emission Zone Area (left), ULEZ area (right).
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ABSTRACT

Assessment of personal air pollution exposure is crucial especially for pollutants that
exhibit significant spatial and temporal variation. Multiple particle metrics, including
particle number concentration (PNC), lung deposited surface area (LDSA), and average
particle diameter (ranging from 10-700 nm) were evaluated to assess personal exposure
to ultrafine particles (UFP) in a densely populated urban area in Birmingham, UK, using
walking and bus journeys. A significant difference (p < 0.01) was found between the two
transport modes in the average exposure levels to PNC and LDSA, with exposure on the
bus higher compared to that of walking. A strong correlation between PNC and LDSA was
observed across both commuting modes (r > 0.85). The highest average exposure to
PNC was recorded on weekdays, particularly in the afternoon during bus trips
(19820+£18980 #cm3), and in the evening during walking trips (14510+£19120 #cm3),
which coincided with the smallest average particle diameter. Road vehicles and restaurant
cooking activities, particularly those located on main roads, are likely responsible for these
elevated levels. A close examination of the data shows many short-lived increases or
“peaks” in PNC and LDSA accompanied by a reduction in average diameter, attributable
to hyper-local emissions that may affect overall exposure. A new method has been
developed to separate peak data (de-peaking) from walking datasets, enabling source
quantification. Three sources are quantified in the data: general urban background (scale
>1km), local increment on background (~1km) and short-lived peaks due to hyper-local

emissions (metres).

Keywords: Personal exposure; Mapping; Ultrafine particles; Road traffic; Vehicle

emissions
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1. INTRODUCTION
Ambient particulate matter pollution is the leading environmental risk factor for the global
burden of disease in 2021 (HEI, 2024). In Europe, it is estimated that approximately
253,000 deaths were attributable to fine particulate matter (PMz.5, which is comprised of
particles less than 2.5 ym in diameter) exposure in 2021 (EEA, 2023). In recent decades,
PM25 has been the main focus of air pollution exposure studies due to regulatory
guidelines. However, due to growing concerns, there is an increase in studies
investigating an emerging pollutant, specifically ultrafine particles (UFPs, particles with a

diameter of 100 nm or less).

Although UFPs are included in PM2s, their measurements are not indicative of one
another. A study exploring ambient UFPs and PMz2s concentration across 10 cities
worldwide revealed a poor correlation between UFP and PMz2. concentration, with the
Pearson correlation coefficient, r, ranging from 0.09 - 0.69 (de Jesus et al., 2019). A weak
correlation (r = 0.5) between these two pollutants was also observed in a personal
exposure study conducted in a London Street canyon (Kaur et al., 2005). Furthermore,
UFPs exhibit greater spatial variability than PMz.s (Jianyao et al., 2025; Saha et al., 2019;
Wu et al., 2015) due to additional substantial emission sources, such as restaurant
cooking, and industry processes (Saha et al., 2019; Shah et al., 2023; Ye et al., 2020b)
and new particle formation (Gani et al., 2021; Schraufnagel, 2020a; Li Tao et al., 2023).
This implies that controlling PM25 does not necessarily reduce the UFP level, thus

requiring a thorough evaluation of their exposure (Nair et al., 2023).

It has been postulated that UFP have a more adverse effect on human health than larger
particles. Due to their small size, they can more easily enter the human lung, reach the

alveolar region, and be retained longer than larger particles (Schraufnagel, 2020a). It has
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been hypothesized that UFPs can penetrate biological membranes and then translocate
to other organs, including the brain and nervous system, via systemic circulation (HEI,
2013a). Moreover, UFPs possess a large surface area to mass ratio, which enables them
to adsorb more hazardous metals and organic compounds. This property may lead to the
induction of oxidative stress, making UFPs more toxic per unit mass than larger particles
(H.-S. Kwon et al., 2020; Lin et al., 2022; Schraufnagel, 2020a). A recent cohort study has
shown that long-term exposures to ambient UFPs are linked to the occurrence of brain
tumours in Canada’s two major cities (Lloyd et al., 2024). In contrast, short-term exposure
to UFPs has been linked to inflammatory and cardiovascular illness (Simone Ohlwein et

al., 2019).

Although UFPs contribute very little to mass concentration, they are a major contributor
to the total number of particles in the atmosphere. Therefore, UFPs are typically measured

by particle count per volume of air rather than their mass (Harrison, 2020a; HEI, 2013a).

Emission from road vehicles serves as the major contributor to UFPs in most urban
atmospheres (Brines et al., 2015; Chatain et al., 2021). A strong association was observed
between the particle size range of 30-60 nm and light-duty vehicles (Charron & Harrison,
2003), whereas a range of 60-80 nm was associated with diesel vehicle exhaust (Hopke
et al.,, 2022). As previously mentioned, cooking activities contribute greatly to UFP
emissions, particularly those with a smaller diameter. A field measurement study using a
mobile laboratory examined UFPs from nine restaurants in the urban US, found that the
modal particle diameter across all sampling sites ranged from 8 nm to 29 nm (Kim et al.,

2024).
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Lung deposited surface area (LDSA) is an alternative metric for UFPs, linking the surface
area of particles with different regions of deposition in the human respiratory tract (Lepistd
et al., 2020). The deposition efficiency is dependent on the particle size. Larger particles
(Dp > 10 uym are primarily retained in the upper respiratory tract due to impaction, while
smaller particles ((Dp < 0.1 um) will deposit in the tracheobronchial, and alveolar regions
through diffusion (ICRP, 1994b). LDSA provides a more accurate predictor of UFP-
induced inflammatory and oxidative stress responses, which can be utilised to examine
the dose-response relationship (Baldauf et al., 2016; Lepistd et al., 2020). A prior study
identified a stronger association between the LDSA and reduction in lung function
compared to larger particles (PM2.s or PM1o) thereby suggesting the LDSA as a critical
metric for evaluating the impact of particulate matter on lung function and population
health (Patel et al., 2018; Ruckerl et al., 2016). Additionally, toxicological research has
suggested that surface area is the most relevant parameter influencing acute lung toxicity
induced by UFPs (Schmid & Stoeger, 2016). A study demonstrated that around 50 % of
ultrafine particles deposit in the alveolar region (X. Liu et al., 2023), where interaction
between respiratory and pulmonary circulation occurs (Lepistd et al., 2022), and
deposition in this region is dominated by particles with a diameter less than 100 nm (ICRP,
1994b). Lloyd et al. (2024) concluded that including average particle size as a variable in
their epidemiological model was important, which demonstrated significant associations
of UFP exposures with total and respiratory mortality. Their results indicate a stronger

association between larger average UFP size (up to ~35 nm) and brain tumours.

In 2021, the WHO released updated global air quality guidelines, tightening the limits for
particulate matter (PM2s and PM1o) and gaseous pollutants. While there was ample

evidence of the toxicological effect of UFPs (Ferin et al., 1990; Gilmour et al., 2004;
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Renwick et al., 2004; Vora et al., 2014) at the time the WHO set their new PM standards,
epidemiological studies did not provide sufficient evidence to set an air quality guideline
for UFPs. Hence, WHO (2021) formulated Good Practice Statements for three pollutants,
including UFP, to limit the adverse effect on human health and the environment. One
specific recommendation is to increase population exposure assessment for UFP (WHO,
2021a). This has been adopted by the European Commission which has included UFPs

monitoring as a requirement in the latest Air Quality Directive (EU, 2024).

Evaluating individual exposure to air pollutants is crucial, particularly within urban areas
where sources of pollution are manifold and ambient concentrations frequently reach
elevated levels. It is also essential for informing policy-based evidence to improve air
quality (Cichowicz & Dobrzanski, 2022). There is an increasing body of knowledge
evaluating personal exposure to UFP, particularly by mobile monitoring (He & Qiu, 2022;
Knibbs et al., 2011; Luengo-Oroz & Reis, 2019; Patel et al., 2023; Rivas et al., 2017b;
Samad et al., 2022; Tran et al., 2020; Weichenthal et al., 2008). However, most prior
studies have primarily focused only on PNC, while the analysis of LDSA and average
diameter, which are other crucial metrics of UFPs, remains limited (Amin et al., 2024; Liu

et al., 2022; Tran et al., 2020).

This study presents a comprehensive analysis of important UFP-related metrics, including
PNC, LDSA, and average diameter, derived from personal exposure measurements in an
urban setting in Birmingham, UK, using walking and onboard bus measurements. It is
noted that the LDSA measured in this study refers to that deposited in the alveolar region.
This study aimed to investigate the dynamics of measured metrics along a pre-defined
study route and within various microenvironments, analyse the temporal variation of

exposure, and identify areas of high concentration in the study region. While the PNC
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metric provides information on the abundance of UFPs in the atmosphere, the average
size gives insight into the characteristics of emission sources (e.g., certain average
diameters are linked to certain emission source). Additionally, the LDSA, as mentioned
earlier, is valuable for dose-response analysis studies. Assessing these metrics together,
enables a more comprehensive analysis of sources and relationships and thus enhances

understanding of UFP exposure in urban environments.

In addition, further analysis was performed to evaluate the effect of short-term PNC peaks
on overall UFP exposure by excluding short-term peaks from the total data set and
comparing the result with urban background concentrations from a local monitoring
station. This approach facilitated the estimation of contributions from urban background,

local increment, and hyperlocal sources.

2. METHODS
2.1 Sampling Location and Period

Mobile measurements were performed to estimate personal exposure, between 201" May
to 26" June 2023, by either walking or bus travel at three different times i.e., morning (8
AM — 11 AM), afternoon (12 PM- 4 PM), and evening (5 PM — 8 PM) on both weekdays
and weekends. The walking route explores urban microenvironments in Selly Oak, a high-
density urban area, which is inhabited by more than 10,000 people, primarily consisting
of university students. The bus routes include two routes (a) a residential route and a (b)
a main road towards the walking route. Personal exposure measurement was conducted
along an approximately 3.5 km bus route, and 7 km walking route, as shown in Figure 1.

A total of 234,556 (walking) and 26,859 (bus) data points recorded at a 1-s resolution,
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equivalent to 287 km (walking) and 95 km (bus) from 41 trips (walking) and 27 trips (bus)

were collected over 24 sampling days (Table S1).

In addition to the walking and bus routes, assessment was conducted in various
microenvironments to understand local sources of UFPs. This included bus stops (BS)
located on two main roads (BS 1 and BS 2), as well as one on a secondary road (BS 3).
Furthermore, measurements were carried out at two supermarkets, one that exclusively
sells groceries (Supermarket 1) while the other includes a food-selling kitchen
(Supermarket 2), as well as at a fast-food restaurant. Although the sample size collected
at these microenvironments was smaller than the walking and bus measurement, which
may affect statistical robustness, they provide valuable insight into probable local sources

of UFPs.

Additional data derived from a nearby urban background station, namely Birmingham Air
Quality Supersite (BAQS) was used for further analysis. The BAQS is located within the
University of Birmingham campus, on the north-side of Selly Oak. There is a railway line

and local through road to the west and east, respectively, as well as a few houses nearby.
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Figure 1. Map of study area. Fixed routes for walking and bus measurements are shown
by the blue and orange lines, respectively. Segments B1-BS2, and W1-W2 represent
routes along main roads for bus and walking, respectively. Segments B2-B3, and the
roads within W1-W2-W3-W4 represent routes along the residential roads for bus and
walking, respectively. The dashed-yellow line shows the restaurant area. TC shows the
traffic count station. The yellow text labels the locations of microenvironment as BS (bus
stop), S (supermarket), and RE (restaurant). The red dot shows the location of the urban
background, Birmingham Air Quality Supersite (BAQS).

2.2Sampling Instruments
A handheld particle counter (DiSCmini, Testo Inc.), was used to measure PNC, D, and
LDSA at a time resolution of 1 s. The DiSCmini detects particle concentration between
103 and 108 #/cm3, while the size range of particle diameter detected ranges from 10 —
700 nm. The average diameter recorded by the DiSCmini reflects the electrical mobility
diameter of particles, which is defined as the diameter of a spherical particle exhibiting

same electrical mobility in an electric field as the particle under study. Particles up to 10
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Mm can deposit in the alveolar region, however, the DiSCmini is reliable only for particles
less than 300 nm (Todea et al., 2015). A study has shown that particles larger than 400
nm can substantially contribute to the LDSA in another region i.e., head airways (ICRP,

1994a). Therefore, this study focusses only on the suitable size range for the DiSCmini.

The DiISCmini operates by applying electrical charges to particles and measuring their
subsequent diffusion. In a unipolar charger, particles are given positive charges so that
the current they generate may later be detected. In a "diffusion stage," particles are
deposited via diffusion and subsequently detected as an electrical current, which is
selectively based on size (Martin Fierz et al., 2008; Fierz et al., 2011). The remaining
particles create an electrical current in addition to ending up in a filter stage. The ratio of
current at the filter stage and diffusion stage determines the average particle diameter.
Once the diameter is determined, the particle number can be calculated based on the total
charge and flow rate. Meanwhile, LDSA is estimated using the International Commission
for Radiological Protection or ICRP model (ICRP, 1994b), which relies on the correlation
with the total current signal. The calculation has been thoroughly explained in Fierz et al.,

(2008).

In this study, the DiSCmini was co-located with regulatory grade particle instruments (TSI
CPC 3775 and TSI SMPS 3082) for 7 days at BAQS (Figure S1). The PNC from the
DiSCmini was compared with the total number concentration from the SMPS within the
selected diameter range of 10-300 nm, which is similar to the modal diameter range of the
DiSCmini. The R? value of 0.97 between DiSCmini and SMPS indicates a satisfactory
agreement. This is consistent with prior studies, both in controlled laboratory settings and
in field measurements (Meier et al., 2013; Viana et al., 2015)), that demonstrated a strong

correlation between DiISCmini and reference instruments, with R2> 0.80 (Viana et al.,
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2015). Before and after the trip, a HEPA filter was attached to the inlet tube to perform a
zero check for quality assurance. A GPS sensor was used to track the coordinate point
during the trips. The instruments were carried in a backpack during measurements
(Baruah et al., 2024; Bousiotis et al., 2024), and an inlet tube was positioned within the
breathing zone, i.e., approximately 30 cm away from the mouth (Int Panis et al., 2010).

More information regarding sampling methods was provided by Bousiotis et al. (2024).

The DiSCmini is recognised as a robust sensor for personal exposure assessment (Meier
et al.,, 2013; Mills et al., 2013); however, it possesses several limitations. PNC is
definitively measured by a condensation particle counter (CPC), and hence the result from
the DiISCmini measurement is indicative PNC. The performance of the DiSCmini as well
as other portable sensors has been comprehensively studied in another study, which
suggested that those sensors, including the DiSCmini, are categorised as indicative
instruments or tier 2 for airborne exposure studies (Viana et al., 2015). The accuracy of
this instrument is typically around 15-20% relative to a CPC according to the
manufacturer’s report. Viana et al., (2015) reveal that the mean difference between
DiSCmini and each stationary instrument was 10-18%, 12-18%, 7-13% for average PNC,
average diameter, and alveolar LDSA, respectively. This uncertainty may arise from the
mismatch between the aerosol size distribution used during laboratory calibration and that
measured in actual field measurements. Specifically, the DiSCmini is calibrated using a
monodisperse aerosol, after which its response is modelled for a polydisperse aerosol
that assumes a lognormal size distribution with a geometric standard deviation (o) of 1.9.
In fact, the characteristics of real-world aerosol may differ, resulting in inaccuracies both
in particle number and average diameter measurement. The DiSCmini has to make an

approximation related to particle size and shape (i.e., spherical shape) and assumes
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particles to be hydrophobic. The assumption of spherical particles may simplify the
interpretation of particle movement under electric charge. Furthermore, the estimation of
LDSA relies on the total current from charged particles, which is accurate for particles up
to the size range of 300 to 600 nm. However, when the measured aerosol consists of
particles larger than the upper limit, the absence of any size-dependency during the
measurement may result in an underestimate of the LDSA concentration (Lepisto et al.,

2020)

2.3Data Analysis

Data analyses were performed using the Openair package in R (David C. Carslaw & Karl

Ropkins, 2012), and Microsoft Excel.

All the measured data with 1 s resolution were used for analysis, with the exception when
comparing with the SMPS data (5-minutes averaged, in Figure 7 and Figure 10), and in

de-peaked analysis (10-minutes averaged), which will be elaborated below.

