Urban Volatile Organic Compounds in the UK:
Source Apportionment, Temporal Variability, and Responses to
COVID-19 Lockdown Measures

Abdulla Moussa

Doctor of Philosophy
University of York
Chemistry
August 2025



Abstract

Volatile organic compounds (VOCs) play a key role in urban air quality degradation by contributing to
atmospheric ozone and secondary organic aerosol formation, in addition to their direct health risks.
Despite regulatory progress in the United Kingdom, major uncertainties remain in the quantification
of VOCs sources, their temporal variability, and their responsiveness to interventions. This thesis
provides a comprehensive multi-scale investigation of VOC sources and behaviour in UK urban

environments through receptor modelling, inter-city comparison, and a natural experiment.

First, the U.S. EPA Positive Matrix Factorisation (PMF 5.0) model was applied to long-term
measurements from the London urban background Supersite, resulting in a robust seven-factor
solution that identified the major VOCs sources: regional alkanes, vehicular combustion, fuel
evaporation, solvents, industrial activity, and residential combustion. Secondary oxidation and
solvent-related emissions were identified as key drivers of ozone and SOA generation, whereas traffic

evaporative emissions exceeded vehicle exhaust.

Second, clear seasonal and spatial differences in VOCs profiles were revealed through comparative
analysis between London (2023) and Birmingham (2022). Given the weaker photochemical removal
and reduced boundary layer height, VOCs levels were consistently higher in winter, while oxygenated
VOCs were the major contributors in summer. London demonstrated stronger contributions from
solvent and evaporative emission sources, whereas Birmingham exhibited more significant

combustion signatures.

Finally, the COVID-19 lockdown offered a natural assessment of emission sensitivity. At Marylebone
Road, sharp declines in traffic-related alkanes and aromatics confirmed the dominance of vehicular
sources, whereas Eltham displayed mixed responses, with background and meteorology masking
traffic-related reductions. Random Forest meteorological normalisation and business-as-usual
projections highlighted the necessity of statistical methods to separate emission changes from

weather-driven variability.

Overall, this work demonstrates that effective UK VOCs policy must target solvents, fuel evaporation,
and residential emissions in addition to traffic sources, with strategies tailored to local emission

characteristics and secondary pollutant formation dynamics.
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Figure 4-7 Variables importance to VOCs levels at Marylebone Road (2015-2019) . Predictor
variables: day of year (day_julian), day of the week (weekday), timestamp (date_unix), wind
direction (wd), wind speed (ws), boundary layer height (blh), air temperature (air_temp),
atmospheric pressure (atmos_pres), relative humidity (RH), ceiling height (ceil_hgt), and
cloud cover (cl). Panels show: (a) ethene, (b) isopentane, (c) toluene, and (d) ethane. ...... 200
Figure 4-8 Partial dependent plots showing the relationship between selected VOCs
concentrations and key meteorological variables at the Marylebone Road site (2015-2019). Y-
axis represents the modelled VOC concentration (ug m3), and X-axis shows the range of each
(o] <To IToi (o] QRVZ-Ta =1 o] [T TP 201
Figure 4-9 Comparison of Monthly Wind Speed Distribution from Heathrow airport (2015-
2019) VS 2020, Dark Blue Boxplot (2015-2019), Green Boxplot 2020.........cccccvuveeeeiirereennns 202
Figure 4-10 UK lockdown periods (LC1/LC2) measured versus modelled percentage changes
in VOC concentrations at the Marylebone Road site. Measured changes are based on
observed concentrations compared to the five-year baseline (2015-2019), while BAU changes
are derived from Random Forest (RF) model predictions simulating business-as-usual
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Figure 4-11 UK lockdown periods (LC1/LC2) measured versus modelled absolute changes in
VOC concentrations at the Marylebone Road site.. Measured changes are based on observed
concentrations compared to the five-year baseline (2015-2019), while BAU changes are

derived from Random Forest (RF) model predictions simulating business-as-usual conditions

Figure 4-12 Eltham site, First Lockdown Trend analysis, Boxplots present daily means VOCs
distributions, Red colour 2020 lockdown1, Coloured dots are VOCs mean concentrations,

Solid blue line is the VOC historical trend, Doted blue line is lockdown1 mean concentrations

Figure 4-13 Eltham site, Second Lockdown Trend analysis, Boxplots present daily means VOCs
distributions, Red colour 2020 lockdown1, Coloured dots are VOCs mean concentrations,

Solid blue line is the VOC historical trend, Doted blue line is lockdown2 mean concentrations.

Figure 4-14 Measured versus modelled percentage changes in VOC concentrations at the
Eltham suburban background site during the first (LC1) and second (LC2) UK lockdown
periods. Measured changes are based on observed concentrations compared to the five-year
baseline (2015-2019), while BAU changes are derived from Random Forest (RF) model

predictions simulating business-as-usual conditions. .........cccccecviiieeieei i, 214
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1 Introduction
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1.1 Volatile Organic Compounds (VOCs) Definition

The non-methane volatile organic compounds, generally called VOCs, are a group of organic
species with sufficient volatility to enter the troposphere in the gas phase. Once present, they
can affect air quality and exert serious direct and indirect impacts on both human health and
the climate. Their effects vary depending on chemical toxicity (for instance, benzene is
classified as carcinogenic to humans) and atmospheric reactivity, which influences their ability
to form secondary pollutants such as ozone and secondary organic aerosols (SOA) (Vaughan
et al., 2017). A more specific definition of VOCs has been given within the 2004/42/EC Paints
Directive: VOCs include all organic compounds that have a boiling point, at the standard
pressure (101.3 kPa), equal to or less than 250 °C (DIRECTIVE 2004/42/CE OF THE EUROPEAN
PARLIAMENT AND OF THE COUNCIL, 2004). These VOCs can be classified depending on their
chemical functional groups: alkanes, alkenes, ketones, organic acids, aldehydes, esters,
aromatic hydrocarbons, and alcohols (Hanif et al., 2021). The process of tropospheric ozone
formation by the reaction between VOCs and NOx initiates under the presence of sunlight;
this light near the UV range (290-400 nm) can destroy the VOCs directly, or it oxidises the
VOCs by free radicals initiated by a chain of photochemical reactions, where peroxyl radicals
are being generated (Seinfeld & Pandis, 2016). These radicals can create a net
photochemical ozone production route from the photolysis of NO,, starting by converting NO

to NO,, without consuming ozone molecules, as presented in Figure 1-1.

hu NO;

NO; NO Carbonyl

product(s)
VOCs OH M HO,

Reaction with O,,
decomposition or
isomerization

RO; RO

Figure 1-1 lllustration of net tropospheric ozone (Os) formation through VOC—-NO,
photochemical cycle, (WHO, 2008).
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The importance of the VOCs in tropospheric ozone formation leads to a broader definition of
VOCs in this respect according to the EC Air Quality Directive 2008/50/EC: VOCs are the
organic species which have been emitted either from biogenic or anthropogenic sources,
apart from methane, and have the ability to form photochemical oxidants under the

availability of sunlight through their reaction with NOy (Lewis et al., 2020).