Figure 2 gives an example of a time series of the collected data. It may be seen to contain
many short-term increases, or “spikes”. In section 3.6, short-term peaks in the PNC from

walking exposure data were further investigated, including the following steps:

1. Baseline calculation

The baseline was calculated for each trip individually. To do this, a centred moving
median was applied using various time windows, specifically 1-minute averages, 5-
minute averages, and 10-minute averages, before and after data points. The
moving median is considered more robust to outliers compared to the moving
average (Yaro et al., 2023). As the baseline is calculated by involving data before

and after data points during the specific time window, there were some data points
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where the baseline was unavailable. For instance, when using 10-minute averages,
the initial and the final 10-minute segments of each trip were unavailable. Thus,
only the original PNC data with available baseline data will be subjected to further
investigation.

2. Short-term peak (spike) identification

The study conducted by De Kluizenaar et al. (2017) detected peak exposure to
UFPs by both static and mobile measurements (walking, cycling, and motorized),
with peak exposure defined as UFP levels above the 95th or 99th percentile that
occurred for a duration of at least 10 minutes for each researcher. Nevertheless,
employing the 95th and 99th percentile cutoffs is unsuitable for our dataset since
rapid changes in PNC are frequently found, resulting in many spikes remaining in
the dataset. Other approaches were tried, and a threshold of 10% of the baseline
was selected for optimal spike detection based on visual observation.

3. Exclusion of short-term peak (spike) data from dataset

Peaks above the threshold were classified as spikes and separated from the data
set.

4. Data Interpolation

A linear interpolation was used to replace the removed short-term peak data points.
A 10-minute average time window was chosen as an optimum time window that
yields the closest de-peaked interpolated PNC to the background level as seen in
Fig. S2. In addition, this time window is also considered appropriate for walking
measurement since the researcher passed through diverse microenvironments
during the trip, resulting in a highly dynamic data concentration.

5. Comparison of De-peaked mobile PNC data with Background PNC data
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De-peaked interpolated PNC data were corrected to the SMPS using the
calibration obtained through the co-location study. A more detailed explanation of
the co-location process is provided by Baruah et al. (2024) and Bousiotis et al.,
(2024). The baseline PNC was then compared to the total number concentration

derived from the SMPS, and to the sum of the removed “spikes”.

2.4 Spatial Map Distribution

To generate a spatial map of the particle characteristics, the average PNC was calculated
for individual street segments, specifically of 20 m for the walking route, and 50 m for the
bus route. Route segmentation was carried out in R by grouping the GPS coordinate
points according to distance. This discrepancy in scales is due to the difference in speed

between walking and bus measurements.

3. RESULTS AND DISCUSSION

3.1 General Results

Table 1 displays the descriptive statistics for PNC, average diameter and LDSA for the
entire measurement period. In general, we found a statistically significant difference (p<
0.01) between riding the bus and walking in the average exposure levels to both PNC and
LDSA, with riding the bus giving higher values (17244 #/cm3, and 29 um?/cm?®) compared
to walking (10066 #/cm3, and 22 ym?/cm?). Using a typical instrument (DiSCmini), the
average PNC and LDSA exposure on the bus in our study is lower than that observed in
Cambodia, specifically 22,600 and 37,200 #/cm? for PNC, and 50.8 and 83.9 um?/cm? for

LDSA from two distinct roads (Amin et al., 2024). Our walking exposure is also much lower
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than that observed in a commercial area (62,400 #/cm?® for PNC, and 125 ym?/cm? for
LDSA) and at a background site (18,700 #/cm? for PNC, and 42.4 ym?/cm? for LDSA) in
Singapore (Tran et al., 2020). The data indicates vehicle volume in their study area is
approximately double compared to that passing on the main road in this study. In addition,
other substantial UFP emission sources (i.e., incense from a temple) were presented,
which may lead to their higher average PNC compared to that observed in the current
study. Figure S3 displays the PNC measured from mobile measurements and the PNC
derived from the SMPS at the local air quality station simultaneously with the bus and
walking measurement. In addition, Figure 2 shows an example from a weekday morning
trip. Notably, the SMPS reading indicated that there was no substantial change in PNC
levels between walking and bus measurements times. This suggests that the higher PNC
exposure during bus rides was likely attributed to other factors other than changes in the
ambient air quality. Some possible factors are the infiltration of surrounding vehicle
emissions into the cabin (Rivas et al., 2017a) and emission from the bus engines. Elevated
exposure to pollutants inside the bus aligns with other prior personal exposure studies

(Rivas et al., 2017a; Wang et al., 2024).
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Figure 2. Example of PNC from a morning trip during mobile measurement by DiSCmini
(blue line), and that derived from SMPS at the local urban background air monitoring site
(orange line). A light orange shade shows the measurement on the bus journey, while the
unshaded PNC was measured during walking.
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The higher exposure during bus travel coincides with a smaller average particle diameter,
i.e., 41£17 nm in contrast to walking trips (46 £19 nm). Prior studies have indicated that
taking the bus provides higher levels of pollutants compared to walking trips (Chaney et
al., 2017; Weichenthal et al., 2008); Bus idling behaviour, ventilation, and elevated
outdoor particle concentrations along the bus route may also affect exposure to particles
while on the bus (Hammond et al., 2007; Singh et al., 2021; Zhang et al., 2013). The
proximity to the vehicle exhaust, particularly at junctions where vehicles accelerate, thus
increasing UFP emissions (Kim et al., 2024) may also contribute to the higher exposure
level within the bus cabin. In addition, a study found that buses can experience self-
pollution (Sabin et al.,, 2005), when the bus's own exhaust emission enter the cabin

through doors during the passenger exchange, windows, and cracks (Zhang et al., 2013).

In addition to outdoor sources, in-cabin UFP sources can also contribute to the exposure
levels during the bus journey. Prior studies have indicated that combustion equipment,
particularly fuel-operated auxiliary heaters, could be an important UFP source within the
bus cabin (Hallquist & Salberg, 2025; Oikarinen et al., 2025; Oikarinen et al., 2022). These
heaters are used to heat the engine as well as the cabin, particularly in cold areas, and
are commonly employed both in internal combustion engine and electric vehicles. The
operation of such heaters has been shown to emit very high concentrations of smaller
particles (Dp<23 nm) (Hallquist & Salberg, 2025), particularly during the start-up and shut-
down phases. The quantity of UFP emissions from this source can be comparable to or
even exceed those generated by idling engines, making it a significant yet neglected
contributor to in-cabin UFP concentrations. Sources of UFP emissions within the cabin

itself seem unlikely.
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364 In this study, the smaller average particle size measured on the bus suggests that self-
365 pollution and passenger exchange, especially along the main road where emissions from
366 road transport are important and, are likely responsible for the higher PNC exposure and
367 LDSA due to the introduction of small freshly vehicle-emitted particles. Even though all
368 buses in the study area meet EURO VI emission standards and have been fitted with
369 diesel particle filters, it should be noted that this technology is less effective in removing
370 ultrafine particles, especially those in the liquid mode (Dp < 30 nm) when compared to the
371 regulatory monitored PMzs size fraction (Damayanti et al., 2023). Consequently, the
372 concentration of particles within this size range (Dp < 30 nm or typically classified as
373  nucleation mode) is expected to remain high during bus journeys. These circumstances
374  may exacerbate the adverse impact of UFPs on bus passengers.
375 Table 1. Descriptive Statistics of PNC, Average Diameter, and LDSA from walking and
376 bus measurements during the campaign period. The asterisks “*” and™*” represent
377  walking data that include all trips (41 trips) and only include the same days as bus trips
378 (27 trips), respectively. “N” is the number of data points, the “@” in the minimum and
379 maximum average diameter columns, indicates the lowest and highest values of modal
380 diameter obtainable from the DiSCmini.
Parameter N Mean SD Median Min Max
Walking * 234556 11010 17236 7003 288 971987
PNC (#/cm?) Walking ** 152494 10066 18479 6409 288 971987
Bus 26859 17244 19549 11357 656 406968
Walking * 234556 46.2 19.0 445 102 3002
Average Diameter (nm Walking ** 152494 48.4 201 46.4 102 30092
Bus 26859 41.4 16.8 37.9 102 3002
Walking * 234556 22.6 22.0 19.3 2.3 1533.4
LDSA (um?cm?®)  Walking ** 152494 22.0 23.5 18.9 2.3 1533.4
Bus 26859 29.1 16.6 25.9 5.6 184.2
381
382 A study by Liu et al. (2023) analysed LDSA measurements from urban areas across
383  Europe, reporting an annual average Alveolar LDSA in Birmingham of 15£11 ym?/cm3. A
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higher average LDSA recorded in our study may be attributed to the use of a different
instrument as Liu et al. (2023) used data from a fixed SMPS, most probably not in close
proximity to emission sources, as during our mobile monitoring. Comparing the bus routes
(Table S2), the average PNC and LDSA were found to be higher near a major road (18590
#/cm3) compared with the route that passes through residential area, (11197 #/cm3).
Likewise, the LDSA, as with PNC exposure, exhibited lower levels along the residential
route (24.5 ym?/cm?). However, this route also showed a larger average diameter (47.3

nm), indicating less influence from traffic and cooking emissions.

A stronger positive correlation between traffic volume and UFPs exposure was identified
compared to other traffic-related pollutants (Nazneen et al., 2023). Prior research have
shown road type as an important determinant influencing personal exposure to air
pollutants (Fruin et al., 2008; MacNaughton et al., 2014; Rafiepourgatabi et al., 2021). For
instance, a study in Canada found that UFP concentrations on motorways were much
higher than those on residential roads by an order of magnitude (Fruin et al., 2008). In this
study, the major road has a substantially higher traffic volume, with a higher proportion of
heavy-duty vehicles compared to the residential road. Considering all identified potential
factors, higher exposure during bus trips, particularly on major roads, is attributable to
overall road emissions as well as in-cabin contributions. Figure 3 shows the temporal
variation of average PNC exposure, average diameter, and LDSA, whereas Table S3
presents the statistical summary. Weekday PNC exposure was observed to be higher
(12609 + 21242 #/cm3) than weekend exposure (9512 + 14342 #/cm?3), in both walking,
and bus measurements. This pattern aligns with the results of Amin et al., (2024),
particularly for the bus measurement. Traffic count data from a main road on our study

route showed that approximately 14000 vehicles pass along this road daily. Figure S4
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shows time variation from that road, with less traffic on weekends, which may explain the
lower PNC exposure during that period. The hourly average of vehicle numbers over the
weekend shows a slight decrease relative to weekdays (Table S4). However, we observed
a substantial reduction in bus numbers with approximately 50% of the weekday count
during the weekend, which may lead to a decrease in PNC during that time. In addition,
weekday trips exhibited a smaller average particle size (43 + 17 nm) than on the weekend
(50 £ 20 nm), suggesting a greater relative local background presence during the

weekend.

Statistical significance tests utilising non-parametric Kruskal-Wallis and post hoc pairwise
Wilcoxon tests revealed significant differences in all measured parameters (p<0.001)
across various times of day for each travel mode, indicating that commuting time
significantly influences pollutant exposure levels. The highest average exposure to PNC
was recorded during weekday afternoons (AWD), coinciding with the smallest average
diameter, from bus trips (19819 + 18976 #cm?3, and 36 + 13 nm), and on weekday evenings
(EWD) during walking trips (14514 + 19118 #cm3, and 40 + 16 nm). The diurnal cycle of
vehicle count (Figure S3) indicates that the maximum traffic intensity occurs in the
afternoon, with buses peaking at around 1 PM. In addition, cooking activities from cafes
and restaurants located along the study routes are likely contributing to the elevated
exposure during that time. Our measurement results from a restaurant shows an
extremely high PNC in this microenvironment, which will be elaborated in section 3.3.
Morning weekend trips exhibited the lowest mean of PNC exposure, with the largest
average diameter from both walking (7307 + 18196 #/cm?®, and 57 + 18 nm) and bus
measurement (6762 + 9949 #/cm?®, and 53 + 13 nm), which is likely due to reduced

emissions from traffic. Furthermore, a reduction in restaurant cooking activities during
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mornings at weekend may contribute to a decrease in the concentration of smaller
particles, resulting in an increase in relative presence of coarser particles in the
atmosphere during that period. Afternoon trips had a higher exposure to LDSA, both for

walking and bus measurements.

To investigate the high exposure measured during the afternoon, a detailed analysis of
individual trips was conducted. Two distinct days were identified during which the average
exposure to PNC exceeded 20000 #/cm3. Particle number size distribution data derived
from the SMPS instrument at BAQS during the specified time period were also examined
(Figure S5). The PNSD shows extremely high concentrations of smaller particles,
probably indicating that a new particle formation event occurred on those specific days

i.e., 24" May and 9" June 2023, as seen in Figure S5.
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Figure 3. Box plots of mean PNC exposure, LDSA, and average diameter by travel mode
and time. Black dots represent the mean concentration, horizontal lines represent the
median, outliers are not displayed. Abbreviations: The first letter refers to: A= Afternoon,
E=Evening, M=Morning; the last two letters refer to: WD= Weekday, WE= Weekend.

3.2Correlation between PNC, LDSA, and Average Diameter

We examined the correlation between the three measured UFP metrics. The result
indicates that both walking and bus trips exhibit very strong positive correlations between

LDSA and PNC, with Spearman’s correlation coefficients (r) of 0.86 and 0.84,
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respectively. Conversely, a strong negative correlation (r) was observed between PNC
and average diameter, i.e., -0.63 and -0.73 for walking and bus data, respectively. Among
the bus routes, route 1, which passed along a main road, shows a stronger correlation
coefficient between PNC and LDSA (0.82, and 0.86) compared to route 2 (a residential
road, i.e., 0.78). This suggests that route 1 is more appreciably affected by traffic
emissions. These findings agree with a previous study (X. Liu et al., 2023) that identified
a strong correlation (r = 0.91) between PNC (range of 10-500 nm) and LDSA using data
from a Birmingham urban background site. Nonetheless, high LDSA is indeed not always
correlated with the high PNC, as demonstrated in the prior studies (Fung et al., 2022;
Kuula et al., 2020) that show that the LDSA/PNC ratio can be significantly higher in urban
background sites, attributed to the greater proportion of larger particles at those sites
compared to street canyons. This suggest that different sources, such as residential wood

combustion, potentially contribute to the LDSA in urban background measurements.

The correlation between PNC and LDSA by average particle size was explored (Figure
4). Particle size is categorised into three different groups: nucleation mode (10-25 nm),
Aitken mode (25-100 nm), and accumulation mode (>100 nm). Overall, there is a strong
correlation between PNC and LDSA across all modes (Pearson correlation, r= 0.80-0.98).
Nevertheless, there is a very strong correlation observed between higher PNC levels
(reaching up to 300,000#/cm?® and 1,000,000#/cm? for bus and walking, respectively) and
higher LDSA in smaller particle sizes (nucleation mode). Additionally, we observed a good
association between LDSA and moderate PNC in the Aitken mode, as well as lower PNC
when the average diameter is in the accumulation mode. During the walking

measurement, we identified numerous short-term peaks in PNC, particularly in the
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nucleation mode, indicating the presence of local sources that released smaller particles

along the walking path.
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Figure 4. Scatterplot of PNC vs. LDSA by level of average diameter from walking (top)
and bus (bottom) measurements

When examining the bus route type, it was found that there was a stronger association
between PNC and LDSA with average diameter in the nucleation mode (Figure S6) along
main roads (R? = 0.86) compared to residential roads (R? = 0.78), implying that vehicle
emissions have a significant impact on the level of exposure. This agrees with a recent
source apportionment study by Bousiotis et al (2024) in the same location, which also
found a great association between LDSA and traffic source, suggesting that this metric

was mainly driven by vehicle emissions.
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Multiple trends were seen in the scatter plot (Fig.4 and Fig. S6), particularly from the bus
ride in the nucleation mode range. We attempted to visually identify some prominent
trends by separating the data set with higher PNC and LDSA, plotting it on a different
graph and thereafter examining the location based on the coordinate points. Higher PNC
and LDSA levels were recorded along the major road (Fig. S7). The various trends arose
from the peak in PNC and LDSA that occurred around several bus stops, occurring
immediately following passenger exchange (Fig S7.a-b). The bus accelerates upon
departure, resulting in the increase in engine load and promoting the formation of volatile
nucleation particles. The variation in slope is likely attributable to the variability of the bus
engine load, passenger load, nearby traffic conditions, and local dispersion, which affect

the level of multiple measured metrics during measurement.
3.3Measurements in Other Microenvironments

Table S5 presents summary statistics of measured metrics in various microenvironments.
In general, the fast-food restaurant had the highest level of PNC exposure and LDSA,
reaching around 65000 + 43000 #/cm3, and 121 + 82 um?cm?3 for PNC and LDSA,
respectively. The restaurant's cooking activities, which primarily use the deep-fry method,
are expected to be a significant source of PNC with high LDSA. There are previous studies
that have examined the high concentrations of UFP related to cooking activities (Abdullahi
et al., 2013; Geiss et al., 2016; See & Balasubramanian, 2006; Wallace, 2006). Geiss et
al. (2016) examined the levels of UFP and LDSA concentrations in various occupational
and non-occupational environments, including a canteen kitchen. During the 8-hour
monitoring period, the recorded values for average LDSA and PNC were 400 pm?*cm?
and 500000 #/cm?, respectively. When the fryer was turned on, short-term peaks (spikes)

in LDSA and PNC levels reached roughly 4000 um2/cm? and 500000 #/cm?3, respectively.
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According to See and Balasubramanian (2006), deep-frying caused the most significant
rise in PNC (up to 60000 #/cm?®) compared to background concentrations by a factor of

24.

Bus stop, BS 3, situated in a residential area and across a large park, exhibits a lower
average PNC exposure level (10062 #/cm3) compared to the other bus stops located on
a major road. Comparable patterns were found in the LDSA, with BS 1 having the highest
exposure, i.e., 41 um?/cm3. An elevated level of PNC exposure and LDSA at bus stops
located on major roads was expected due to the presence of road vehicles and a higher
frequency of buses passing along these routes. Moreover, bus stop BS 1 was located
near the supermarket's car park, and there were several restaurants across the road from

the bus stop, potentially contributing to this high concentration.

A supermarket selling cooked food (Supermarket 2) exhibited higher PNC exposure
(22570 #/cm3) with the smallest average diameter of 25 nm, indicating that cooking
activities significantly contribute appreciably to UFPs levels in that microenvironment. This
average diameter falls within the particle mode range (8 to 29 nm) observed in various
restaurants studied by Kim et al., (2024). The lowest levels of PNC and LDSA exposure
(5485 #/cm3 and 14 um?cm?, respectively), were measured inside a grocery-only
supermarket (Supermarket 1) where no combustion activities took place inside the

building, which coincided with a larger average diameter of 56 nm.

3.4 Spatial Variation of PNC and Average Diameter
Figure 5 and Figure S6 illustrate the spatial variation of PNC exposure and the average
diameter along walking and bus routes at different times of day on weekdays. During

walking trips, PNC were observed at lower levels in the morning period, with the average
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diameter mostly ranging from 40-60nm. Hotspots, which are locations with higher
concentrations of pollutant, were observed on major roads, specifically around junction
areas where traffic lights, petrol stations, and pedestrian crossings were located. This high
exposure coincided with a smaller average diameter and is marked with a red circle on
the map (Figure 5). Pollutant levels remained high during afternoon and evening trips. In
addition to this area, there are other hotspots (shown by a blue circle) that encompass a
supermarket’s car park, several restaurants, bus stops, and traffic lights, all of which can

potentially be major sources of UFP emissions.
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Figure 5. Spatial distribution of average PNC exposure (top panel) and average
diameter (bottom panel) from walking measurement by time of day. The blue circle
shows the region encompassing a supermarket’s car park, several restaurants, bus
stops, and traffic lights, while the red circle shows the junction area where traffic lights,
a petrol station, and pedestrian crossings were located. The scale is adjusted for
average diameter in the MWD, taking into account the larger average diameter during
that period.

The bus measurements revealed that hotspots were predominantly seen at intersections
along major roads (Figure S8), indicating a rapid exchange of external air with the interior

of the bus. In addition, a spatial map of morning trips shows high exposure levels in an
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area where a school gate and U-turn and a road that links two major roads were located,
which is highlighted with a dark blue circle on the map. This situation may have resulted

in busier traffic than other location, and hence higher UFP levels.

While doing bus measurements, hotspots along the walking route were also detected, i.e.,
around petrol stations and restaurant areas. This indicates that outdoor concentrations
affected air quality inside the bus. Fewer hotspots with coarser average particle sizes were

observed on the residential road, consistent with this conclusion.

3.5Peak Pollution During Measurement

While conducting walking and bus measurements, abrupt changes sometimes occurred
in the measured PNC, LDSA, and average diameter. It was evident that UFP varies greatly
spatially and temporally, even over small distances, implying the need for more intense
mobile measurement of this pollutant to better understand of its emission sources. Figure
6 shows short-term peaks recorded during an afternoon walk and a morning bus ftrip,
including measurements taken on both a main and a residential road. During an afternoon
walk, more short-term peaks were observed along the major road, particularly when
passing through the junction and walking past restaurants. The sudden change in PNC
and LDSA occurred simultaneously with the decrease in the average diameter. Upon
entering the residential road, the levels of PNC and LDSA gradually decreased, and the

average diameter became coarser.

During the bus measurement on the residential road, a lower PNC exposure and LDSA
were observed. The average particle size ranged from 40 to 60 nm, with the exception of

a sharp decrease to approximately 20 nm when the bus turned onto another road. The
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580 particle's average diameter was relatively small during the measurement along the major
581 road. The sudden change, an increase in PNC and LDSA, and a decrease in average
582 particle diameter were predominantly observed at junctions and traffic lights. In contrast,
583 the average diameter tended to increase while passing through greener areas with higher

584  vegetation i.e., school field and park.
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587  Figure 6. Examples of short-term peak (spike) events during an afternoon walking (top)
588 and morning bus journey on 19t June 2025 (bottom) measurements.

589
590 3.6UFPs Source Quantification from Walking measurements

591 Hotspots, which are typically defined as extremely high or short-term peaks

592  concentrations, are frequently observed in personal exposure monitoring, especially when
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conducted in urban areas. In this study, short-term peaks were recorded mostly during
walking measurement as seen in Figure 7. It also shows that there are some periods when
PNC levels during walking were comparable to the background concentration, while other

periods were higher, suggesting the presence of local sources.

Morning Afternoon Evening
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mm Walking (DiSCmini) ——BAQS (SMPS)
Figure 7. A compilation of PNC from all walking trips (blue bar chart) and that measured
by SMPS at BAQS (orange line). PNC from DiSCmini was corrected to SMPS using the

earlier collocation. PNC derived from walking in Selly Oak were average into 5-minute
intervals to compare with that measured at BAQS.

Nevertheless, there is a scarcity of research which has examined the impact of this such
hyperlocal concentrations on overall exposure. In this analysis, further examination was
carried out by separating the short-term peaks that were observed predominantly when
passing hotspot areas, particularly during walking measurement. Furthermore, this
approach allows for the quantification of potential sources contributing to exposure levels

during assessment.

Figure 8 presents an example of PNC during an afternoon weekday walk, displaying the
raw PNC data and the concentration after removing the short-term peaks and interpolation
(de-peaking). Meanwhile, Figure S9 presents the data for the entire campaign.
Approximately 25% of the walking data (by time) was identified to consist of short-term

peaks. Although it represents only a quarter of the measurement duration, in the
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epidemiological context, its presence may impact the inhalation dose and hence health
outcomes. A study investigated the exposure to UFPs peak concentration derived from a
land use regression model based on mobile monitoring in the US, revealing a stronger
association between peak UFPs exposure with inflammatory biomarkers compared to
when using an annual average concentration metric (Lin et al., 2021). This underscores
the importance of peak exposure evaluation in personal exposure monitoring, particularly

in the active travel assessment.

Removal of the peaks, and subsequent interpolation, led to a decrease in the overall

average PNC by approximately 19%, as shown in Figure 9.
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Figure 8. Examples of PNC from walking trips, which excluded the short-term peaks data
(red line), are overlaid with the original PNC from a) a morning trip on 24t May 2023, (b)
an afternoon trip on 23 May 2023, and c) an evening trip on 9" June 2023.
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Figure 9. The average of PNC obtained from walking measurements from the whole
campaign. The standard error indicates that the average PNC was significantly
different between raw data and after removing the short-term peaks data.

Figure 10 clearly demonstrates a significant difference in the average PNC obtained from
walking trips, before and after the removal of short-term peak data points. The decrease
in average PNC ranges between 12-34%, of which the largest decrease occurred during
the morning on weekdays (MWD), with a reduction of 34%. A large portion of spike data
(31% of data,) was observed during morning trips (Table S6), leading to a more

pronounced decline during that time in comparison to other periods.
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Figure 10. Comparison of the PNC average between the original data (the blue bar) and
after removing short-term peaks (the green bar) from walking trips, categorised by
measurement period. The black dots show the percentage of decline in the average PNC.
The standard error indicates that the average PNC was significantly different between the
two data groups.

To enhance understanding of whether the de-peaked interpolated PNC returns to the local
background level, PNC derived from the SMPS deployed at a local urban background
monitoring station was used as a comparator. Interpolated de-peaked PNCs were
corrected to SMPS observations during the collocation period (Figure S1) and were
subsequently compared to SMPS data at the time the measurements took place. Although
a statistical test result indicates no significant difference between walking and background
PNC (p-value of 0.2), the average corrected PNC from walking measurement was notably
higher (118018357 #/cm?) (Figure 11a) than that measured at the urban background
(108166711 #/cm?3), likely attributable to the closer proximity to general traffic and
cooking sources. However, PNC from walking (de-peaked) correlated very well with the

measurements at BAQS as seen in Figure 11b.
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Figure 11. (a) Average PNC from walking derived from the DiSCmini and that measured
by SMPS at the BAQS urban background. The black dot represents the average
concentration, while the asterisk (*) indicates de-peaked interpolated PNC after being
corrected to SMPS. (b) scatter plot between PNC walking (de-peaked and corrected)
versus SMPS, using 5-minutes data averages.

Short-term peaks that were detected in personal exposure measurements revealed the
presence of hyperlocal effects upon the exposure level. Nonetheless, the separation of
such data from the personal exposure monitoring record suggests that some reduction in
exposure to pollutants, particularly those with very high spatial and temporal variability as
UFP, could potentially be achieved by reducing pollutant hotspots especially in densely

populated areas.

4. CONCLUSION

In this study, walking and in-bus measurements were performed to evaluate personal
exposure to UFPs. Multiple critical metrics of UFPs were assessed, including particle
number concentration (PNC), lung deposited surface area (LDSA), and average diameter
(D, ranging from 10 to 300 nm). Generally, higher exposure to PNC and LDSA coincide
with smaller average diameter, and a higher exposure was typically recorded during public

bus rides than walking measurement. A stronger association between PNC and LDSA
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with average diameter in the nucleation mode (Dp <30 nm) along a main road as opposed
to a residential route during bus measurement, suggests a substantial impact of traffic and
restaurant emission on the level of exposure. During the walking measurements,
numerous short-term peaks of PNC and LDSA were observed, indicating the presence of
multiple local UFPs sources within the study area. Additionally, measurements made in
other microenvironments to assess exposure levels and investigate potential local
sources found that the lowest exposure was recorded inside a grocery supermarket, while
a fast-food restaurant, which primarily uses the deep-fry method, exhibited the highest
exposure level to PNC and LDSA. Hotspots were detected, specifically where the major
sources of UFP emissions were concentrated, specifically at road junction areas, traffic
lights, supermarkets car parks, a petrol station, and restaurants. The dynamical behaviour
of the measured metrics was explored. An abrupt change and substantial increase in PNC
and LDSA, which occurred simultaneously with a drop in average diameter, were
observed while passing through the hotspots. On the other hand, upon entering the
residential road, a gradual decrease in PNC and LDSA with an increase in average
diameter was observed. A method has been developed to separate short-term peaks from
UFP exposure data obtained by walking measurement. We found by removing the short-
term peaks (de-peaking), which occurred during ~25% of the data time series, resulted in
a 19% drop in the average PNC. Hence, this approach effectively enables the
differentiation of hyper-local sources from the local background contribution. Furthermore,
de-peaked average PNC was on average 9% higher than urban background
measurements, indicating a general local increment, likely due to the proximity to the

emission sources (i.e., road traffics, and restaurant cooking). This novel approach
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improves the distinction between episodic peaks and the “true” background exposure, and

thus, enhances the comprehension of personal exposure assessments.
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11
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14

Table S1. Number of sampling trips during the campaign period.

No. of Trip
Period Ti
erio ime Walking | Bus
Morn!ngWeekday(MWD) 8 AM- 11.59 AM 10 6
Morning Weekend (MWE) 3 3
Afternoon Weekday (AWD) 9 6
12 PM-4PM
Afternoon Weekend (AWE) 5 3
Evening Weekday (EWD) 10 6
5PM-8PM
Evening Weekend (EWE) 4 3
Total 41 27

Table S2. Descriptive Statistic of PNC, average diameter, LDSA and meteorological
parameter by type of route during bus measurement (derived from 1-second average

data).
N Mean SD Min Pctl. Pctl. 50 | Pctl. 75 Max
25
Bus Route : Major Rd
PNC (#/cm?) 21966 | 18590 | 20978 | 656 7351 12131 | 22178.75 | 406968
Average Diameter | 21966 | 40.1 16.0 10.0 29.1 36.9 491 300.0
(nm)
LDSA (um?/cm3®) | 21966 | 30.1 17 .1 5.6 17.8 27 1 36.8 184.2
RH (%) 22097 | 53.7 11.4 29.7 451 542 60.6 88.1
Wind speed (m/s) | 22097 3.7 1.7 0.3 2.4 3.6 4.8 94
Temperature (°C) | 22097 | 24.9 4.4 12.4 22.2 24.5 27.7 33.6
Bus Route : Residential Rd
PNC (#/cm?) 4893 | 11197 | 8800 711 5068 8467 14288 96039
Average Diameter | 4893 | 47.3 18.8 12.4 33.2 43.4 60.5 300.0
(nm)
LDSA (um?cm3) 4893 24.5 13.1 71 14.8 22.3 29.8 142.9
RH (%) 5024 52.9 9.4 33.9 48.7 53.6 58.9 73.1
Wind speed (m/s) | 5024 3.6 1.9 0.2 2.1 3.3 49 94
Temperature (°C) | 5024 25.3 4.6 17.6 21.9 25.4 27.8 33.6
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15 Table S3. Descriptive Statistic of PNC, average diameter, and LDSA by time period
16  (derived from 1-second average data).

Mode Time of day N Mean SD Min P;’;I' P;;" P;;" Max
Weekday
Morning 59880 7307 18196 292 2960 5040 7383 890896
Afternoon 51106 13185 16793 371 5484 7997 20317 792119
Evening 59357 14514 19119 393 5521 12401 20730 935157
Walking
Weekend
Morning 20377 6762 9949 601 4387 5427 6823 464257
Afternoon 20297 13001 13406 872 5388 11762 16955 549162
PNC (#/cm?) Evening 23539 8835 15605 288  5663.5 7247  9903.5 971987
Weekday
Morning 5685 18541 24106 656 5689 10065 16880 406968
Afternoon 5526 19819 18976 1789 8578 14973 24212 146238
Evening 7305 17150 13794 711 7448 14493 22643 187267
Bus Weekend
Morning 2647 7723 4175 886 4590 7318 9407 68351
Afternoon 3113 19318 26144 798 7348 12917 17152 249120
Evening 2583 16398 20706 1353 5489 9250 17211 173854
Weekday
Morning 59880 16.6 18.8 4.5 8.1 14.6 19.3 956.0
Afternoon 51106 252 26.5 23 11.9 21.4 33.3 1533.4
Walking Evening 59357 26.3 22.9 6.1 12.9 26.3 32.8 903.7
Weekend
Morning 20377 19.0 15.6 8.0 13.0 19.2 22.6 929.9
Afternoon 20297 27.4 18.9 11.3 19.3 25.9 31.1 889.0
LDSA Evening 23539 21.8 19.9 3.0 111 17.0 29.0 980.7
(um?cm?) Weekday
Morning 5685 28.3 18.8 7.6 14.5 23.4 35.3 184.2
Afternoon 5526 32.3 19.6 5.6 16.8 29.9 40.7 126.8
Bus Evening 7305 28.5 12.8 8.0 18.4 27.7 34.8 96.5
Weekend
Morning 2647 23.0 11.4 5.6 17.0 20.6 24.8 102.7
Afternoon 3113 33.6 17.2 12.5 222 29.7 40.9 134.4
Evening 2583 26.3 15.1 71 16.1 22.0 325 142.9
Weekday
Morning 59880 50.6 17.9 10.0 41.6 48.4 55.7 300.0
Afternoon 51106 42.5 19.8 10.0 28.7 38.1 53.7 300.0
Evening 59357 40.4 15.9 10.0 29.9 37.5 48.1 300.0
Weekend
Morning 20377 53.4 13.1 10.0 44.8 53.8 59.7 300.0
Walking Afternoon 20297 47.4 18.6 10.8 30.3 45.1 62.8 300.0
Evening 23539 50.1 24.6 10.0 31.1 41.7 69.6 300.0
Weekday
Morning 5685 40.8 15.1 10.0 32.8 40.8 48.4 300.0
Afternoon 5526 35.8 13.3 12.4 27.2 32.2 42.3 95.8
Bus Evening 7305 37.0 111 10.1 28.7 34.6 43.7 226.3
e Wookend
(nm) Morning 2647 56.9 17.7 14.3 47.4 59.2 67.6 300.0
Afternoon 3113 47.2 21.0 11.6 32.7 41.0 67.1 300.0
Evening 2583 44.4 20.5 13.2 28.4 42.0 60.9 300.0
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Table S4. The hourly average of vehicle numbers during campaign period

Vehicle Weekday Weekend
Type mean | SD | mean | SD
Cars 316 | 160 | 303 | 143
Rigids 5 3 3 1
HGVs 2 2 1 1

Buses 24 21 13 9
Total
Vehicles 311 [ 143 | 298 | 120

Table S5. Descriptive Statistic within Microenvironments (derived from 1-second
average data).