The other vital role of VOCs in the atmosphere is their contribution to secondary organic
aerosol (SOA) formation. As a result of the VOCs oxidation process in the atmosphere,
products with low vapour pressure are being formed. These oxidation products can be easily
absorbed into the pre-existing particles when they are present in the condensed phase.
However, the importance of the VOCs in the SOA formation varies between VOC species,
where toluene, m-xylene, ethylbenzene, benzene, and o-xylene have been found to be the
five most significant anthropogenic VOC contributors to the ambient SOA formation in the UK

(Derwent et al., 2010).

Where VOCs are present in the atmosphere in hundreds of different compounds, especially
in the urban areas, they play a key role in determining the ambient levels of very important
atmospheric species such as HO and HO; radicals, as shown in Figure 1-1, that are crucial to
the atmosphere's oxidative capacity, which controls the rate at which pollutants like VOCs
and methane are degraded (Atkinson, 2000a; Monks, 2005). Where a reduction in HO and
HO, levels extends the atmospheric lifetimes of VOCs and methane, hence extending their
environmental effects, which is particularly important for methane, given its crucial role as a
greenhouse gas (IPCC, 2023). All of that emphasises the importance of the individual ambient
VOCs monitoring for better understanding of VOCs emission sources to implement
appropriate strategies to control their emissions, which is essential to minimise the hazardous
secondary pollutants levels, which VOCs are considered one of their most important

precursors (Shen et al., 2018).

1.2 General VOCs emission sources

Natural biochemical reactions in oceans, vegetation, and soil, as well as activities that are
initiated by humans, including the burning of fossil fuels in a variety of industrial, commercial,
and domestic processes. In addition to the extraction and distribution of both natural gas and

petroleum, along with number of petrochemical industries, are all sources of VOCs that are
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released into the atmosphere. These emissions are of varying significance depending on the
setting in which they are released into the atmosphere. While the natural sources dominate
the global VOCs emissions accounting of about 75% of them, the anthropogenic ones have
vital role in the atmospheric chemistry in the urban environments (Montero-Montoya et al.,
2018). This is particularly important given the majority of the worldwide population lives in
urban areas, where the effects of VOC emissions, mainly atmospheric ozone formation, are
more acute. Therefore, urban anthropogenic emissions possess immediate impact to human

health and air quality, despite the fact that natural sources account for the majority of VOCs

world budget.

Table 1-1 Volatile Organic Compounds in the UK: Atmospheric Lifetime and Main Sources.

VOC Typical Atmospheric Dominant UK Emission Environment
Lifetime Sources
Ethane 1-2 months Natural gas leakage, oil&gas  Regional background
extraction / Rural/ Urban
Propane 10-14 days fuel storage and distribution Urban / Suburban
n-/iso-Butane 4-6 days fuel evaporation, vehicle Urban
exhaust
n-/iso-Pentane 2-4 days Petrol evaporation, vehicle Urban
refuelling
Acetylene 2 weeks Incomplete combustion, road Urban roadside
transport, biomass burning
Ethene 1-2 days Vehicle exhaust, combustion Urban
sources
Benzene 7-12 days Petrol vehicles, industrial Urban
combustion, biomass burning
Toluene 1-3 days Solvent use (paints, Urban / Industrial
coatings), vehicle emissions
(m, 0, p) 1-2 days Solvent use, surface coating, Urban / Industrial
Xylenes fuel evaporation
Formaldehyde Hours Secondary formation from Urban & Regional
VOC oxidation, combustion,
biomass burning
Ethanol 4 days Plants, biofuel Urban / Suburban
Methanol 10-15 days Vegetation, secondary Regional
oxidation
Isoprene 1-3 hours vegetation (biogenic) Rural (summer)/
biomass burning, traffic Urban
Monoterpenes Minutes-hours vegetation (biogenic) Rural / Woodland
Sesquiterpenes Minutes Vegetation (biogenic) Rural

(Acosta Navarro et al., 2014; Atkinson, 2000; Atkinson & Arey, 2003; Derwent et al., 2010;

Lewis et al., 2020; Richmond, 2025; Simpson et al., 2012).
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1.2.1 Biogenic emissions (BVOCs)

Biogenic volatile organic compounds (BVOCs) are crucial to the atmospheric gas phase and
heterogeneous chemistry because of their extremely high atmospheric reactivity, which
causes their atmospheric lifetime to vary from a few minutes to hours. Isoprene and
monoterpenes being the most abundant BVOCs as shown in Table 1-1, primarily from
terrestrial vegetation emissions, as it considers the main BVOCs source (Sindelarova et al.,
2014). It worth mentioning that the emission rates of BVOC species vary, under similar
ambient conditions, between different plants (Acosta Navarro et al., 2014). There are several
variables that can influence the emission rates of BVOCs from vegetation with sun light and
ambient temperature usually considered the most important, as these have a significant
impact on the rate at which a particular BVOC is released from a specific plant (Kesselmeier
& Staudt, 1999). It has been estimated that an increase of 1 °C due to global warming may
increase the emissions of monoterpene by almost 15% (Y. Liu et al., 2021). Consequently, the
significance of BVOCs in atmospheric chemistry is expected to increase as global warming

increase the natural VOCs emissions.

Plants, in general, emit BVOCs during their growth and reproduction as well as for defensive
purposes. Isoprene emissions, in particular, are directly related to vital physiological functions
such as mammal, insect, and parasite protection and metabolism (Ramirez-Gamboa et al.,
2021), where isoprene is primarily released by plant leaves, utilising carbon substrates
derived from the Calvin cycle (Sharkey et al., 2008) which explains the seasonal variability in
its ambient levels. On the other hand, alcohols and carbonyls are the second predominant
BVOCs groups after isoprene and monoterpenes, BVOCs also include esters, alkanes, alkenes,

acids, and ethers (Kesselmeier & Staudt, 1999).

1.2.2 Anthropogenic VOCs Emissions (AVOCs)

According to the USEPA, man-made VOC emissions, as shown in Table 1-1, involve emissions
from 1- fuel combustion sources which include all power plants that use fossil fuels,
commercial and industrial processes, and domestic sources (boilers); 2- industrial activities,
which include the production of both metal and chemicals, crude oil refining, and different
industrial activities apart from fuel combustion; 3- road traffic sources: cars, motorbikes,
buses, and trucks; 4- non-road engine sources: aeroplanes, ships, and generators from the

farm and construction sectors. (USEPA, 2018). In 2010, the transformation industry, fuel
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production processes, solvent use, land transportation, and domestic combustion were the
primary sources of global emissions of anthropogenic volatile organic compounds (AVOCs),
contributing roughly 18%, 16%, 12%, 16%, and 15% of total emissions, respectively. However,
due to variations in fuel composition, technological procedures, and national regulations,
each sector's contribution to AVOC speciation varies geographically (for example, Europe,

Asia, and North America) as illustrated in Figure 1-2

Regional VOCs Emission Trend (1970- 2022)
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Figure 1-2 Regional AVOCs emissions from 1970 to 2022, derived from the EDGAR emission

inventory (European Commission, 2024).