. . Pctl. Pctl. Pctl.
Location N Mean SD Min 25 50 75 Max
Bus Stop 1
PNC 5223 | 18413 | 27680 | 303 | 4778 | 8151 | 19652 | 613777
g}’aer:]ae%:r 5223 45 16 11 32 42 56 284
LDSA 5223 35 41 5 13 21 35 346
Bus Stop 2
PNC 11643 | 14600 | 27516 | 649 5672 | 8512 | 15898 | 668922
g}’aer:]ae%:r 11643 | 44 21 10 32 39 58 300
LDSA 11643 | 26 22 5 16 23 30 638
Bus Stop 3
PNC 15769 | 10062 | 13877 | 281 4412 | 6985 | 10926 | 329119
g}’:r;aeﬂzr 15769 | 47 17 11 35 45 56 300
LDSA 15769 | 23 26 5 10 19 27 718
Supermarket 1
PNC 3892 | 5495 | 5466 169 1825 | 3533 | 7466 | 74629
g}’:r;aeﬂzr 3892 56 19 10 39 57 70 300
LDSA 3892 14 10 2 7 10 21 124
Supermarket 2
PNC 559 | 22570 | 3809 | 16567 | 19188 | 21461 | 25920 | 35838
Average
Diamegter 559 25 1 23 24 25 25 26
LDSA 559 28 5 22 25 27 32 46
Restaurant
PNC 2164 | 65176 | 43131 | 1070 | 40455 | 58293 | 83492 | 361922
Average
Diameter 2164 39 16 19 30 34 42 163
LDSA 2164 121 82 11 82 105 136 087

131




23

24

25
26

27

Table S6. Number of spike data by time period

Period No of spike data %
MWD 11208 31%
AWD 5623 15%
EWD 8529 23%
MWE 2758 8%
AWE 1994 5%
EWE 6284 17%
Total 36396 100%
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y=229.76 + 0.67x, R* = 0.969
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Figure S1. PNC (#/cm?) derived from DiSCmini and SMPS during collocation period

(5 minutes averaged data).
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average, (c) 10-minutes average.
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Figure S3. PNC from mobile measurement (blue line), and that derived from SMPS at
BAQS during campaign period (orange line). The first letter refers to: A= Afternoon,
E=Evening, M=Morning; the last two letters refer to: WD= Weekday, WE= Weekend, while
the number indicates the sequence of trips. This figure presents only the trips for which
SMPS data was available. A light orange shade shows the measurement on the bus
journey, while the unshaded PNC measured during walking.
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Figure S4. Time Variation of vehicle number per hour (from 1 lane) on a main road
along study route during campaign period.
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Figure S4. Particle Number Size Distribution derived from local air monitoring station
on the specific days during high PNC exposure.
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Figure S6. Scatter plot of PNC and LDSA by average particle diameter and route
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Figure S7. Scatter plot of PNC and LDSA from the bus journey within mean diameter
of 10-25 nm (nucleation mode) along major road. Multiple trends arose from several
short-term peaks in PNC and LDSA, occurring immediately after the passenger
exchange at two different bus stops (a) and (b) located near a petrol station.
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Average PNC

” =

Figure S8. Spatial distribution of average PNC Exposure (top) and average diameter
(bottom) from bus measurement by time of day. The red circle shows the junction
area where traffic lights, a petrol station, and pedestrian crossings were located,
while the dark blue circle encompasses a school gate and U-turn. The scale is
adjusted for PNC in the EWD, and average diameter in the MWD because of the
lower PNC, and larger average diameter, respectively.
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Figure S9. PNC obtained from walking measurements from the whole campaign
(morning, afternoon, and evening trips). The blue line shows the raw concentration,
whereas the red line represents the concentration after removing the short-term
peaks.
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ABSTRACT

Using a portable air sampler is a highly effective means to measure personal exposure
to pollutants and also to map spatial distributions in high resolution. Nevertheless, the
available data is descriptive only of the specific period of measurement, largely due to
the influence of meteorological factors. Data normalisation has been conducted in air
quality research to mitigate the impact of weather conditions on air pollutant
concentration. However, this technique has been mostly used on long-term data
obtained from stationary air monitoring stations using machine learning. In this paper,
we evaluate several simple methods to minimise the influence of meteorological
conditions on the personal exposure data collected in an urban neighbourhood in
Birmingham based upon the use of data from a reference site. Data normalization to
represent the annual mean was performed on the pollutant measurements of Particle
Number Count (PNC), Particulate Matter mass (PM+, PMz25, and PM10), and Black
Carbon (BC) obtained from walking measurements. Some methods appreciably
altered the raw data, thereby making them comparable to the annual average. For
certain pollutants (PNC and BC), the normalised concentration was still greater than
the annual average at the reference site, which was expected due to the presence of
additional local sources along the walking route. Data normalisation can be utilised to
evaluate both personal exposure and the spatial distribution of pollutants so as to
reflect conditions at a certain point in time or corresponding to a specified time interval

differing from the conditions at the time of data collection.

Keywords: Data normalization; Personal exposure; spatial distribution; ultrafine

particles
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INTRODUCTION

Air pollution is a major environmental risk to human health. In 2019, it was estimated
that around 4.2 million individuals died prematurely due to exposure to ambient
(outdoor) air pollution (WHO, 2024). Of the various air pollutants, particulate matter
(PM) is most closely linked to adverse effects upon human health. Long-term exposure
to this pollutant is associated with respiratory and cardiovascular diseases (Guo et al.,
2023; Liu et al., 2022; Liang et al., 2020). Ultrafine particles (UFP) with a diameter less
than 100nm, have been considered to be potentially more harmful than larger particles
due to their ability to translocate to other organs such as the liver, the brain, the kidney,

and the heart (Schraufnagel, 2020; Peters et al., 2006; Oberddrster et al., 2004).

Ambient air quality monitoring stations play a key role in air quality management.
Measurement data derived from such stations is widely used as a basis to estimate
exposure to air pollutants (Xie et al., 2021; Evangelopoulos, 2021). Nevertheless, fixed
air quality monitors are incapable of capturing the spatial variations in pollution at a
hyperlocal level (Wang et al., 2023; Wang et al., 2021; Snyder et al., 2013). In recent
years, portable air quality monitors have been widely used for personal exposure
studies. The use of such monitors is an effective and more accurate approach to
estimate the level of individual exposure to air pollutants (Vilcassim et al., 2023; Snyder
et al., 2013) during the time of measurement. Implementing personal monitoring
enables enhanced quantification of pollutant exposures potentially enabling
associations of health effects with distinct sources (Koehler, and Peters., 2015), as
well as reducing exposure misclassification in epidemiological studies. Personal
exposure measurement can also be an effective method of high-resolution mapping of

pollutant concentrations.
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Despite its advantages, there are also limitations from the study of individual exposure
to air pollutants. The data collected from such study is usually time-specific and only
captures conditions at the time of measurement and will be influenced by local weather

conditions occurring at that time.

Normalization of air quality data is increasingly used to remove the effects of weather
conditions at the time of sampling so as to minimize bias or allow accurate assessment
of policy interventions. However, most applications have used machine learning to
analyze temporal trends in data derived from static monitoring stations. Grange and
Carslaw (2019) used meteorological normalization to identify interventions in air quality
time series from two UK sites, Dover, and London Marylebone Road, and Vu et al.
(2019) removed weather effects from a time series of data from Beijing. Other study
by Shi et al. (2021) utilized deweathering to evaluate the change in air quality in 11
cities due to the COVID-19 restrictions. Nevertheless, to the best of authors’
knowledge, this is the first study that evaluates normalization upon air pollutant data

from a short campaign of personal exposure monitoring.

The objective of this study was to develop simple normalization techniques to minimize
the effects of external variables (e.g., weather) that might affect pollutant concentration
during a sampling campaign and thus achieve a more representative assessment of
air quality and its spatial distribution. In this work, personal exposure data for several
air pollutants i.e. PNC, PM (PM+, PM2.5, and PM10), and BC, has been normalised using
measurement data derived from reference instruments at a local air quality monitoring
station. As part of this work, local hotspots were identified by performing spatial

distribution analysis.
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METHODS
Data Collection and Calibration

Mobile measurements by walking were conducted between 20" May- 26" June 2023,
to measure particle number concentration (PNC), Particulate Matter mass (PM1, PMzs,
and PM1o), and Black Carbon (BC) at three different times (morning, afternoon, and
evening) on weekdays and weekends. The study area is situated in a densely

populated area near the University of Birmingham, UK, as depicted in Figure 1.

A total of 43 trips were conducted to measure PNC and PM, and ten trips for BC
measurements during the campaign. There were periods during which reference
instrument data was unavailable, resulting in the selection of 33 trips for PNC and PM,
and 10 trips for BC data in this analysis. The meteorological conditions during the
campaign were predominantly sunny days, with average relative humidity between 50—
65% and average wind speed of 2.9 to 4.4 m/s (Table S1). The temperature peaked

at approximately 21° C in the afternoon (Figure S1).

Selly Oak, Birmingham 7,
- - v -

*

Figure 1. The blue line shows the fixed walking route in Selly Oak, Birmingham. The
yellow star depicts the location of local air quality monitoring at the Birmingham Air
Quality Supersite (BAQS).
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A miniature particle counter (DiSCmini), an optical particle counter (OPC-N3), and a
micro Aethalometer were employed to measure particle number concentration (PNC),
particulate matter mass (PM1, PM25, and PM10), and BC concentration, respectively.
A GPS was used to track the coordinate point during the measurements. All
instruments were collocated for comparison with reference-grade instruments,
specifically SMPS, FIDAS, and Aethalometer, which were deployed at BAQS. The

instrument details, including reference grade, are presented in Table S2.

The OPC-N3 is known for its sensitivity to relative humidity (RH), leading to an
overestimation of readings, particularly for PM2.s5 and PM1o, at elevated RH conditions
(Crilley et al., 2020, 2018). Consequently, adjustment for RH was performed on the
data obtained from this sensor for PM1, PM25, and PM1o, leading to a significant
improvement in PM concentrations. The correlation between mobile instruments after
correction and the reference instruments is depicted in Figures S2-S4, demonstrating
strong correlations with Pearson correlation (r) values of 0.98, 0.65, 0.85, and 0.78 for
PNC, BC, PM1, and PMzs, respectively, and a moderate correlation of 0.58 for PM1o.
A comprehensive explanation of the instrument calibration process is available in
Bousiotis et al. (2024) and Baruah et al. (2024). The regressions determined during

the collocation were used to correct the personal sampler data.

Static data were taken from reference instruments located at the Birmingham Air
Quality Supersite (BAQS), located on the University of Birmingham campus (see
Figure 1). This is an urban background location with no immediate local source

influences.
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Normalization Methods

Normalization was done by scaling mobile personal exposure monitor data to fixed
reference-grade instruments deployed at BAQS (urban background representation) in
order to reflect longer periods, specifically annual mean concentrations. Four distinct
methodologies were evaluated for calculating a correction factor or CF (Fig. 2),
accounting for seasonal, diurnal, and weekly variability in pollutant levels. Data from
continuous measurements derived from reference instruments, namely SMPS, FIDAS,
and Aethalometer, which measured PNC, PM (PM1, PMz2s, and PM1o), and BC,

respectively, during the year 2023 were utilized to determine the CF.

In terms of particle number, the PNC derived from SMPS refers to the total particle
count within the size range of 10-300 nm, which is comparable to the modal diameter

range recorded by the DiSCmini.

Method A (Seasonal effect)

The CF used the ratio of average concentration of CF;, =

pollutant i during campaign period (X ;. ) to the annual ia
average (X jg)

=

£
B

Method B (Weekly, diurnal effect) ) (

The CF used the ratio of hourly averaged concentration Xidha
of pollutant i for that day of the week and hour of the CFip =;—(__

day over the year (X4, ) to the annual average ta
concentration (X ;) L

Correction factor for normalising pN
mobile personal exposure data.

( Method C (Weekly, diurnal and seasonal effect)
The CF used the ratio of hourly averaged concentration
of pollutant i for that day of the week and hour of the CF['C
day over the campaign period (Xjgpc ) to the annual
average concentration.

—Xidne
Xia

Method D (Daily variation during the campaign)

The CF used the ratio of hourly averaged concentration CF, ip =X_umr
of pollutant / for that hour on the specific day to that ! Xine

for the same hour on all days of the campaign
\ J \

Figure 2. Four methods for determining correction factors, all utilising data derived
from a reference instrument at BAQS.
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- Method A

This method assumes that the campaign period may not accurately represent the full-
year pollution level and utilises a seasonal correction factor based upon the ratio of the
pollutant average concentration measured by the reference instrument during the
campaign period to its annual mean. For example, higher UFPs in spring or summer
can be attributed to new particle formation, and higher BC and PMzs levels during
winter are linked to intensified residential heating. This approach is straightforward to
implement, however, it does not consider daily or hourly variations. Therefore, it is

more suitable when detailed temporal data is unavailable.

- Method B

This approach improves upon the first method by incorporating both diurnal and weekly
variations, specifically by using the average pollutant concentration measured during
the same day of the week and hour of the day throughout the year. By averaging data
across the entire year, it could mitigate bias from any single day or season and capture
typical temporal patterns over the year. Nevertheless, it may not account for unusual
events during the campaign, such as local pollution spikes or holiday traffic. This

method is appropriate when the long-term hourly monitoring data is accessible.

- Method C

The third method incorporates campaign-specific condition. The numerator is
calculated using the average concentration recorded at the reference station for the
same hour and day, but only during the campaign period, while the denominator is the
annual average concentration. This method takes into account diurnal, weekly, and

seasonal effects, which may result in a more accurate representation of the
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atmospheric conditions during the campaign. Nevertheless, this method requires a
high-resolution reference station over the campaign period and presumes that the

campaign duration is sufficient to account for typical variability.
- Method D

The fourth method uses the average concentration at a specific hour of the day as the
numerator, while the average concentration for that same hour across all days during
the campaign serves as the denominator. This approach considers daily variation
within the campaign, highlighting how a specific walking exposure compares to typical

values and is useful for identifying unusual events.

Each data point from mobile personal exposure data has a unique correction factor
value that depends upon the employed method, with the exception of method A, which
has the same value for all. Subsequently, the CF was used to normalize the mobile

data utilizing Eq. 1 below:

_ X .
Xij Norm = _CF;ij (Equation 1)

Where:

XijNorm : normalized concentration of pollutant / from mobile measurement using

method j.
Xi . non-normalized concentration of pollutant / from mobile measurement.

CFxij : correction factor of pollutant i using method .
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Spatial Distribution

Spatial distribution analysis was conducted using R software. Each data point on the
walking route has its own coordinate derived from GPS measurement. The data were
subsequently categorized based upon a distance of 20 meters for each segment. The
average concentration of pollutants of each segment was calculated and plotted to

identify local sources within the study area.