These three factors, fuel composition, technology improvements, and regulatory measures,
also played a vital role in the total AVOCs emission reduction trend in EU and North America
in the last few decades (G. Huang et al., 2017). For example, London's traffic-related VOCs
have decreased significantly since the early 1990s as a result of strict emission reduction
measures and fuel quality enhancements (Isobel Simpson & Claudia Volosciuk, 2019). More
recently, the introduction of Ultra Low Emission Zones (ULEZ) in London has further reduced
traffic-related emissions, including VOCs, and improved urban air quality (Mayor of London,

2023).
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1.2.2.1 VOCs emissions from traffic sources

In the urban areas VOCs emissions from land transport sector dominate the total AVOCs
emissions (C. Song et al., 2019). Traffic emissions include distinct types: exhaust emissions,
fuel evaporations, and unburned fuel emissions. Gasoline fuelled vehicles, in particular, are
the most contributors in these emissions (David D Parrish & William C. Kuster, 2009). Traffic
related VOCs are mainly emitted due to incomplete fuel combustion in the vehicles engine
(Arslan, 2020), in general, the most abundant VOCs from this sector are C; to Cs alkanes, and
aromatics. A study conducted by Menglei Wang and Shunyi Li in China, included 102 VOCs
species, from the tailpipe emissions from different fuel powered vehicles has found that
almost 39% of VOCs emissions from gasoline powered light duty vehicles were aromatics, 29%
alkanes, 15% carbonyls, 7.1% halocarbons, and 7% from other groups. In contrast, for light
duty diesel vehicles alkanes were dominating and accounted for almost 70% of the emissions,
while aromatics have accounted of about 18%. For LPG powered cars, alkanes, aromatics,
carbonyls, alkenes, halocarbons, and others accounted of 44.2%, 24.5%, 16.3%, 8.6%, 3.7%
and 2.7% of these emissions respectively (M. Wang et al., 2020). It worth mentioning that LPG
and ethanol powered vehicles have been found to emit more acetaldehyde and formaldehyde
than regular gasoline fuelled vehicles, but they reduce the emissions in benzene and other

aromatics (Arslan, 2020).

Traffic VOCs emissions, varies in VOCs species, and species ratios according to the emission
source, hence some VOCs species and species ratio could be used as source or even sub
source tracer, toluene, ethene and isopentane are generally enriched species in the tailpipe
emissions from gasoline powered vehicles while the most abundant VOC in evaporative
sector is isopentane (C. Song et al., 2020). Ratios between methyl tert-butyl ether (MTBE) to
both benzene and toluene, and ratios between 2,2-dimethylbutane and i-pentane to these
aromatics (benzene, and toluene) could be used to determine the specific source of emission;

tailpipe, or evaporative sources (Y. Zhang et al., 2013).

Despite the steady decrease in traffic-related VOC emissions over the past two decades in the
UK, due to improved traffic emission control technologies, urban and urban background
measurements identify ethene, acetylene, benzene, toluene and C2—-C5 alkanes as key traffic-
related species. This is evident by the strong correlations between these VOCs and carbon

monoxide, which confirms their association with combustion emissions (Valach et al., 2015).
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Additionally, roadside and tunnel VOCs monitoring campaigns have confirmed that gasoline-
powered vehicles emit substantially higher levels of aromatics and light alkenes, while diesel
vehicles have greater contributions of short alkanes and combustion tracers (acetylene) in

the UK (Derwent et al., 2010; NAEI, 2024; Richmond, 2025).

1.2.2.2 VOCs emissions from industrial sources

The rapid growth in the industrial section in many countries, especially developing nations
like India and China, has raised the importance of this sector in the total national Gross
Domestic Products (GDP) contribution. In 2012 this sector consumed almost 70% of the total
energy in China and has about 40% of the total GDP (X. Wu et al., 2015), and by 2024, it still
accounted for 36.5% of China’s total GDP (National Bureau of Statistics of China, 2024).
Consequently, the contribution of this sector in the pollution emission is serious. Industrial
VOCs emissions, including both fugitive emissions and point source ones, and have vast range
of VOCs species (Fu et al., 2013). The industrial sources of VOCs include wide range of
industries include but not limited to industries that produce VOCs (extraction processes of
both gas and oil, crude oil refining, and chemical manufacturing), industrial activities that
involved VOCs as starting materials (coating and ink manufacturing, food production,
production of beverage), the transportation and storage oil, and the industrial processes that
use VOCs products (Papermaking, Printing and dyeing, Wood processing, etc) (Guo et al.,
2021). A recent study has been conducted at industrial park in Tianjin, China has analysed the
VOCs emission from different industries. It has been found that benzene, toluene,
ethylbenzene, and xylene (BTEX), methyl isobutyl ketone, and ester compounds are the most
emitted VOCs from the majority of industries. However, industrial VOC emissions vary
depending on production process and technology, the raw materials that been used, and
waste treatment processes, that study has found that car manufacturing plants, due to the
variety in raw materials and the complexity in the process, emit many VOCs species including

methyl isobutyl ketone, trimethylbenzene, xylene, and isobutyl alcohol (G. Liu et al., 2019).

Although industrial VOC emissions have declined substantially in the UK over recent decades
due to regulatory measures, their relative contribution to total VOC emissions has increased
as a result of the more rapid decline in traffic-related VOC emissions. Industrial processes

(including chemical manufacturing, metal production, food and drink production, and
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chemical storage) accounted for 15% of total national VOC emissions (DEFRA, 2020; NAEI,

2025).

The table below illustrate general VOCs emissions from different industries.

Table 1-2 industrial VOCs emission sources.

Industry

Substance

Petroleum refining and petro-
chemistry

Benzene, toluene, xylenes, ethylbenzene; light alkanes
(ethane, propane, n-butane) from fugitive emissions

Automobile manufacturing

Ethyl benzene, methyl ethyl benzene, o-xylene,
trimethylbenzene

Printing and packaging printing

Propyl acetate, Ethyl acetate, Butyl acetate, Butyl
acetate, m-xylene, ethanol, isopropanol

Furniture manufacturing

Sec-butyl acetate, Propene glycol monomethyl ether
acetate, toluene, o-xylene, Butyl acetate, m-xylene

Paint and ink manufacture

n-hexane, BTEX, trimethylbenzenes; oxygenated
solvents (ethanol, methanol)

3-methylpentane, methyl cyclopentane, Butyl acetate,
Methylisobutyl ketone

Isopropyl methoxy acetate, trimethylbenzene, Ethyl
acetate, o-xylene, m-xylene, 2-methyl tetrahydrofuran,
toluene, ethylbenzene, trimethylbenzenes; ethanol,
glycol ethers

Ethyl acetate, toluene, Methylene chloride, 2-methyl-2-
methoxypropane, tetrahydrofuran, ethanol, isopropanol,
acetone, methyl ethyl ketone, dichloromethane

Rubber manufacture

Surface coating

Pharmaceuticalresearch lab

Ethanol (whisky production), acetaldehyde;

Food & drink industry fermentation-related VOCs

Ethanol, methanol, acetone, n-butane (aerosol
Consumer products propellant)
Derived from (DEFRA, 2020; Liu et al., 2019; NAEI, 2025).

1.2.2.3 VOCs from various anthropogenic sources

Biomass burning (BB), both controlled and not controlled ones, is a very important emissions
source of different VOCs species, depending on the fuel type, the biomass itself, and the
combustion processes, where these measures also affect the VOCs emission factor from the
BB (H. Wang, Lou, et al., 2014). Shinji Kudo, and Hiroshi Tanimoto have found that biomass
burning is an anthropogenic source of isoprene, they have emphasized the importance of the
BB as oxygenated volatile organic compound emission source, where BB released acetic acid,
acetaldehyde, propanal, formaldehyde and butanal into the atmosphere (S. Kudo et al.,
2014). Generally, biomass combustion VOCs emissions are dominated by OVOCs (ketones and

aldehydes), unsaturated VOCs (alkenes), and aromatics (Gilman & Lerner, 2015).
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Similarly, the production, distribution, and consumption of natural gas contribute significantly
to VOC emissions and consider one of the largest industrial sources of AVOCs in the United
States. These emissions include both fugitive releases (leakage and venting) and combustion-

related emissions.

This contribution is mainly due to the chemical composition of natural gas, which primarily
consists methane, in addition to short-chain hydrocarbons including ethane, propane, and

butanes (Richard K. Lattanzio, 2020).

The importance of these emissions, in UK, is mainly due to the considerable contribution in
the domestic heating, where it accounts to almost 66% of the whole domestic energy
consumption, accounting for 52% and 15% of ethane and propane emissions, respectively
(DEFRA, 2020). On the other hand, the biomass burning, mainly open combustion and stove
wood combustion, only accounts of about 6% (BEIS, 2020). However, according to the
National Atmospheric Emissions Inventory (NAEI, 2025), emissions of VOCs from domestic
wood combustion increased by 56% between 2012 and 2022, mainly due to the increase of
using wood burning as a secondary heating source. Recent study conducted by the University
of Manchester and the National Centre for Atmospheric Science (NCAS) has concluded that
wood-burning emissions leads to pollution hotspots, particularly during winter evenings
(NCAC, 2024), where it emits complex mixture of VOCs, mainly oxygenated aromatics,
phenols, furans and substituted benzene derivatives (Evans et al., 2025). Many of these VOCs
are very reactive, oxidizes rapidly by OH and NOs; radicals contributing significantly to the
formation of secondary pollutant (Hartikainen et al., 2018; Languille et al., 2020). Hence,,
despite representing a small share to domestic heating, domestic wood burning is a
disproportionately important source of VOCs in residential areas, as wood smoke contains
toxic and highly reactive species such as benzene, 1,3-butadiene, formaldehyde, and
acetaldehyde, which possess serious health effects in addition to their vital role in the

formation of ozone and secondary organic aerosols (SOA) (AQEG, 2017).

While the strict regulations and measures have achieved considerable success in VOCs
emissions reduction from different sectors, mainly road transport and fuel combustion, the
influence of solvents production and usage including the beverage industry, and personal care
products on the AVOCs emissions has been increasing recently due to less efforts on reducing
the emissions from this sector (Pearson, 2019). Solvents has become the largest contributor
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in the AVOCs emission in 2017 UK, accounting of about 15% of these emissions (Lewis et al.,
2020), 6.1% of the total emissions, by mass, emitted by compressed aerosol products
(Yeoman & Lewis, 2021). National Atmospheric Emission Inventory (NAEI), during the same
period, has reported an increase in ethanol emission, mainly from the beverage industry, and
domestic solvent usage, while the main source of n-butane has become the aerosol products
(Lewis et al., 2020). Where more than 90% of the emissions from these products are VOCs in
addition to small contributions from fluorocarbons, slightly less than 0.5% and about 6.5% of
compressed air. In general, the majority of hydrocarbon-based aerosol propellants are a
mixture of iso/n butane and propane in addition to smaller amounts of both iso/n-pentane
(Yeoman & Lewis, 2021). The importance of non-aerosol personal care products (PCPs) hair
conditioner, shampoo, and similar products is way less than the aerosol ones; however, it still
contributes to ethanol, limonene, benzene, and methanol emissions (Yeoman et al., 2021). In
2015 a study conducted about the VOCS emissions from 37 different types of personal
products included but not limited to PCPs, air fresheners, and laundry products, has
concluded that different types of these products emit several VOCs species: a-/ B pinene,
acetaldehyde, ethanol, methanol, and acetone (Steinemann, 2015). Another study on the use
of domestic solvents has summarised those aromatics and alkane dominate the VOCs
emissions from indoor solvents accounting of 50% and 30% respectively, in the painting case
(furniture, domestic and indoor paints) the contribution of aromatics emission was
considerably higher than in the indoor solvent case, while printing emission are dominated

by C2—C5 VOCs, and C8—C9 aromatics (H. Wang, Qiao, et al., 2014).

Figure 1-3 shows total UK VOC emissions (kt) by sector from 2005 to 2023, illustrating the
overall decline in national emissions and the changing contribution of source sectors over
time, with reductions in transport and fugitive emissions and an increasing relative

importance of solvent-related sources.
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Figure 1-3 Total UK VOCs emissions (kt) by source sector from 2005 to 2023, (NAEI, 2025).

1.3 Atmospheric Sinks of VOCs

In addition to VOCs emission strength, VOCs ambient concentrations are also determined by
their chemical and physical removal processes, with gas-phase oxidation dominants
atmospheric sink for most of VOCs (Jacob, 1999). During the daytime the hydroxyl radical
(OH), mainly formed through ozone photolysis followed by reaction with water vapour, is the
main oxidant. VOCs reactivity to OH varies considerably depending on molecular structure
with alkenes and aromatic compounds reacting substantially faster than saturated alkanes
(Atkinson, 2000; Atkinson & Arey, 2003), eventually leading to the formation of peroxy
radicals (RO;), which facilitate NO -NO, cycling, promote tropospheric ozone production, and

contribute to SOA formation (Monks et al., 2015).

Ozone, itself, has an important sink effects through the ozonolysis of unsaturated VOCs, which
can happen during daytime and nighttime, leading to the formation of carbonyl compounds,

consequently, enhancing secondary pollutant formation (Atkinson & Arey, 2003).

Nitrate radicals (NOs), on the other hand, are the dominant oxidant during nighttime, as they

react with alkenes and other reactive species, contributing to nocturnal SOA formation,

29



particularly in polluted urban environments (Brown & Stutz, 2012). Moreover, chlorine atoms
(Cl), especially in marine-influenced regions, during early-morning hours can oxidize certain

VOCs with reaction rates may exceed those of OH (Finlayson-Pitts & Pitts Jr, 2000).