RESULTS AND DISCUSSION

Non-Normalized Concentration

A total of 33 trips for PNC, 41 trips for PM (PM1, PM2.5, and PM10), and 10 trips for BC
measurement were recorded during the campaign period. All reported data from
walking measurements have been corrected against reference instruments. The
average concentration of pollutants during walking was 15,870 #/cm?, 1.65 ug/m?3, 3.9
pMg/m3, 8.4 ug/m3, and 15.2 pg/m?3 for PNC, BC, and PM (PM1, PM25, and PM1o),
respectively. Figure 3 displays the measurements obtained when walking, alongside
the readings from each reference-grade instrument deployed at BAQS during the
walking trips. In general, certain periods exhibited concentrations during walking
comparable to those recorded at the background site, although some short-term peaks
were expected during mobile measurements due to proximity to local sources,
particularly for PNC and BC. Nevertheless, the BAQS site primarily recorded elevated
PM1 concentrations compared to those recorded during walking. This discrepancy may

arise from a difference in lower cut sizes between the two instruments, with FIDAS
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measuring smaller particles (from 0.18 ym) compared to OPC-N3 (from 0.35 um),
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resulting in a lower reading from the OPC.
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Figure 3. Concentration of pollutants from walking (green line), alongside from static
measurement derived from reference
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instrument at BAQS (orange line). In this plot,

the concentration from walking was averaged based upon each reference-instrument,

i.e., 5 minutes for PNC, and 1 minute for the remaining pollutants. The X-axis indicates
the code of time of trips, with -WD and -WE stand for weekday and weekend, while M-

, and evening, respectively.

afternoon

E is for morning
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Correction Factor (CF)

As described above, a correction factor (CF) was calculated to perform normalisation
of personal exposure data from a short campaign in an urban neighbourhood in
Birmingham. Four methods (Method A-D) were developed to calculate the CF, with the
CF from method A presented in Table 1, while the results for the other methods are

displayed in Figure 5.

Table 1. Average Concentration of each pollutant derived from reference instrument
at BAQS and Correction Factor for Method A

Average Concentration®

Correction
Pollutant
Campaign Period 2023 Factor A
PNC 9910 7330 1.35
BC 0.58 0.52 1.12
PM; 7.48 5.55 1.35
PM2s 9.59 7.18 1.34
PM1o 16.91 10.54 1.60

*in #/cm3 for PNC, and ug/m? for remaining pollutants.

The CF obtained from method A ranged from 1.1 to 1.6, with PNC, PM+, and PM2s
around 1.3, while PM1o0 reached the highest value of 1.6, suggesting that the pollutant
concentrations at BAQS during the campaign period were significantly higher
compared to the annual average concentration. It was also indicated by the diurnal

cycle of average concentration that is illustrated in Figure 4.
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Figure 4. Diurnal Cycle of each pollutant in 2023 and campaign period
Variations in emission sources such as heating and traffic, including their regular
temporal patterns may influence the fluctuation in pollutant concentration. The
weather, however, greatly affects pollutant concentration in the atmosphere, especially
during the campaign month (May-June), when wind speeds were lower than in other
months in 2023, as seen in the monthly wind rose (Fig. S5). This condition may favour
the accumulation in the atmosphere, leading to elevated concentration during that
period (Gu et al., 2023). Moreover, elevated levels of pollutant (PM2.5) throughout the
spring season in the UK are typically associated with air masses transported from
mainland Europe, affected particularly by agricultural activities (Harrison et al., 2022;

UK Government, 2023).

Figure 4 shows that elevated levels of pollutant concentrations are more pronounced
in the afternoon, with the exception of BC, which exhibits concentrations during the
campaign comparable to their annual average level during the daylight hours. Further
analysis of particle number size distribution data obtained from the SMPS revealed

that new particle formation events occurred during the campaign period with a
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frequency of 30%, as evidenced by a significantly higher concentration of small

particles in the afternoon. The particle number size distribution on the sampling days

is displayed in Figure S6.
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Figure 5. Correction Factor of each pollutant for method B, C, and D for the specific
day of the week and hour of the day derived from the methods in Figure 2.
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Since the campaign ran from 8 AM to 8 PM, we would only use the correction factor
for this specific time period for data normalization. As shown in Figure 5, the CF for
PNC derived from methods B and D exhibited a comparable range of approximately
0.5 to 1.5. Upon examining Figure 2, it is shown that these approaches have a typical
ratio, with both the numerator and denominator employing data from either the annual
period (method B) or the campaign period (method D). The correction factor (CF) for
method C, which utilized a campaign-to-yearly data ratio, exhibits a higher value on
specific days, peaking at 2.5, primarily during the afternoon period. This indicated that
the pollutant concentration in those days of the campaign was more than twice the
annual average. This suggests that the meteorological condition, characterised by
predominantly calm weather with lower wind speed, contributed to elevated levels of
pollutants in the atmosphere. These correction factor patterns were similarly detected
in other pollutants, including PM1, PM25s and PMi1o, only differing in magnitude.
Nevertheless, the CF for these larger particles is more consistent compared to PNC

and BC, indicating a higher contribution from regional sources to these pollutants.
Personal Exposure Normalized-Concentration

20

0 |III|I mmmlE_ llllll IIIIII II|III
PNC BC PM, PM,. PM,,
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Figure 6. Average of non-normalized and normalized concentration of pollutant from
each method. The normalised concentration was calculated using the respective
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correction factor i.e., A (seasonal effect), B (weekly, diurnal effect), C (weekly, diurnal,
and seasonal effect), and D (daily variation during the campaign).

Figure 6 illustrates the average concentration of each pollutant, displaying both non-
normalized and normalized concentrations, alongside the annual average
concentration measured by a reference instrument at BAQS. A typical pattern of
normalized concentration for PNC, PM2.5, and PM1o was observed, with Method A and
C significantly reducing their raw data, making them the most comparable to the annual
average. However, these methods yield a greater normalised concentration of PNC
than the annual average, perhaps due to the presence of additional local sources along
walking routes. Methods A and C have similarly reduced the PM1 raw data, but it
remains lower than the annual mean across all methods, probably attributable to the

lower size cut issue as previously discussed in the beginning of this section.

Method A and C reduced the non-normalised concentration by 21-26% for PNC, PMy,
and PMz5 and by up to 38% for PM1o. For BC, a minor change (11%) in normalised
concentration was observed when applying Method A, possibly due to slight
differences in concentration during the campaign period relative to its annual condition,
particularly during walking measurements, as indicated by its diurnal variation (see Fig
4). The remaining methods, namely B and D, yielded a slight change compared to non-
normalized concentrations, with method B generally yielding slightly higher results than

non-normalized concentrations, except for PNC.
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Figure S7 illustrates the fluctuation in the day of the week and time of day for observed
pollutants, both non-normalized and normalized concentration, including the annual
mean from BAQS. Some of the non-normalised concentrations exhibited significantly
higher levels, potentially attributable to meteorological factors or emission intensity. At
certain points, several normalisation methods have effectively adjusted the non-
normalised concentration to a level that reflects a yearly average, particularly for PNC
and PM. For instance, PNC on Wednesday at 5 PM had an elevated raw concentration
of nearly 30,000#/cm?, but when applying normalisation using method C (denoted as
‘“Norm_C” on the graph), it was substantially reduced to approximately
20,000#/cm?3. At that particular period, the normalized level remained above the yearly
average at BAQS, which was expected due to the proximity of the walking route to
local sources such as vehicle traffic and intensive cooking activities from restaurants,

while BAQS does not have such local influences.

On the other hand, normalization by Method B led to an increase in the raw
concentration, evident in the PM data (PM1, PM25, and PM1o), while Method D only
slightly changed the diurnal pattern, apart from BC and PNC. Two populations of
normalised data were identified, with Method A & C, as well as Method B & D exhibiting
comparable levels, which is most clearly seen from PM2.s and PM1o at the weekend.
The difference between the two groups may arise from distinct correction factors, with
A and C taking into account two different time interval conditions i.e., during data
collection and throughout an annual period. B & D, on the other hand, solely consider

a single situation, which could be either annual or the campaign period.
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With limited data on BC measurements, normalized concentrations exhibit elevated
levels compared to their raw concentration. The higher annual average concentration
of BC relative to its campaign period average is responsible for the increasing levels

of this pollutant.

Method A averages pollutant data for both the entire campaign and the annual period
at the background site. This allows for processes which affect both the sampling site
and background site in a similar way, and includes simple effects of weather upon
pollutant dispersion, as well as regional new particle formation processes. It will not
readily accommodate effects upon street canyon concentrations where the effect of
wind and mixing height may differ substantially from that at the more open background
site, or for diurnal effects which differ between the sites. Method C adds an additional
sophistication in conducting a similar exercise for each hour of the day and day of the
week and relates it to the annual mean. Not surprisingly, the data normalised by
methods A and C are very similar, as seen in Figure 6. The PNC data is reduced from
the non-normalised concentration by Methods A and C, presumably because the
campaign data are affected strongly by NPF events which do not occur with
comparable frequency throughout the year. The corrected concentration is however
greater than the annual mean at the background site, reflecting the emissions from
local sources, which have been quantified in a companion paper during the campaign
period (Damayanti et al., 2025). This is most notable for the PNC and BC data which
are heavily influenced by road traffic in Selly Oak, but not at the background BAQS
site. Method B differs from Method C by using mean data for each hour and day of the
week over the entire year, rather than just over the campaign period. As such it allows

explicitly for diurnal factors and reduces the variability in coefficients seen in Figure 5,
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but not for differences in weather and NPF between the campaign period and the entire
year. Method D again uses data for each hour of the day and day of the week in the
normalisation process but normalises only to a campaign average rather than an
annual average period. The outcome is concentrations which are broadly similar
between Methods B and D, and to the non-normalised concentration (Figure 6). In the
case of the typically spatially uniform PMzs, concentrations predicted by Methods A
and C are alike, and similar to that at the background site. They are, however, notably
smaller than the non-normalised mean which was presumably affected by seasonal
weather-related factors. If the aim is to correct campaign data to an annual mean, both
Methods A and C appear very suitable, and the results suggest that the added
sophistication of Method C does not offer any great benefits, and for ease of use,
Method A can be adopted. This may also be applicable in another manner, if the same
analysis has been completed for all seasons and the correction factor for each season
is available, it might potentially be utilized to estimate the personal exposure at a similar

sampling site derived from the background site data.

Ratio of Walking Data to BAQS

The ratio of average concentrations from walking measurements to the annual
concentration measured at BAQS, alongside the ratio during the measurement period
was calculated (Figure 7). Both the raw and normalized PM+1 concentration ratios were
below 1. As previously explained, the reason appears to be the difference in cut size
between the two instruments. The ratio of PM25 and PM1o was close to 1 across all
methods, particularly in Methods A and C, which exhibit levels comparable to their
annual average. This indicates a greater contribution from regional sources compared

to local sources. The remaining pollutants exhibit a higher ratio, ranging from 1.7 to 2.4
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for PNC and 3—4.6 for BC, indicating that local sources along the walking route
contributed to the elevated concentration in this urban background area. Of all
methods, ratios from A and C are consistent with the ratio during measurement, in
particular of PNC, PMz5, PM1o, and thus more reliable to reflect annual conditions of

personal exposure in the study area.
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Figure 7. Ratio of pollutants from walking measurement (non-normalised and
normalized concentration) to those measured at BAQS. The non-normalized values of
PM1, PM2s and PM1o are nearly identical to Norm_D, resulting in their absence from
the plot.

Spatial Map Distribution Analysis

Figure 8 illustrates an example of the spatial variation of PNC, presenting both non-
normalized, and normalized average concentrations as determined by Method A, while

the complete map is available in Figure S8. As expected, normalization of personal
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exposure data, particularly with the application of Method A, resulted in a reduction of
the PNC level. Nonetheless, the normalization did not change its spatial distribution
pattern. Both maps still indicated hotspots (areas of higher concentration) in similar

locations.

Major roads generally exhibit normalized PNC pollution hotspots in proximity to
junctions and restaurant areas, reflecting emissions from vehicle exhaust and cooking
activities. We identified another PNC hotspot near the petrol station intersection.
However, hotspots of coarser PM (PMz2.5 and PM10) were predominantly identified on
secondary roads, with one hotspot situated around a construction waste disposal site.
As with PM, hotspots of BC were also identified on secondary roads, one of which was

associated with a vehicle repair and service centre location.

Fig. S9 displays the spatial map of the difference in concentration between non-
normalized with normalized A (A Norm A), as well as normalized C (A Norm C). A
greater concentration difference indicates the influence of local sources along the
study route, as illustrated by this map, which highlights the major road for PNC and

PM1, and some points on secondary roads for coarser particles.
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Figure 8. An example of the spatial distribution of PNC on the selected walking routes.
The average concentration was calculated for each small segment of street (20 m).

Generalisability and Recommendations

Generalisability is an important consideration in the development of a new
methodology. This study showed that Method A (seasonal correction) and Method C
(campaign-specific diurnal, weekly, and seasonal correction) generated normalised
concentrations that closely resembled the annual average at the reference station. The
evidence suggests that both methods are effective for the current context and broader
application. A simple methodology and minimal data requirements of Method A
enhance its generalisability, making it appropriate for study locations with limited
temporal resolution in monitoring data. Method C requires extensive data collection;
however, it enhances temporal sensitivity and is applicable to other regions where
hourly reference data are available during the campaign period. Method B, employing
long-term hourly reference data throughout the year, may exhibit less reliability in

campaigns conducted during unusual periods. Additionally, Method D is unsuitable for
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predicting long-term exposure, as it solely captures intra-campaign variability.
According to these findings, Method A provides a practical and sufficiently accurate
option for general application in data-limited scenarios, whereas Method C is advisable

when data availability allows.

CONCLUSIONS

Utilization of personal air monitors for outdoor measurements is an effective and
potentially accurate means to assess exposure to pollutants at the individual level and
allows mapping of pollutant concentration with high spatial resolution. However, such
data are usually specific to the measurement time, mainly due to meteorological factors
that affect pollutant concentrations in the ambient air. Data normalisation has been
conducted in air quality research, mostly based on long-term data derived from fixed
air quality monitoring stations. Here, we developed simple methods to normalize
personal exposure data with the aim of minimising the effect of weather on the
collected data and obtaining the adjusted personal exposure data that represents

annual mean condition.

Personal exposure measurements of PNC, PM (PM1, PMz.5, and PM+1o), and BC in an
urban neighbourhood in Birmingham were conducted in the spring. The non-
normalised concentrations of pollutants, particularly PNC, show very high
concentrations during afternoon trips, apparently related to new particle formation
which is more common during this season. The analysis of particle number size
distribution data revealed that new particle formation occurred at a frequency of

approximately 30% of days during the campaign, which significantly increased PNC
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levels in the afternoon. This is a seasonally-related effect which can be captured by

using annual mean data for normalisation.

Among all the normalisation techniques develop in this study, the ratios from methods
A and C, which incorporate a correction factor for two distinct time intervals - during
data collection and over an annual period - align well with the ratios observed during
measurement, specifically for PNC, PMzs, and PM1o. Therefore, these methods have
the potential to accurately reflect the annual conditions of personal exposure in the
study area. The simpler Method A appears adequate for most purposes. It is far
simpler than the machine learning techniques now widely used in other applications,
and also likely to be less accurate as it is not based upon extensive model fitting with
explanatory variables. Nonetheless, the normalization method developed in this work
is easy to develop and execute, requires minimal computational resources to correct
the values, and is a simple yet effective approach that combines regulatory and low-

cost measurement data.

For smaller particles, the spatial map distribution identified several hotspots, primarily
around the intersection, supermarket, and restaurant areas on a major road. Higher
concentrations of coarser particles (PM10) and BC were recorded in a residential area
adjacent to a construction waste disposal area and a vehicle repair centre,
respectively, which appear be substantial but localised sources of these pollutants in

this area

Despite data being normalized by the annual average, normalisation might be possible

with different time bases, e.g., seasonal averages or averages for a certain day of the
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week; it depends on the study and research question. By doing so, it is possible to

predict spatial distributions and personal exposures which reflect a certain time period.
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1 SUPPLEMENTARY INFORMATION

An Evaluation of Methods for Normalising Short Campaign Outdoor
Personal Exposure Data to Reflect an Annual Mean

5 Table S1. Meteorological Parameter measured at local weather station (Elms
6 Cottage) during campaign period (Average + Std.dev).

7
Met AWD AWE EWD EWE MWD MWE
RH (%) 56(14.9) 49.4(16.6) 58.9(16.9) 55.9(4.1) 65.3(11.4) 63.1(5.4)
8 ws(m/s) 3.9(1.8) 4.4(1.9) 3.8(1.5) 3.6(1.8) 2.9(1.5) 3.2(1.2)
9
10 Table S2. Instruments detail.
11
Type of Instrument Parameter Manufacturer Time Interval
measurement
Walking DiSCmini PNC Testo 1s
measurement OPC-N3 PM1, PM2.s, PM1o Alphasense 10s
MicroAeth AE51 BC Aethlabs 10s
GPS Longitude, Latitude | Garmin 1s
Static measurement | SMPS PNC TSI 5 mins
at BAQS (a local air | FIDAS 200E PM1, PM2.5, PM1o, PALAS 1 min
quality ~ monitoring | Aethalometer AE33 BC MAGEE Scientific 1 min
station)
12
13
22 ~
20 1 -
18 -
g L
2 16
14 -
12 ~
10 7 T T T B
0 6 12 18 23
14 hour
15 Figure S1. Diurnal cycle of temperature during the campaign period.
16
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Figure S6. Particle number size distribution on the day of data collection. Data derived
from SMPS at BAQS.