In addition to chemical sinks, VOCs are also removed through physical processes, including
dry deposition onto surfaces and wet deposition of more soluble oxygenated species.
However, gas-phase oxidation remains the most dominant atmospheric sink route (Jacob,

1999).

1.4 Atmospheric implication of Volatile organic compounds

1.4.1 Impact of VOCs on Air Quality and Climate

VOCs have a serious climate and air quality effect, due to their reactivity and atmospheric
transformation characteristics. Following their emissions into the troposphere, from various
sources, they participate in complex photochemical reactions, primarily initiated by oxidation
from hydroxyl (OH) radicals, consequently, generates peroxy radicals (ROz and HO3). These
radicals in the presence of UV radiation and high-NOx concentrations, facilitate the
conversion of NO to NOz and the subsequent formation of ground-level ozone (O3), mainly in
urban settings. (ICCP, 2014; Swamy et al., 2012). Additionally, VOCs degradation is a key
reason of SOA formation. This can lead, as a result of these tropospheric formations, to
degradation in the general air quality, and the production of photochemical haze in certain

conditions (EDP, 2025).

Figure 1-4 presents a schematic summary of ethane (C;Hs) oxidation pathways, illustrating
how NOy levels regulate ozone production. In high-NO4 environments, peroxy radicals react
with NO, leading to NO, formation and subsequent ozone production. In the contrast, under
low-NOy conditions, peroxy radicals are removed through reactions forming hydroperoxides
(e.g., CHsOO0OH) and other species, limiting radical availability and reducing net ozone

formation.
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Figure 1-4 oxidation mechanism of ethane (C,Hs) initiated by OH radicals under high NOx and low

NOx conditions (Collins et al., 2002).

Furthermore, the vast majority (90%) of ozone global emissions, is due to photochemical

processes that are driven by VOCs (Wild, 2007). Ozone, with effective radiative forcing of

+0.47 W m~2% in 2019 relative to 1750, is the third most significant anthropogenic warming

molecular after CO, and CH4 (IPCC, 2021), as shown in Figure 1-5.
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Change in effective radiative forcing from 1750 to 2019 .
ERF (W m™2)

Carbon dioxide 2.16 [1.90 to 2.41]

0.54 [0.43 to 0.65]

Other well-mixed 0.21[0.18 to 0.24]

greenhouse gases

Ozone 0.47 [0.24 to 0.71]
Stratospheric 0.05 [0.00 to 0.10]
water vapour ) _

Albedo Land use Light absorbing particles on -0.20 [-0.30 to -0.10]

snow and ice 0.08 [0.00 to 0.18]

A ; 0.06 [0.02 to 0.10]
induced cirrus
-0.22 [-0.47 to 0.04]

Aerosols Aerosol-cloud Aerosol-radiation -0.84 [-1.45 to -0.25]

Total anthropogenic _—l 2.72 [1.96 to 3.48]

Solar + -0.02 [-0.08 to 0.06]

-2 -1 0 1 2 3
Effective radiative forcing (W m~2)

Contrails & aviation-

Figure 1-5 Change in effective radiative forcing (ERF, W m~2) from 1750 to 2019 for major
anthropogenic and natural climate agents.

Various scientific studies have concluded that urban areas are generally VOC-limited Ozone
formation environments (Lyu et al., 2016). Ground level Ozone is formed in the atmosphere
by the photochemical reactions between its procuress VOCs and NOx (NO + NO3) in the
presence of the sun light, following the ozone formations chain presented below (Sillman,

1999):

VOC + OH -2 RO, + H,O

CO + OH ‘%4 HO, + CO,

RO, + NO %, secondary VOC + HO, + NO,
HO, + NO — OH + NO,

NO, + hv — NO + O

O+ Oy+M— O3+ M

Equation 1-1

The production of Ozone is sensitive to VOCs and NOx emissions but the formation response
to their reduction is not linear, leading to two atmospheric production regimes depending on
the VOC/NOx ratios (J. Ren et al., 2022). A reduction in NOx emissions at low VOC/NOx ratios
could lead to increase Oz formation, where high concentrations of fresh NO react with O3

leading to the production of NO,, depleting the Ozone.

NO + O3 - NO2+02 Equation 1-2
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Additionally, high NO, emissions consumes the OH radical by reacting with it forming products

like nitric acid, preventing the first step of VOCs oxidation in the Ozone formations chain.

NO;+ OH - HNOs3 Equation 1-3
This is called a VOC-limited regime, where reducing the Ozone levels can be done more
efficiently by controlling the emissions of VOCs rather than reducing the NOx concentrations
(European Environment Agency, 2016), Figure 1-6 shows estimated Ozone concentration for

different VOC and NOy concentrations.
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Figure 1-6, Oz isopleth diagram presenting the estimated ozone concentration for different VOC and
NOy concentrations (Dubois, 2008).
Finally, due to the role of VOCs in the formation of these secondary pollutants, they have

been considered as indirect contributor to acid deposition, atmospheric warming, and climate

change by disrupting the chemical balance of the troposphere (Bauguitte et al., 2010).

1.4.2 The importance of OVOCs in atmospheric chemistry
The importance of OVOCs in atmospheric chemistry arises from their high reactivity, which is
often greater than that of the parent hydrocarbons from which they are formed through

photo-oxidation. Consequently, they play a vital role in tropospheric ozone formation under

33



both clean and polluted atmospheric conditions. The ozone formation reaction initiated by
HO radical, can be present by the following alcohols general scheme chain of reactions,

illustrated by methanol, (Mellouki et al., 2015), summarized by Equation 1-1:

HO + CH3OH - H20 + CH,0H

CH20H + 02 - HCHO + HO2

HO + HCHO - H0 + HCO

HCO + 02 - HO2 + CO net: CH3OH + 602 - 2H2 O + 303 + CO> Equation 1-4
HO + CO - H + CO2

H+02+M > HO,+ M

3 (HO2 + NO > HO + NO3)

3 (NO2 + hv (A <420 nm) > NO + O(3P))

30+ 02+ M > 03+ M)

Similarly, Figure 1-7 shows atmospheric ozone formation by the oxidation of Formaldehyde

initiated by HO radical (Mellouki et al., 2015).

hv
H

OH
~|—‘<—HCHO 4>‘|
+HCO HCO+H,0

CO + OH +{NO,) — O3
)

OH/Oz/NO> CO, + OH

- H, +CO

Figure 1-7 Scheme of Ozone Formation through the Atmospheric Degradation of Formaldehyde.
OVOCs include carbonyls (aldehydes RCHO, ketones RCOR), alcohols (ROH) and carboxylic
acids (RCOOH) (Sommariva et al., 2011). This species can be emitted directly, primary

pollutants, into the atmosphere from both biogenic (plant metabolism is an important source
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of acetaldehyde, acetone, and methanol) and anthropogenic sources (fuel additive is a source
of ethanol, ETBE, and MTBE) (Mellouki et al., 2015), and they can be formed in the
atmosphere, secondary pollutants, by alkoxy and peroxy radicals’ reaction (Atkinson & Arey,
2003). Some oxygenated VOCs, due to their long atmospheric lifetime, acetone as example,
could be subjected to long distance transportation from their original location, and contribute
to the photo-oxidation of many VOCs in different environments, as a result to their role in
providing radicals (McKeen et al., 1997). The degradation process of saturated OVOCs is
mainly due to their reaction with OH radicals, while the oxidation of unsaturated OVOCs could
be by their reaction with ozone, OH radical or nitrate (NOs), in all cases the OVOCs
degradation considerably contribute to many secondary pollutants’ formation: highly
oxidized volatile organic compounds, SOA, peroxyacyl nitrates (PAN) and ozone, which

explains their huge influence on the tropospheric oxidizing capacity (Mellouki et al., 2015).

1.5 The effects of VOCs on Human health

Although VOCs from food and drink contribute to sensory attributes like taste and smell,
many VOCs are extremely harmful to human health (Carter, 2009). Where the respiratory
system is the primary route of exposure to VOCs since they are released into the air and easily
inhaled, which is particularly crucial in urban and industrial settings as VOCs concentrations

are considerably elevated comparing to other environments.

Acute and long-term health impacts have been linked to VOC exposure. Symptoms of short-
term exposure include headaches, dizziness, irritation of the eyes, nose, and throat, in

addition to worsening of bronchitis and asthma (Dunmore et al., 2016; Miller et al., 2011).

More seriously, long-term exposure to VOCs raises the risk of many critical disease cancer and
cardiovascular disease and can seriously harm important organs such as the liver, kidneys,
and central nervous system (Montero-Montoya et al., 2018; S. K. Song et al., 2019). Many
substances have identified as carcinogenic species by the International Agency for Research
on Cancer (IARC), namely, vinyl chloride and benzene. Benzene, in particular, is linked to
leukaemia and haematologic diseases (Kampa & Castanas, 2008). However, VOCs’ health risks
vary depending on the concentration, functional group, and exposure time of species. Where
aromatic, specifically BTEX (benzene, toluene, ethylbenzene, and xylenes), due to their

abundance and toxicity, have serious health effects. These species, commonly linked to land
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transport and industrial emission sources, can be transferred to the indoor environments and
concentrate in such relatively small space leading to elevated, usually ten times than outside,
levels (Hou et al., 2024). Recent studies have demonstrated the substantial contribution of
land traffic and solvent emissions to ambient VOC concentrations, as well as their key role in
the production of secondary particulate matter and ozone formation, in mega-urban
environments such as Mexico City and Seoul (Montero-Montoya et al., 2018; S. K. Song et al.,
2019), where respiratory problems are more likely to occur, particularly during the summer
when photochemical activity is at its highest. Likewise, an industrial health study has
demonstrated that elevated ambient levels of VOCs, namely, perchloroethylene, and
ethylbenzene exceeds the recommended exposure limits and pose significant carcinogenic

risks, leading to severe occupational complications (Hou et al., 2024).

Children represent a particularly vulnerable population group due to their developing
respiratory and immune systems., Low birth weight, asthma, neurodevelopmental
abnormalities, and a higher risk of respiratory infections have all been linked to VOC exposure
throughout pregnancy and the early years of life. When benzene levels are higher than 1
ug/m3, the risk of getting cancer over a person's lifetime increases dramatically, which could

be the case in many industrial and polluted urban areas (Montero-Montoya et al., 2018).

Generally, the negative health effects of VOC exposure vary from moderate sensory irritation

to serious chronic conditions, such as cancer and cardiovascular disease.

1.6 UK General VOCs trends in the last 15 years.

Comparison between general VOCs trend over the past 15 years across three different
environments: the rural monitoring site (Auchencorth Moss), the suburban monitoring site
(London Eltham), and the urban traffic monitoring site (London Marylebone Road), has been
conducted. Site’s locations and the surrounding areas are shown in Figure 1-8, Figure 1-9, and

Figure 1-10.
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Figure 1-8 Location of the Auchencorth Moss rural air quality monitoring site in Scotland, shown
using a satellite image from Google Earth.
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Figure 1-9 Location of the London Eltham, suburban air quality monitoring site, shown using a
satellite image from Google Earth.
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London Marylebone Road, Urban Traffic ; 0.8 Lig ™ Legend
| Sy - : & London Marylebone Road Site

Figure 1-10 Location of the London Marylebone road, traffic air quality monitoring site, shown using
a satellite image from Google Earth.

The data used in this comparison were obtained from UK Automatic Urban and Rural Network
(AURN) (AURN, 2020). Figure 1-13, Figure 1-12, and Figure 1-13 illustrate the monthly mean,
median and the general smooth VOCs trends at these three hydrocarbons monitoring sites
between 2010 and 2024, respectively. An example of the temporal variability of selected VOC

species across these sites is shown in Figure 1-14.

At the rural environment (Auchencorth Moss), despite the low data capture percentage for
many species, a general downward trend is observed across most VOC species. In contrast,
combustion related VOCs (ethene, ethyne, and propene) (An et al., 2014; Cai et al., 2010)
exhibited progressive increases, indicating the possibility of ongoing or new combustion-
related sources in rural settings. Similarly, with an atmospheric lifetime about two months
(Angot et al., 2015), the most long-lived measured VOC, ethane, had a weak upward trend
over the studied period, which could be due to a slight increase in its background levels. The
relatively constant levels of isoprene, however, indicate steady biogenic emissions. A general
gradual decline was observed in BETX compounds (benzene, ethylbenzene, toluene, xylenes)

trends.
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The Eltham suburban monitoring site showed generally consistent downward trends across
all VOCs species, including BETX compounds, i-pentane, and i-octane, which could be an
indicator of achieving reduction in VOCs emissions from several sectors in London during the
reported period. However, a slight upward trend in isoprene levels was observed, which could

be due to changes in temperature or vegetation activities in this semi-urban region.

Similarly, the general VOCs trend at the Marylebone Road site, which is significantly skewed
to traffic emissions, was sharp decline evident by most VOCs trends, particularly BETX
compounds, reflecting success in traffic VOCs emissions reduction strategies in London over
the reported period. However, ethane, propane, iso-butane, and n-butane levels appeared
relatively stable, indicating steady emissions from natural gas or evaporative sources that

have not decreased at the same rate as other traffic-related VOCs.

As presented in Figure 1-15, ethane was the most abundant measured VOC in all
environments, throughout the studied period flowed by propane, reflecting its long
atmospheric lifetime (two months, and 14 days respectively), and widespread presence

(Angot et al., 2015; Rosado-Reyes & Francisco, 2007).