36

Monday Tuesday Wednesday Thursday Friday ‘Saturday Sunday
50000
50000
= Hon Norm
= 40000
E —Norm &
: \ \ Nom B
g \ ——Homn |
H
£aom A - \\ A v N - \ T —me
10000 = == 3 —Mom D
o -~ + + — Rt Inst_2023
u:Aeemuu:su:ona:4samuu:ﬁmzuzznzasamuuwu:ﬂan245umuluﬁmzouu245amuuwuzﬂn°24°““21‘16ﬂ20?2 024681W0121416182022
Hour Hour Hour Hour Hour
u
2
» —tonHom
=
_;, —torm &
25 —Morm B
Sl \ —Narm_C
2 § i 'é 3 !é L —hiorm D
L &*—“ ——fet inst 2023
“"5“'““““““2“?‘5“““"“““%115umuuxsumnnz-esmnuuumnu:-enwuuwnmun:nsumuumumzzoz4samuuxaumz
el Hour Hour Hour Hour Hour
2
10
=8 —Hon Harm
£ -
o orm &
2s N
3 VA - ——Nom B
£ — = - —_
s 7 =2 = z) 7 o
2 3 > — e
L] w—Ret Inst_2023
0246 B101214161820220 2 4 6 8101214161820220 2 4 6 S 1012146182022 0 2 4 6 8 1012141618202 0 2 4 6 B101271416182022 0 2 4 6 £ 0121416182022 0 2 4 § £ W21 N2
How Hour Hour Hour How How How
]
=
— —tan Nom
e” -Norm A
gls .
3 N ——rorm &
Em\.\ﬁ_y— ———-":.‘_z__‘___ —nom.c
N = = > _ﬂ{-h__w—"‘ ""‘—-!-—-;_{_ —tomp
L] — =Rl Inst_2023
D246 810121416182022 0 2 4 6 8 0121416182022 0 2 4 6 B 012 M 161820220 2 4 6 5 W12 M IB1B202 0 2 4 6 6 0121416182022 0 2 4 6 B W2 41818202 0 2 4 6 8 101214161820 2
Hour Hout Hou Hout Haur Hour Hour
)
*
_A!I =——Hon Norm
E2s
3, — oA
2 / ——orm B
f15 L
“.uu..__’..-__,._g-— ] —hom ©
s :-.. - = - -~ - —norm O
o —fetinst 2023

02468101R21MIEWN20 2468 W12WIIEIEN20 2 46 EWIZWIEIE020 2 46 81012WUIEIB0220 2 26 8§ 1012UBWN20 2 468 10121416182022 0 2 2 6 8 V2 UBWBNR
Hosir Hour Hout Hour Heur Hour

37

38
39
40

Figure S7. The day of the week and time of day variation of average non-normalized
and normalized concentration of pollutant from each method and annual mean
concentration derived from reference instruments.
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Abstract:

New particle formation (NPF) serves as a major source of secondary ultrafine particles
(UFPs, Dp < 100nm) in urban atmospheres. The interplay of atmospheric factors such
as solar radiation and the condensation sink (CS) affects both the occurrence and
characteristics of NPF, which may differ between urban areas. While urban NPF has
been extensively studied in China and mainland Europe, there is no study examining
NPF on a molecular level in the United Kingdom. This study investigated NPF by
employing an observational dataset, comprising key gaseous precursors such as
sulfuric acid, iodic acid, and highly oxygenated organic molecules (HOMs, i.e., ULVOC,
ELVOC, and LVOC) derived from a 1-month summertime campaign in an urban
background site in Manchester, UK. The results show that the NPF frequency was 20%
of the measurement period, mostly occurred during daylight hours characterized by
higher solar radiation, wind speed, and sulfuric acid level, and reduced CS. The particle
formation rate correlated well with sulfuric acid concentrations. The origin of incoming
air masses was also identified as another crucial factor influencing the NPF
occurrence. The concentration of LVOC, important molecules for particle growth, was
markedly lower on burst days (i.e., when nucleation occurs without subsequent particle
growth). The correlation between particle formation rate (J) value, sulfuric acid, and
ULVOC suggest that sulfuric acid is the primary driver of NPF, while ULVOC seem to

contribute more to particle growth than to initial particle formation.

Keywords: NPF, summer, urban, HOMs, UK.
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1. Introduction

Aerosol particles are acknowledged to adversely affect human health (Qin et al., 2024;
Trees et al.,, 2024). The health effects of aerosol particles, specifically those with
diameters less than 100 nm, defined as ultrafine particles (UFPs), differ from those of
more commonly studied pollutants, such as PM25. UFPs, which greatly contribute to
number concentration in the atmosphere, can readily enter the human lung and

subsequently translocating to other organs (Schraufnagel, 2020b).

New particle formation (NPF) is a major contributor to aerosol particle number in the
atmosphere (Spracklen et al., 2006; Sun et al., 2024), contributing greatly (54%) to
cloud condensation nuclei (CCN) numbers (Gordon et al., 2017), affecting cloud
properties and hence Earth’s radiative balance (Rosenfeld et al., 2014; Williamson et

al., 2019).

Two main stages are involved in the NPF process, including the formation of molecular
clusters through the clustering of vapours to form nanocluster aerosol, and their
subsequent growth to a larger size (~100nm) over a few days (Kulmala et al., 2001;
Lee et al., 2019), primarily via the condensation of oxygenated organic molecules
(Kirkby et al., 2023; Kulmala et al., 2017; Lehtipalo et al., 2025; Schervish & Donahue,

2020).

Laboratory (Kirkby et al., 2011; Metzger et al., 2010; Xiao et al., 2021) and field studies
(Alam et al., 2003; Ali et al., 2025; Brean et al., 2020a; Cai et al., 2022; Yao et al.,
2018) indicate that sulfuric acid is a crucial factor in the initiation of NPF in the

atmosphere.
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Highly oxygenated organic molecules (HOMs) have been considered as the key
species for particle growth in the early stage (Bianchi et al., 2019; Shrivastava et al.,
2024; Trostl et al., 2016). Research has shown that such molecules could also lead to
a biogenic nucleation, however, this phenomenon is particularly observed in specific
environment, such as boreal forest (Rose et al., 2018), peatland (Huang et al., 2024),
and high altitude site (Bianchi et al., 2016). HOMs, organic compounds with a minimum
of six oxygen atoms (Bianchi et al., 2019), are formed from autoxidation of volatile
organic compounds involving peroxy radicals, or multi-generational oxidation
(Garmash et al., 2020). HOMs are capable of driving rapid particle growth in the
atmosphere, and the largest of them, typically large dimers, can even form new
particles by themselves (Bianchi et al.,, 2019; Donahue et al., 2012; Schervish &
Donahue, 2020; Simon et al., 2020). Other compounds such as ammonia, amines,
large organic vapor molecules, and iodine oxoacids play important roles as stabilizer
agents before clusters containing sulfuric acid grow to a diameter above 3 nm (He et
al., 2023; Kulmala et al., 2017; Kulmala et al., 2013). lodine oxoacids are particularly
crucial in marine and polar regions, where ammonia levels are typically low (He et al.,

2023).

Some conditions may inhibit the formation of new particles in the atmosphere. A more
polluted atmosphere, characterized by higher concentration of pre-existing particles
and thus a higher condensation sink (CS), can suppress NPF (Bousiotis et al., 2021a;
Bousiotis et al., 2021b). Increased relative humidity (RH) may increase particle surface
area (X. Li et al.,, 2019), hence enhancing CS. This diminishes sulfuric acid, and
thereby decreasing particle formation rate (Hamed et al., 2011). At certain points,

higher wind velocity may enhance pollutant dilution (Bousiotis et al., 2021a), whereas
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low intensity of UVB during daylight (as a light intensity indicator) has been observed

to inhibit NPF (Zhang et al., 2024).

While numerous NPF studies have been conducted in urban areas worldwide (Ali et
al., 2025; Brean et al., 2020b; Jiang et al., 2021; H. Lee et al., 2024; Pushpawela et
al., 2018; Sebastian et al., 2021; Siakavaras et al., 2016; L. Tao et al., 2023; Zhu et
al., 2023), there are no studies showing the mechanism of NPF in the United Kingdom
. In fact, NPF is sensitive to the atmospheric environment (Yao et al., 2018), leading to

variability in the critical factors that govern this phenomenon.

Manchester is the third most populated city in the UK, with diverse emission sources,
including traffic, industries, domestic combustion, and regional transport, all of which
might contribute to NPF events. This study presents major NPF precursors, including
sulfuric acid, iodic acid, and HOMs to elucidate their dynamics and NPF behaviour,

thereby influencing UFP levels in this urban environment.

2. Method

2.1 Sampling Location and period

Sampling was conducted at an urban background site in Manchester, namely
Manchester Air Quality Supersite (MAQS, at 53°26'39.2"N 2°12'51.9"W), situated
approximately 5 km southeast of the city centre and 10 km northeast of Manchester
Airport. The campaign took place for a period of 1.5 months in the summer in 2021,
however, due to a technical issue, only data from 11t June to 5" July 2021 were

evaluated in this study.
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2.2 Instrumentation

A Nano Scanning Mobility Particle Sizer (SMPS, TSI Inc. USA) was deployed to
measure particle number size distribution within the range of 4.5 — 65 nm. A nitrate-
based Chemical lonization Mass Spectrometry (CIMS, Aerodyne Inc. USA) was used
to quantify a wide range of molecules, including sulfuric acid, iodic acid, and HOMs,
with a time resolution of 1 s. The latter instruments ionize sample air using nitrate ions
in the chemical ionization stage, then guide the ionised sample to a differentially
pumped Atmospheric Pressure Interface (APi), and subsequently to a time-of-flight
mass spectrometer for mass-to-charge ratio determination. Further information on the
CIMS principles can be found elsewhere (Jokinen et al., 2012; Olin et al., 2022; Zhang
et al., 2023). The flow rates of the Nano SMPS and CIMS are 1.5 L/min and 10 L/min,

respectively. Both instruments were corrected for inlet line losses.

Several pollutants that have been routinely measured at this site were also analysed.
These include PNSD (Dp 15.1 — 661.2 nm), the composition of non-refractory PM2.5
(i.e., chloride, nitrate, sulfate, ammonium, and organic compounds), black carbon (BC)
and NOz2. These were quantified using a Long SMPS (3082 SMPS and 3750, TSI Inc.,
USA), an Aerosol Chemical Species Monitor (ACSM, Aerodyne Inc., USA), an
Aethalometer (AE33, Magee Scientific, Slovenia), and a Teledyne Model T500U
(Teledyne, USA), respectively. The inlet height of the Nano SMPS and CIMS was
around 1 metre, whereas other instruments were positioned between 6-7 metres above
ground level. All this pollutant data as well as meteorological parameters (i.e., solar
radiation, temperature and wind data) were downloaded from the Centre for
Environmental Data Analysis (CEDA) archive. All data was averaged at a 10-minute

period, with the exception of ACSM data which was measured at a 30-minute average.
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2.3 NPF classification and parameters

The NPF classification was performed based on visual identification as described by
Kulmala et al. (2012). Three primary features define a day as NPF event day, including
(i) an increase in nucleation mode particle number (Dp < 25nm), particularly when a
mode appeared at around 5 nm to differentiate it from traffic-source-related particles,
(i) the resultant formation of new, distinctive mode which persists for several hours,

and (iii) subsequent growth of this mode.

Key parameters describing NPF events were calculated, including CS, particle

formation rate (J), and particle growth rate (GR) (Kulmala et al., 2012) :
a) Condensation sink

Condensation sink is a metric that represents the rate at which gaseous molecules,

here presumed sulfuric acid, condense onto pre-existing particles, calculated by:

CS=4nD Yq, ﬁm,d’pd’de’p Equation 11
Where D is the diffusion coefficient of the condensing vapour as sulfuric acid, dp is
particle diameter, Ndp is the particle number at diameter dp, and S,, is a transition-

regime correction (Kulmala et al., 2012).
b) Formation Rate

The formation rate at size dp is calculated by:

GR

dN
Jap = d:lp + CoagSay - Ngp + E.Ndp Equation 12

Where % represents the rate at which particles enter the size dp, and the remaining
t

terms represent the loss mechanism caused by coagulation sink and particle growth
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rate. The NanoSMPS is able to measure particles with a diameter down to 5 nm, hence
the formation rate of particles at 5 nm (Js) was calculated. The formation rate at 1.7
nm was estimated from the Js values using a method proposed by Lehtinen et al.,

(2007) (Lehtinen et al., 2007).
c) Coagulation Sink (CoagS)
Coagulation sink is the rate at which a particle (dp) collides and coagulates into a larger

particle (>dp) defined as Coagulation Sink (CoagSg,). This is calculated by the equation

below:

I _
p—max

d
CoagSay = X,y _

!
P_dp

K(dp, d'p)Ndp Equation 13
Where K(d,, d’,) refers to the coagulation coefficient between particles sizes dp and
d’p.

d) Particle growth rate (GR)

Particle growth rate (GR) is defined as:

) .
GR = T Equation 14
The calculation of GR is based on the equation proposed by Nieminen et al. (2010).
The assumption of condensing vapour density, and concentration weighted mean
mass is 1.5 g/cm?3, and ~276 g/mol, respectively, similar to the calculation by Brean et

al (2020).
2.4 OOM classification

Organic aerosols exhibit substantial variability in the atmosphere. The volatility basis

set (VBS) was introduced to classify this range of organic molecules according to their
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volatility, which was subsequently adapted to describe highly oxygenated molecules
(Bianchi et al., 2019; Donahue et al., 2011). Employing saturation mass concentrations
(c;'), OOMs are commonly classified into six different groups, including ultra-low volatile
organic compound (ULVOC) for ¢; < 10° pg/m3, extremely low volatile organic
compound (ELVOC) for 10 < ¢} < 105 ug/m3, low volatile organic compound (LVOC)
for 10 < ¢/ < 10" ug/m3, semi volatile organic compound (SVOC) for 10° < ¢ < 10?
pg/m3, intermediate volatile organic compound (IVOC) for 103 < ¢ < 108 ug/m3, and
volatile organic compound (VOC) for ¢; = 108 ug/m? (Stolzenburg et al., 2022; Simon
et al., 2020). HOMs, molecules that are primarily condense onto particles, mainly fall
into the class of ULVOC, ELVOC, LVOC (Bianchi et al., 2019; Simon et al., 2020).

Therefore, this study focused only on these molecules.

3 Results and discussion

3.1 General condition

Employing the criteria from the previous section, NPF events were recorded on 5 out
of 25 measurement days (20%), as highlighted in yellow shade in Fig. S1, whereas
24% of the measurement days exhibited nucleation without subsequent growth,
classified as Burst days. The event days had a banana shape, showing an increase to
the nucleation mode to > 10* #/cm?, followed by particle growth as seen by the increase
in Aitken and Accumulation mode. The event days occurred during daylight hours
when the solar radiation level was enhanced (Bousiotis et al., 2021b), with elevated
hourly average concentrations of sulfuric acid peaking at 5.6 x 108 cm3. This peak is
approximately 50 % lower than that observed in urban Houston (Tiszenkel et al., 2025)

and urban Barcelona (Brean et al., 2020a). Furthermore, a distinct air mass origin was
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observed, showing that NPF event usually occurred when the wind direction ranged

from 200°- 300°.

The NPF period varies from day-to-day, however, it typically takes place between 6
AM to 3 PM. Fig.11 displays the range of concentrations for each measured species,
including data from the selected period (6 AM — 3 PM), whereas Fig. S2 shows the
boxplot that include the entire day period. Comparing NPF days with non-NPF days,
certain pollutants exhibit substantially higher concentrations, including nucleation and
Aitken mode particles, sulfuric acid, and wind speed. On burst days, the average
concentration was slightly higher than on non-NPF days, with the exception of the
Aitken mode, which exhibits the lowest levels, and sulphuric acid, which shows a slight
increase compared to NPF days. During those NPF days, accumulation mode, BC,
NO2, HOMs, PM2s chemical species except for chloride, as well as CS were lower.
This reduced concentration was also evident when comparing the NPF to the burst

event; however, a higher CS was observed on the burst day.