At the rural site, illustrated in Figure 1-15 (a), n-butane was the third most abundant VOC,
followed by i-butane, ethyne, ethene, and i-pentane which were among the most prevalent
VOCs at this site. While, at the suburban site, illustrated in Figure 1-15 (b), propane and n-
butane annual sum concentrations were very closed to each other, closely followed by i-
butane. Ethene, toluene, and i-pentane were among the most prevalent VOCs at this site.
Similarly, at the urban traffic site illustrated in Figure 1-15 (c), ethane remains the highest
measured VOC, with substantial contribution from propane, n-butane, and i-butane. Again,

ethene, toluene, and i-pentane were among the most prevalent VOCs at this site.

A close inspection of the most abundant VOCs annual mean trends at each monitoring site
from 2010 to 2024 was conducted for further detailed analysis presented in Figure 1-16. At
Auchencorth Moss, a remote rural site, ethane had slight fluctuations with a gradual upward
trend after 2015 and hit a peak in 2021. Similarly, propane displayed a relatively fluctuated
trend up to 2016 then it is stabilised until 2020. i-butane, n-butane and ethene also displayed
mostly stable levels, however, ethyne hit a peak between 2019 and 2020 then it levelled off

from 2021 onward.
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In the suburban environment, Eltham site, ethane exhibited a more distinct declining trend,
particularly after 2012, propane and n-butane showed nearly parallel trends, remaining
relatively stable with only modest declines after 2019. I-butane, i-pentane, and ethene

followed similar patterns, while toluene showed a steady drop trend since 2010.

In the traffic monitoring site, Marylebone Road, all major VOCs showed a high fluctuating
trend. However, ethane tended to have downward trend since 2019, while propane, n-butane
and i-butane levels increased between 2020 and 2022. Toluene showed a clear and steady

decline, ethene and i-pentane showed gentle overall downward trends.

In terms of the chemical functional groups, presented in Figure 1-17, alkanes were
consistently the most dominant contributors to total VOC concentrations across all three
environments: rural (Auchencorth Moss), suburban (Eltham), and urban traffic (Marylebone
Road). Although alkenes and aromatics were found in lower quantities, a substantial
difference was observed in their proportional contributions among sites. At the Marylebone
Road traffic site and the suburban site of Eltham, aromatics, such as benzene, toluene, and
xylenes, comprised a larger portion of the VOC profile compared to alkenes. In contrast, at
the rural background site (Auchencorth Moss), alkenes had a slightly more balanced presence

relative to aromatics.

In terms of the annual sum of VOCs concentrations per location between 2010 and 2024,
Figure 1-17, reveals a consistent pattern, with Auchencorth Moss consistently recording the
lowest concentrations, followed by Eltham, and then Marylebone Road, which continuously
reported the highest levels. This shows a clear difference in VOC pollution between urban,
suburban, and rural environments, reflecting the obvious variations in traffic volume,
industrial activity, and local emissions sources. It should be noted that the drop in total
observed VOC concentration at Auchencorth Moss in 2015 is due to data availability issues,
only 41.7% of hourly measurements were valid in 2015, compared with 63.2% in 2014 and
89.7% in 2016, suggesting substantial instrument downtime during that year. Interestingly,
Eltham's sum VOC concentrations dropped significantly after 2021, while the concentrations
at Marylebone Road increased sharply in 2022, and then back to normal levels, similar to 2020

and 2021, in 2024, which could be due to meteorological variability effects on VOCs levels.
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These observations emphasise the importance of long-term monitoring networks in assessing
general pollution trends. Due to the significant impact of meteorological variability and
seasonal patterns on ambient VOC concentrations, only long-term datasets are able to clearly
reveal the key changes in emission trends. However, short-term campaigns still provide an

important picture of VOCs levels during specific pollution events.
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VOCs Concentration Trends
VOCs Concentration through time 2010 to 2024.
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Figure 1-11 VOCs general trends from 2010 to 2024 at Auchencorth Moss. Solid lines represent the mean concentrations; dashed lines represent the
median concentrations for each pollutant. A grey linear regression line is overlaid to show the long-term trend in VOC levels.
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VOCs Concentration Trends
VOCs Concentration through time 2010 to 2024.
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Figure 1-12 VOCs general trends from 2010 to 2024 at London Eltham. Solid lines represent the mean concentrations; dashed lines represent the median
concentrations for each pollutant. A grey linear regression line is overlaid to show the long-term trend in VOC levels.
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VOCs Concentration Trends
VOCs Concentration through time 2010 to 2024.
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Figure 1-13 VOCs general trends from 2010 to 2024 at Marylebone Road. Solid lines represent the monthly mean concentrations, and dashed lines
represent monthly median concentrations, for each pollutant. A grey linear regression line is overlaid to show the long-term trend in VOC levels.
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Concentration (uglma)

Daily Mean Time Series of Selected VOCs at the Three Monitoring Sites (2010—-2024)
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Figure 1-14 Daily mean time series of selected VOCs (benzene, ethane, acetylene, and toluene) measured at three UK monitoring sites—Auchencorth Moss
(rural background), Eltham (urban background), and Marylebone Road (kerbside), between 2010 and 2024.
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Annual Sum of VOC Concentrations by Species at Auchencorth Moss Rural Site (2010-20
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Figure 1-15 Annual Sum of VOC Concentrations by Species (2010-2024),
a) Auchencorth Moss, b) London Eltham, and c) Marylebone Road.
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Changes in Key VOC Levels at Auchencorth Moss Site (2010-2024)
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Figure 1-16 Changes in Key VOC Annual Mean Concentrations Between 2010 and 2024.
a) Auchencorth Moss, b) London Eltham, and c) Marylebone Road.
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VOC Chemical Group Contributions and Total Concentration
Auchencorth Moss Rural Site (2010-2024)
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Figure 1-17 Annual Sum of VOC Concentrations and the contribution of major chemical groups 2010-
2024. The black line represents the overall temporal trend in total VOC concentrations.
a) Auchencorth Moss, b) London Eltham, and c) Marylebone Road.
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1.7 Study Objectives and Aims

The main aim of this thesis is to improve understanding of VOCs sources, temporal variability,
and policy-relevant impacts in UK urban environments. This was achieved through a
combination of receptor modelling, inter-city comparison, and the assessment of a natural

experiment (the COVID-19 lockdown). The specific objectives were:

Firstly, to apply the U.S. EPA Positive Matrix Factorisation (PMF 5.0) model to long-term VOCs
measurements at the London urban background Supersite in order to identify and quantify
the contributions of major emission sources. This included evaluating the role of traffic
exhaust, evaporative emissions, solvent use, industrial activity, residential combustion, and
secondary atmospheric processes in shaping urban VOC concentrations. In addition to
assessing their relative importance in driving atmospheric ozone formation and secondary

organic aerosol production.

Secondly, to investigate VOCs seasonal and diurnal variability at the two most populated UK
cities, London and Birmingham, by identifying the most ten abundant VOCs in each location
and determining how seasonal changes in photochemistry and boundary-layer dynamics
influence their importance and distribution, emphasising how site-specific characteristics
result in distinct VOC patterns under comparable meteorological and photochemical

conditions.