A significance test was performed to check significant differences between event types
for each measured species. A statistical test, specifically the Kruskal-Wallis test
followed by a post-hoc pairwise test, was conducted using data from the selected
period (6 AM to 3 PM) and revealed a significant difference in the concentrations of all
species between NPF and Non-NPF days, except for iodic acid, solar radiation, ozone
and chloride. Only ELVOC, solar radiation, and organic compounds exhibit no
significant differences between NPF and Burst days. The lack of significant difference
in solar radiation intensity between the three event types may indicate that other

parameters are more decisive in determining the nucleation process at this study site.
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Figure 11. Boxplot of each investigated species using selected period (6 AM- 3 PM). Nuc, Ait, Acc
represent nucleation, Aitken, and accumulation mode particles. Temp, SR, ws and RH shows
meteorological parameters i.e, temperature, solar radiation intensity, wind speed, and relative humidity,
respectively.

The average concentration of nucleation mode particles was significantly higher on
NPF days (~1.4 x 10* #/cm3) compared to that on Burst days (~4.7 x 102 #/cm?®) and
non-NPF (~3.3 x 103 #/cm?®) days. Whereas the average concentration of sulfuric acid
during this period (~2.5 x 108 /cm?) was nearly double that observed on non-NPF days

(1.3 x 108 /cm3), although it was slightly lower than the concentration on Burst days
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(2.6 x 108/cm3). The concentration of iodic acid was slightly higher on Burst days (~ 1
x 10° /cm3) relative to other event types (~ 7 x 10° /cm® on both NPF and non-NPF
days). Nevertheless, as previously mentioned, there was no significant difference in
this pollutant concentration among all event types. HOMs were at their lowest during
NPF days compared to other event types, with the exemption of LVOC which exhibited

elevated level during this period.

Additional features of NPF days were lower concentrations of BC, NO2, and PMz5s
mass and thus lower CS in the atmosphere, suggesting that less polluted days promote
nucleation processes in this study area. This finding is consistent with other European
urbans studied by Bousiotis et al., (2021). NPF occurred on four weekdays and one
weekend day, suggesting that the typical weekly cycle, characterised by elevated
vehicle emissions on weekdays and reduced levels on weekends, may not be a

substantial determinant at this study site.

A slightly elevated average air temperature was observed on non-NPF (17.4 °C)
compared to Burst, and NPF days (15.5°C, and 16.4°C, respectively). On NPF days,
a stronger wind speed of 1.7 m/s was recorded, whereas a slightly lower was found on
burst and non-NPF (~1.2 m/s). Fig. S3 illustrates a clear variation in the origin of
incoming air masses, with south-westerly to north-westerly wind predominating on NPF
days. Meanwhile, the predominant easterly wind was consistently observed on burst
and non-NPF days, likely carrying a higher pollutant concentration that elevates CS

and hence inhibits the NPF.
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3.2 Diurnal cycle by Event type

Fig. 12 illustrates the diurnal cycle of the average concentration of the investigated
parameters categorized by event type, whilst the average diurnal ratios of NPF to Non-
NPF and NPF to Burst is shown in Fig. S4. Nucleation on NPF days began in the early
morning and intensified at around 9 AM, continuing until midday when solar radiation
and temperature were elevated to a mean maximum of ~900 W/m? and 18 °C,
respectively, as indicated by the increase in nucleation mode particles at around 1 PM
to a mean maximum of 26 x 103 #/cm3. The concentration at this peak was around
sevenfold and fivefold more than that observed in non-NPF and burst days and was
preceded by a sharp rise in sulfuric acid to a mean maximum of 5.7 x 108 #/cm?3. The
peak in sulfuric acid has been linked to a photochemical reaction (Lu et al., 2019; Yang
et al., 2021), this peak occurred when the generation of these molecules increases
rapidly while its removal rate, as indicated by a low condensation sink, decreases

during that period.

The increase in nucleation mode concentrations followed by an elevation of Aitken
mode, indicating the growth of particles to a larger size. A clear diurnal cycle of iodic
acid was observed, peaking at midday across all event types. This pattern aligns with
a finding from a long-term observation in two polluted urban environments, i.e., Nanjing
and Beijing, which shows elevated levels during the daytime across all seasons,
attributing photochemical reactions as the primary source in those areas. Although
there is no statistically significant difference in iodic acid concentration between the
event types, a higher concentration of this pollutant (evidenced by its elevated ratio of
NPF to Non-NPF at midday, Fig. S4) may also facilitate nucleation, as indicated by a

study in an urban region which found that iodic acid could increase the survival
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probability of particles with a diameter of less than < 3 nm (Zhang et al., 2024). And an
analogous product, iodous acid (HIOz2) can enhance the nucleation rate of sulfuric acid

particles more efficiently than dimethylamine (He et al., 2023).
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Figure 12. Diurnal cycle of average concentration of pollutant and meteorological factor differentiate by
event type.

On NPF days, wind speed began to increase in the early morning and continue until
the afternoon, whereas the CS and the concentration NO2 and PMzs, particularly BC
organics, nitrate, and ammonium, decreased during that period. This indicates that
stronger wind in the early morning has facilitated the dispersion of existing particles,
reducing pollution levels and suppressing CS, and thereby promotes NPF events at
this study site. The initial nucleation phase, characterised by an increase in nucleation

mode occurred at around 5 AM, following a period when BC and chemical composition
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concentration (apart from chloride) were approximately 50% lower than those
observed on non-NPF days (Fig. S4 b). A slight increase in BC and NO2 concentrations
during morning rush hours might be linked to the traffic emissions, however, this is
concurrent with the increase to H2SOs (Fig. S5), and therefore NPF and traffic
emissions likely occur in parallel. On non-NPF days, a substantially higher
concentration of BC and PM2.s chemical speciation was detected, occurring nearly
throughout the day. This further supported that elevated pollution levels, which could

serve as CS may inhibit the nucleation process.

The diurnal cycle of HOMs frequently exhibited peaks in the afternoon for ELVOC and
LVOC, while a decline occurred in ULVOC. Elevated levels of ELVOC and LVOC
alongside the ozone just after the increase of solar radiation during the daylight may
result from photochemical reactions, which is also consistent with that observed in
urban Beijing (Qiao et al., 2021) and in a forest environment (Lai et al., 2024). Whereas
the nighttime peak in the ULVOC concentration is likely due to cross-reaction of peroxy
radical (ROz2) (Zang et al., 2024) which is inhibited in the daytime by hydroperoxyl
radical (HOz) chemistry. This may explain the decrease of these large molecules as

solar radiation increases.
3.3 Concentration and Mass Fraction of ACSM and HOMs

Utilising data from the selected timeframe (6 AM to 3 PM), the average PM25 mass
concentration on non-NPF days was approximately three times higher than that on
NPF days (Fig, 13). The higher average concentration of VOC on Non-NPF (~ 46 x
10% /cm?3) compared to Burst (~ 38 x 106 /cm3) and NPF days (~ 42 x 10° /cm?3) may

have led to a higher concentration of HOMs. This is due to less condensation onto
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newly-formed particles, as condensation is the primary removal mechanism for these

molecules in the atmosphere (Bianchi et al., 2019) .

Nitrate-rich aerosol was identified on non-NPF days, with an average proportion of
11%, compared to 6% on NPF days. A higher fraction of aerosol nitrate on Non-NPF
days was also observed in NPF studies in urban Beijing (Du et al., 2022), and urban
Delhi (Ali et al., 2025). Such pollutant can be formed during daylight via a
photochemical reaction between NO2 and hydroxyl radicals (Yang et al., 2022). The
substantially higher NO2 concentration on non-NPF days, primarily originating from
local sources as depicted in the polar plot (Fig. S6), may have led to an increased

concentration of aerosol nitrate during that period.
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Figure 13. The average concentration and Mass Fraction of PMzs (top) and HOMs (bottom) using selected
period data (6 AM- 3 PM).
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Globally, OOMs quantified by a nitrate- CIMS vary from 107 — 10° cm-3, with the highest
concentration in summer, and the lowest in winter (Y. Guo et al., 2022; Qiao et al.,
2021). The total average concentration of HOMs from our measurement ranging from
7 x 107 to 8.6 x 108 cm3, utilising both selected data and all-day data period across alll
event types. The concentration of HOMs on non-NPF days was the highest among all
event types, however, no notable difference was found between the fraction of ULVOC,
ELVOC, and LVOC within the total HOMs on NPF and Non-NPF days. A substantial
concentration of condensable vapors led to a high growth rate (Lee et al., 2024). The
concentration of LVOC, a crucial component for particle growth, was markedly lower
on burst days, which may explain the inability of newly formed particles to grow in the

atmosphere during that period.
3.4 Mechanism of NPF

The particle growth rate on NPF days (Fig. S7) varied from 1.4 nm/h to 5.9 nm/h, with
an average of 3.6 nm/h. This rate is comparable to that observed at other urban
background sites in the UK and Europe (x3-4 nm/h) (Bousiotis et al., 2021, Bousiotis
et al., 2019), and in urban Australia (4.6 nm/h, (Cheung et al., 2011), but is lower than
that recorded in urban Korea, which is surrounded by agricultural, commercial, and
residential areas (6.7 nm/h) (Haebum Lee et al., 2024). The most intense NPF event,
characterised by the peak particle formation rate at 5 nm occurred on 11" June 2021,

reaching a maximum of approximately 23 cm3s" at noon (12 PM).

We further investigated the diurnal pattern of meteorological parameters and some
gaseous precursors on that day, as presented in Fig.14. It is shown that Js increases

as the solar radiation, temperature, and wind speed increase, with the peak of Js
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coincident with their peak when the origin of the air mass is coming from south-westerly
wind. However, within an hour, it then abruptly drops from 23 cm-3s-! to only 1 cm3s™',
coinciding with a large decrease of solar radiation, and a change of wind direction to
north-westerly that probably carried a cooler air mass, as indicated by lower air
temperature. This indicates that all those meteorological parameters are crucial for

NPF events in this area.

CS and chemical composition demonstrated a closely similar pattern, suggesting that
the ions within PM25 contribute substantially to the condensation sink. However, a
sudden drop in chemical components and CS was observed as the wind direction
substantially changed. However, it then continued to increase until the end of the day,
which might explain the growth of newly formed particles, or the air mass coming from
a new direction bringing more pollutants and hence increasing both CS and chemical

component concentrations.
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Figure 14. The diurnal cycle of Js and measured pollutants on 11" June 2021.

lodic acid was observed to rise in the presence of sunlight, which occurred before the
increase of sulfuric acid at around 9AM. This molecule, as well as iodous acid (HIO2),
are well known as an efficient nucleator particularly in marine environments (He et al.,
2023), however, in urban environments, iodic and iodous acid are especially good at
enhancing sulfuric acid nucleation, and can increase the survival probability of sub-3
nm particles through enhanced growth rates (Zhang et al., 2024). The coast is located
approximately 50 km to the west side from our study area, and high concentrations of
iodic acid precursors from this region are likely contributing to enhanced nucleation in

the study site. Another study shows that iodic acid has also been detected at quite high

195



concentrations, with a maximum average concentration of 3x10° molecules /cm3, even
at a remote location over 400 km from the nearest coast (Klrten et al., 2016). Other
notable increases in Js occurred just before 12 PM, which was preceded by a
substantial increase in sulfuric acid and iodic acid, in elevated solar radiation as well

as temperature, further confirming their presence in governing NPF.

The concentrations of iodous acid (HIO;) and iodic acid (HIO3) were measured using
the CIMS during the campaign. The detection limits are influenced by other
compounds, leading to variability across different samples, and appear to be around
1x 102 /cm3.The table S1 presents a comparison of HIOx concentrations from several
NPF studies. Both Zhang et al. (2024), which used long-term urban measurements in
Beijing and Nanjing, and the current study show that HIO, concentrations were an
order of magnitude lower than those of HIO;, consistent with prior studies (He et al.,
2021; Zhang et al., 2024). The measured HIO, in this study were lower than those in
coastal and boreal forest areas but comparable to or lower than those in Beijing and
Nanjing. The relationship between HIO, and HIO; (Fig. S8) suggests that data below
the detection limit or missing data (i.e., approximately 5% of the data for each
compound) would lie in the lower left of the plot, while the gradient extending to the
upper right is likely to reflect the actual iodous-to-iodic acid ratio in the air samples.
There appear to be sufficient iodine acids in the samples to affect the nucleation

process.

The sudden drop of HOMSs, particularly ULVOC and ELVOC, concentration was
observed at around 9AM, coinciding with a rise of sulfuric acid, and it was followed by

the substantial increase in Js. Given that important role of HOMs in the particle growth,
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as highlighted by prior studies (Trostl et al., 2016), the decrease in HOMs concentration

may indicates that they were consumed during the growth of newly formed particles.

Fig 5. shows a positive correlation between sulfuric acid and J, both J1.7 and Js,
implying its crucial role in initiating NPF at this study site, as frequently shown in
previous studies (Brean et al., 2020a; Kirkby et al., 2016). The average value of Js (1.7
+ 2.6 cm™ s*1) was approximately sevenfold lower than that of J1.7 (12.4 £ 52.8 cm=3 s
1), indicating that a considerable number of particles at 1.7 nm are lost to coagulation
rather than growing into larger particles of 5 nm. A markedly higher level of Ji7
compared to Js was also seen in another study conducted in a forest environment (Yu
et al,, 2014). Both J17 and Js occurred at a low sulfuric acid level (~1.7 x 10°
molecules/cm?), indicating that this minimal concentration was sufficient to initiate
cluster formation, and further supports the concept that sulfuric acid is the primary
driving factor for NPF at this study location, as is commonly observed in other urban
NPF studies. Contrastingly, the increase in sulfuric acid concentration and thus
formation rate is associated with a decrease in ULVOC levels. A chamber study that
aimed to replicate NPF in a boreal forest by employing key components and NOx found
a correlation between J and HOMs in the absence of NOx. They concluded that sulfuric
acid, ammonia, and HOMs interact mutually to promote particle formation, while NOx
inhibits NPF (Lehtipalo et al., 2018). This phenomenon was similarly observed in
another chamber study that simulated polluted atmospheric conditions (Xiao et al.,
2021). While such variables are difficult to control in field studies, our findings suggest
that although ULVOC may not be the primary drivers of NPF in this study area,
however, their high concentrations (>107 molecules/cm3) likely contribute to the NPF.

Quantifying the contribution of ULVOC to NPF is also notoriously challenging, and to
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date, such studies have only been done through chamber experiments (Lehtipalo et

al., 2018; Xiao et al., 2021) or in pristine environments (Bianchi et al., 2016; Huang et

al., 2024; Rose et al., 2018).
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Figure 15. Formation rate at 1.7 nm (J1.7) and 5 nm (Js) Vs sulfuric acid concentration coloured by ULVOC
concentration using selected period data.

Fig. S9 shows the diurnal cycle of the components of the J equation, showing that the
coagulation sink is the dominant part compared to other components (Cai & Jiang,
2017). This evidence suggests that the majority of newly formed particles are

eliminated from the atmosphere through the coagulation sink process.
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3 Conclusions

This study examined the molecular characteristics of NPF at an urban background site
in the UK, a country where no prior research has been conducted. NPF events
occurred during daytime, marked by an increase in solar radiation intensity, wind
speed, and a substantial rise in sulfuric acid levels, which were nearly double
compared to non-NPF days. NPF mostly took place when wind direction varied
between 200°- 300°, indicating either a source of clean air, or a source of NPF
precursors. Aligned with most prior urban NPF studies, less polluted days promote
nucleation, as indicated by the lower level of BC, NO2, and PM2z5 and thus CS during
NPF days compared to burst and non-NPF days. The important role of ELVOC in
particle growth is highlighted by the significantly lower levels of this molecule on burst
days, which may explain the failure of newly formed particles to grow. On non-NPF
days, the HOMs concentration was found to be the highest, however, the fraction of
ULVOC, ELVOC, and LVOC within total HOMs was relatively similar to that observed

on NPF days.

The average particle growth rate (GR) was comparable to that reported in other urban
areas in the UK, Europe, and Australia, approximately 3.6 nm/h. An analysis of the
diurnal pattern of particle formation rate at 5 nm (Js) shows the substantial increase,
which was preceded by a substantial increase in sulfuric acid and iodic acid under
conditions of high solar radiation and temperature. A positive correlation was found
between sulfuric acid and J (including both J1.7 and Js). The lowest level of J was
detected at a low sulfuric acid level (~1.7 x 10° molecules/cm?3), thereby confirming the
role of these molecules as a primary driver of NPF in this study site. The increase in J

and sulfuric acid corresponds with the decrease in ULVOC levels. This suggest that
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ULVOC may not be a major determinant of NPF, however, due to their elevated
concentration, they may contribute more to particle growth than to the initial step of the
nucleation process. These findings offer additional evidence that could improve the

understanding of factors influencing NPF, particularly in the UK urban areas.
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Table S1. HIOy typical range from various NPF studies

HIO, typical range

HIO; typical range

Study Location (molecules/cm?) (molecules/cm?)
Beijing (Urban) 1x10°- 1x10° 5x10%- 2x10°
Zh tal., 2024
(Zhangetal., 2024) Nanjing (Urban) 1x103 - 3x10° 10*-3x10°

Present study

coastal site)

(Urban) Manchester (Urban) <1x103%-1x10° 3x10%-3x10°
(Joklgggze)t al, Finland (Boreal Forest) 10%107
(Sipila et al., 2016) Mace head, Ireland (Pristine 107108
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Daily Diameter Measurements with Linear Fits
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7. Conclusions and future directions

7.1 Conclusions
This thesis employed stationary and mobile monitoring air pollutant data collected from

three urban environments in the UK. The former was obtained from three air quality
supersites, including London, Birmingham, and Manchester, whereas the latter was
collected from a measurement campaign in an urban neighbourhood area in
Birmingham. The overarching aims are to investigate various aspects of UFPs,
including control strategies, personal exposure assessments, and a major source of

secondary UFP (i.e., NPF) in the urban atmosphere.

The first study examined the trend of pollutants by utilising long-term monitoring data
(2010-2021) for both particle (PNC, and PNSD), and other traffic-related air pollutants
measured at the London Marylebone Road supersite. A downward trend in all
examined air pollutants was observed, ranging from 4.7 %/yr to 8.3%/yr. The most
rapid decline was observed in BC and accumulation mode concentrations, whereas
the decrease in nucleation mode occurs at a considerably slower rate compared to
larger particles. A more substantial decline in BC and accumulation mode was noted
from 2014 to 2021, coinciding with the progressive uptake of EURO 6/VI, however no
comparable decline was observed in the nucleation mode. Trend analysis
differentiated by the wind direction revealed a consistent pattern, with BC and
accumulation mode decreasing rapidly during the study period, particularly from the
direction associated with the vehicle exhaust emissions. In addition, a transition in
PNSD from bimodal (i.e., the mode at ~30 nm, and ~70 nm) in 2010 to unimodal with

the mode at ~70 no longer obvious was observed. These results further confirm the
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substantial reduction of pollutants, particularly BC and accumulation mode, likely due
to effective interventions in the road transport sector, especially diesel-powered
vehicles. In the UK, it is mandatory for new light-duty diesel vehicle (EURO 5 and 6),
and heavy-duty vehicles (EURO VI) to install a DPF within their exhaust systems. This
is carried out to achieve the newly established particle number limit in those EURO
standards. Prior studies, both in laboratory settings and on-road experiments, have
demonstrated that this after-treatment technology is capable of removing particles with
an extremely high efficiency, i.e., nearly 100%, particularly for involatile particles

(Bergmann et al., 2009; Fiebig et al., 2014; Lee et al., 2015).

Our findings are supported by a recent experimental study that investigated the
performance of DPF, focusing on particle number emission (PN) and size distribution
during regeneration, utilising various soot loadings (Zhang et al., 2024).The results
show that the reduction efficiency of PN increases with higher soot loading, particularly
observed in the accumulation mode (50 nm — 560 nm), which can be attributed to the
formation of filter cake. Additionally, a change in PNSD was noted, where a bimodal
distribution was observed (at ~7 nm and ~25 nm) prior to DPF installation. This
distribution then shifted to a trimodal (modes at ~ 12 nm -16 nm, ~ 50 nm -60 nm, and
~200 nm) when soot loading was moderate (0-2 g/L, the unit g/L represents the mass
of soot collected per unit volume of the filter), with the mode in the range 50-60 nm
being further removed at higher soot loading levels (4-6 g/L). They found a greater
removal efficiency of the nucleation mode from the clean DPF (i.e., without soot
loading). However, as soot loading increased (between 2 g/L and 4 g/L), the removal

efficiency of the nucleation mode was not as high as that of the accumulation mode.
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Consequently, the particles in the downstream of the DPF were dominantly within the

nucleation mode range, accounting for up to 90%.

The particles accumulated in the DPF are periodically burnt off during the regeneration
process, which aims to prevent additional fuel consumption caused by higher exhaust
backpressure, diminished performance, and possible filter clogging ((Luo et al., 2023;
Shi et al., 2022). However, the regeneration process may result in a short-term peak
in particle number concentration. A previous study performed an on-road assessment
of various light-duty diesel trucks revealed that the particle number emission factor
during the regeneration phase was 5 times higher than that during the normal DPF
stage (Li et al., 2024). This increase was likely attributed to the formation of volatile
substances from lubricants under high-temperature conditions (Shi et al., 2022).
Another study has observed a substantial increase in volatile particles within the size
range of 5 and 10 nm emitted during the regeneration process (Dwyer et al., 2010).
Nonetheless, the net advantage of DPF remains substantial at reducing UFPs
emissions from diesel vehicle exhaust, as evidenced by our findings that reflect the

real-world driving conditions at the London Marylebone Roadside site.

In addition, our results shows a consistent result with the experimental investigation,
which demonstrates a large reduction in the accumulation mode, whereas the
concentration in the nucleation mode remains high in the atmosphere. As a result, the
concentration of UFPs may remain high, especially in the regions that are heavily
influenced by diesel traffic or could even exceed levels found in areas where emission
regulation standards are less stringent than EURO 5 (for light-duty vehicles) and
EURO VI (for heavy-duty vehicles) or equivalent. Considering the negative impact of

UFPs on human health, our findings from the first study underscore the necessity for
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a more effective control technology to reduce UFP emissions, particularly for diesel

vehicles in urban areas.

In addition to tailpipe emissions, non-exhaust emissions also significantly contribute to
particulate matter emissions from the road transport sector. Non-exhaust emissions
(NEE) are primarily generated from the abrasion of brakes, tyres, and road surfaces
(Harrison, 2020b). An experimental study indicated that elevating the temperature of
brake pads, ranging from 100°C to 300°C, is associated with elevated UFP emissions
(Perricone et al., 2018). A laboratory-scaled study observed a substantial increase in
particle number concentration due to tyre wear during slip events, likely attributed to
the nucleation of evaporated compounds released from the tyre surface (Kim & Lee,

2018).

NEE contributes considerably less to UFP emissions in comparison to the exhaust
emissions. Prior research carried out source apportionment analysis at a similar site to
this study, i.e., London Marylebone Road that identified a minor contribution to particle
number concentration from NEE, specifically from brake dust (1.7%) and resuspension
dust (4.8 %) (Harrison et al., 2011b). NEE UFPs remains unregulated and not
controlled by the DPF or any aftertreatment technologies. Despite the potential of
electric vehicles to eliminate tailpipe emissions, they are considered as having a
significant contribution to NEE due to their heavier weight. Nevertheless, research on
NEE UFPs remains limited, pointing to a need for further investigation to

comprehensively understand UFPs emission from the road transport sector.

It is noted that in Chapter 3 we introduce the terminology of “liquid mode” and “solid

mode” to describe particles emitted from vehicle exhaust. In this thesis, the term “liquid
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mode” refers to volatile/ semi-volatile particles, while “solid mode” denotes non-volatile

particles, as smaller particles are not exclusively liquid.

The second and third studies analysed data derived from a personal exposure
assessment to air pollutants using portable sensors. The former focused on UFP
metrics, while the latter employed all measured pollutants, including UFP (only PNC),
PM1, PM2s, PM1o, and BC. In addition, both studies utilised data from BAQS, a local

air quality monitoring station.

The second study evaluated personal exposure to not only PNC, which is frequently
reported, but also to average diameter (Dp 10 — 700 nm) and LDSA. There are small
numbers of existing personal exposure studies that have examined such additional
metrics (average diameter and LDSA), which are considered as crucial proxies for
epidemiological studies. The measurement took place in an area of high population
density in urban Birmingham. In this study, we highlighted a higher exposure to PNC
and LDSA with smaller average diameter during bus journeys compared to walking,
particularly on major roads compared to residential roads. Many factors may affect this
higher exposure, including traffic conditions, emissions from nearby vehicles, and
emissions from the bus’s own exhaust that enter the cabin through infiltration (Rivas et
al.,, 2017; Sabin et al., 2005). Additionally, factors such as fuel type, bus fleet
technology, and driving behaviour e.g., peak PNC while idling (Sabin et al., 2005),
collectively contribute to the elevated exposure to air pollutants experienced by bus
commuters. According to the information provided by the bus providers, the entire bus
fleet in West Midland meets EURO VI standards, which means a DPF has been
installed within the bus exhaust systems. Nevertheless, based on our findings from the

first study, this technology demonstrated limited impact on reducing the smaller
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particles, particularly in the nucleation mode. Consequently, an elevated level of UFP
inside the bus cabin, which also increases the exposure level is expected. The Result
from spatial distribution identified common hotspots, such as intersection areas, traffic
lights, supermarket car parks, a petrol station, and restaurant areas, attributed to a
higher intensity of combustion activity compared to other locations along the study
route. Therefore, minimising commute time in hotspot locations, particularly those
located on busy roads, is anticipated to reduce exposure to UFP. In addition, we
leveraged PNC during walking measurements as well as PNC from a regulatory-grade
instrument at BAQS to develop a novel approach. This method enables the estimation
of source contributions, including general background, local increments due to the
close proximity to the emission sources, and hyperlocal sources that are frequently
observed in hotspot areas. The findings from this study provide evidence and a new

method to support UFP control strategies.

Nonetheless, due to some limitations (e.g., time, cost and instrumentation), personal
exposure studies in both the second study and most prior research represent only the
exposure during the sampling period, typically within a brief campaign period and a
specific season. This is mainly influenced by meteorological factors affecting pollutant
concentrations in the atmosphere. As indicated by the PNSD analysis that shows NPF
events occurred with a frequency of 30% of measurement days, potentially affecting

personal exposure levels.

In the third study, we aimed to develop simple methods to obtain personal exposure
concentrations that reflect longer periods, specifically annual personal exposure. This
was achieved by minimising meteorological conditions that influence exposure levels

measured during the campaign, a process known as the data normalisation technique.
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While many studies normalize air pollutant data from long-term stationary monitoring
data, no prior research has utilised short-period mobile or personal exposure data. As
previously mentioned, we focused on data from walking measurements, employing 5
pollutants (PNC, PM1, PM25, and PM1o). Measurement data of these pollutants
obtained from regulatory instruments at BAQS were used to determine correction
factors, which were subsequently used to adjust personal exposure data collected over

a = 1-month campaign during the spring season of 2023.

Four distinct methods were developed, differing according to the time interval used for
calculating the correction factor. Results show that two of the four methods
(specifically, methods A and C), which incorporate a correction factor for two different
time intervals (during the campaign and over a yearly period), have effectively reduced
the non-normalised concentration for the majority of examined pollutants, making them
more comparable to the annual average concentration measured at BAQS. The
difference was still higher for PNC, likely attributable to the local increment resulting

from the proximity to local sources, as identified in the second study.

Unlike existing data normalisation techniques that mainly use machine learning (ML)
and thus require more explanatory variables and extensive model fitting, the
normalisation ratio in our study relies solely on the BAQS data, potentially resulting in
lower accuracy compared to the ML methods. However, our findings indicate that
certain methods show the potential to accurately represent annual personal exposure
concentrations in the study area. This indicates that, despite limited data and minimal
computational resources, these methods are capable of effectively predicting longer-
term exposure at individual levels. This technique may facilitate the estimation of

exposure with different time bases and could be applicable in other typical studies.
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In the fourth study, we aimed to gain a molecular understanding of how the UFP are
generated from their main secondary source, i.e., NPF. No prior studies have been
done in the UK. Here, we analysed data collected during a 1-month summer campaign
at Manchester Air Quality Supersite, located in an urban background area in
northwestern UK. The data includes gaseous precursors, such as sulfuric acid, iodic
acid, and HOMs, in addition to other regularly monitored pollutants. This study site
exhibits a common feature of NPF days, characterized by higher solar radiation and
sulfuric acid levels. Less polluted atmospheric conditions, and higher wind speed seem
to be favourable factors for NPF. The origin of air masses appears to influence NPF,
with events mostly observed when the wind is from 200 to 300 degrees, suggesting
the transport of either cleaner air or substantial gaseous precursors. The average
concentration of sulfuric acid on NPF days was nearly double that on non-NPF, leading
to an increase in the average PNC in nucleation mode by a factor of ~3 (based on data
from 6 AM to 3 PM). Sulfuric acid is a critical component for initiating nucleation, as
evidenced by observations in many locations worldwide, (Brean et al., 2020; Cai et al.,
2024; Tiszenkel et al., 2025; Yao et al., 2018). On the other hand, ULVOC are
hypothesised as efficient nucleators at specific atmospheric conditions such as boreal
forests, peatlands, and high-altitude areas. We conducted a further analysis of the
correlation between the J values (J1.7 and Js), sulfuric acid, and ULVOC. The results
indicate a positive correlation between J values and sulfuric acid concentration,
however, the increase in these parameters is associated with a decrease in ULVOC.
This suggests that sulfuric acid is the primary driver of nucleation, while ULVOC may
play a more important role in particle growth. However, the complexity of real

atmospheric conditions makes the quantification of HOMs’ contribution more
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challenging. The findings of this study underscore the importance of reducing key

gaseous pollutants, including SO2 and VOC, to minimise UFPs produced by NPF

mechanisms.

7.2 Future directions

This thesis has explored several aspects of UFPs in urban environments.
Nevertheless, there are limitations and opportunities for future research that
require investigation to improve the understanding of UFPs, as follows:

The first study underscores the importance of long-term monitoring data in
evaluating the effectiveness of enacted policies. The study site is situated in a
street canyon, allowing for effective sampling of air from specific directions linked
to traffic emissions. Further analysis by wind direction facilitates the examination
under actual driving conditions. Nonetheless, this study did not examine all
pollutants measured at this site, it focused only on BC, PNC, and some regularly
measured air pollutants (e.g., CO, NOx, SOz, O3). Given that the nucleation mode
emitted from diesel vehicles primarily consists of the liquid phase, mainly
generated from vaporised condensed engine oil (hydrocarbon). Hence, future
studies might include other pollutants, specifically hydrocarbons. In addition, other
pollutants that play a crucial role in new particle formation (i.e., another UFPs
source), such as sulfuric acid, iodic acid, and HOMs are important to be measured.
To date, there has been no continuous monitoring of these pollutants in the UK.
Evaluating both additional and existing measured pollutants, particularly with the
availability of long-term data, may greatly improve our knowledge about sources

and processes of UFPs. This could provide valuable information for determining
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future policy or evaluating existing policy, particularly for the transport sector in
urban areas.

While we have examined assessment of the individual exposure to multimeric of
UFPs from walking and bus journeys, there remain opportunities to explore and
compare other common commuting modes in this study area, including in-car
travel, cycling, and train use. Furthermore, it is essential to evaluate individual
exposure in other microenvironments apart from those investigated in this study,
such as office settings and laboratories. Prior studies demonstrate that laser
printers emit significant quantities of UFPs (Azimi et al., 2016; Stephens et al.,
2013), potentially increasing exposure levels in office environments. Examining
multiple metrics of UFPs across various types of travel and different
microenvironments will give important information to better understand how UFPs
change over time and space, filling a key gap in research.

To our knowledge, this is the first study to perform data normalisation utilising a
short campaign of personal exposure data. Consequently, limitations may have
emerged not only from the instrument’s limitations (elaborated in Chapter 4), but
also from the quantity of data available. This study presents methods that may
accurately reflect annual exposure. However, repetition of the typical study with
extended duration and across different seasons may assist in validating the
methods we have developed.

The findings from the NPF study presented in Chapter 6 further support the
concept that sulfuric acid is a primary driver factor of NPF in urban atmospheres.
The analysis of HOMs provides additional understanding of the particle growth

process. However, since this is the first study examining NPF in the UK at a
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molecular level, comparing it with previous studies is challenging. NPF is sensitive
to atmospheric conditions, therefore, more studies should be undertaken in other
cities and seasons to improve our understanding of NPF, particularly in urban
areas of the UK.

Various sources of UFP may possess unique chemical compositions, leading to
differing health outcomes. However, few prior studies have examined the chemical
composition of UFPs, with only one recent study reporting the chemical
composition of UFPs from continuous monitoring in Greece (Argyropoulou et al.,
2025). The absence of such studies is likely due to the limitations of
instrumentation capable of characterizing UFPs, which exist in very small mass
concentrations. Therefore, future recommendations include conducting studies
aimed at developing instruments for UFP characterisation, which will enhance the
understanding of the chemical composition present in UFPs. The findings will
provide important evidence to support the epidemiological studies related to the

adverse effects of UFPs.
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