Thirdly, to explore the effects of the COVID-19 lockdown on VOC concentrations at two
contrasting London monitoring sites: Marylebone Road (roadside) and Eltham (urban
background), by examining the response of traffic and non-traffic related VOCs to
extraordinary decreases in transportation activities. This was done by utilising historical
comparisons, trend analysis, meteorological normalisation with Random Forest models, and
predicting business-as-usual scenario, hence, distinguishing between VOCs emission-driven

changes and meteorological variability.

Overall, we aimed to provide a thorough assessment of VOC speciation and behaviour across
multiple spatial and temporal scales. This thesis addresses critical gaps in understanding VOCs
sources, their chemical composition, and their atmospheric impacts in the UK, providing

scientific based evidence to develop effective VOCs management strategies.
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Chapter 2

2 Atmospheric Sources of non-methane hydrocarbons in London
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2.1 Introduction

Ambient air pollution is the most substantial environmental threat to public health in the
United Kingdom (Environment Agency, 2023; Smith, 2025). Anthropogenic air pollution-
related mortality accounts for 28,000 to 36,000 deaths annually. Notably, it is predicted that
from 2017 to 2025, the cumulative economic loss of the National Health Service (NHS) and
the social care system due to atmospheric air pollution will reach up to £1.6 billion (Office for
Health Improvement and Disparities, 2022).

Non-methane hydrocarbons (NMHCs), a vital subset of VOCs, play a key role in atmospheric
chemistry by contributing to the formation of both tropospheric ozone (Atkinson & Arey,
2003) and secondary organic aerosols (SOAs) (Hallquist et al., 2009; McFiggans et al., 2019),
mainly due to their oxidation process by hydroxyl (OH), ozone (Os3), chlorine (Cl) and nitrate
(NO3) radicals in the troposphere, consequently, producing organic peroxy (ROz), and
hydroperoxyl (HO2) radicals. This leads to the increase in atmospheric oxidation (Claeys et al.,
2004; Tham et al., 2016), promoting the formation of secondary pollutant, with repercussions
for air quality and human well-being in urban settings, while also exerting an indirect
influence on global climate change. Additionally, some VOCs are themselves toxic to humans
and can cause both immediate and long-term negative health effects (Azuma et al., 2016; Kim
et al., 2019), including BTEX (benzene, toluene, ethylbenzene and xylene), which have been
classified as carcinogenic species (Kumar et al., 2020).

VOCs can be emitted from diverse anthropogenic and biogenic origins. Yet, the significance
of anthropogenic and biogenic VOC emissions differs across geographical regions. Biogenic
VOC sources are the primary cause of the elevated VOC mixing ratios in rural and wooded
areas (T. Karl et al., 2003). In contrast, anthropogenic emissions dominate in urban
environments (Borbon et al., 2013). The primary sources of biogenic VOCs are emissions from
terrestrial plants, making a substantial contribution to the composition of regional VOCs (Y.
Ren et al., 2017) that includes isoprene and various terpenoids, along with minor constituents
OVOCs and alkenes). On the other hand, anthropogenic sources contain operations related
to oil and natural gas (ONG) including extraction, storage, refining, and distribution processes,
in addition to traffic and stationary fossil fuel and biofuel combustion activities, industrial
manufacturing, chemical and petrochemical processes, and the production and use of

solvents (Abeleira et al., 2017; Cai et al., 2010; H. Zhang et al., 2017).
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In major urban areas like London, there has been comprehensive research on the emissions
of VOCs (Langford et al., 2010; Vaughan et al., 2017), where vehicles are identified as a key
emission source. This contribution arises either through emissions from exhaust gases or by
the evaporation of incompletely burnt fuel (Vaughan et al., 2017). Nevertheless, a recent
study, based on the National Atmospheric Emissions Inventory (NAEI) data, revealed a
notable reduction in the road transport sector’s contribution to the overall VOC emissions in
the UK. This decline is a direct result of the implementation of strict vehicle emission
standards (Lewis et al., 2020), mainly the enforcement of the use of three-way catalytic
converters in vehicle production (Langford et al., 2009). By 2017, the road transport sector
accounted only for 4% of the total UK VOC emissions, a substantial decrease from the 30%
reported in 1990. In the same year, the most substantial contribution to VOC emissions was
from the solvent sector. While emissions from this sector have seen an overall decrease, the
reduction is considerably low compared to road transport and fugitive emissions reduction
levels. The industrial processes sector also experienced relatively smaller reductions,
contributing about 15% to the total emissions in 2017 (Lewis et al., 2020). Therefore, it is
crucial to determine the up-to-date key sources of atmospheric VOCs and their contribution
to the total ambient VOC concentrations in major cities in order to set proper policies and

regulations to tackle their health and environmental effects (Ou et al., 2015).

2.1.1 Receptor Models for Source Apportionment

Various receptor-oriented source apportionment analyses, which are mathematical
techniques used to quantify the contributions of sources to measured samples based on their
chemical composition or source signatures, can be applied to identify the key VOC emission
sources contributing to ambient VOC levels (J. Li et al., 2018; S. K. Song et al., 2019). Chemical
Mass Balance (CMB), Positive Matrix Factorisation (PMF), and UNMIX are among the most
established and well-known receptor models, each of them has its unique benefits and
drawbacks based on the study's goals and the nature of the data.

The deterministic Chemical Mass Balance (CMB) model is a receptor model that applies linear
least-squares regression of measured ambient concentrations against a database of known
source profiles to estimate source contributions. With the availability of precise and
representative source profiles, CMB is highly interpretable and provides direct measurement

of source impacts (Watson et al., 2002). However, its efficacy is severely dependent on the
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completeness and representativeness of the input profiles. This makes it less useful in
intricate urban environments with a wide variety of sources or inadequately described
sources. Emission sources need to be pre-determined in the model for the model to resolve
them (Hopke, 2016). In addition to the complications that arise from the reactive atmospheric
species like VOCs, the chemical conservation assumption, coupled with the absence of
atmospheric changes, leads to systematic errors.

In contrast, Positive Matrix Factorization (PMF), a multivariate factor analysis method,
requires adequate atmospheric measurements and scientific knowledge of the potential
sources (Brown et al., 2007; Lee et al., 2008), without requiring prior knowledge of source
compositions. The dataset is divided, in the PMF method, into two matrices: factor
contributions (G) and factor profiles (F), which facilitate the identification of distinct source
composition profiles, each including a combination of compounds corresponding to a specific
emission source or category (Pinthong, Thepanondh, & Kondo, 2022). This approach provides
more accurate factor solutions and error analysis (Norris & Bai, 2014). It is worth mentioning
that PMF incorporates uncertainty estimations and non-negativity constraints.

Low signal-to-noise ratios and missing values are common challenges in VOC monitoring
datasets. However, these challenges can be effectively addressed by Positive Matrix
Factorisation (PMF) (Brown et al., 2015; Paatero & Tapper, 1994). Finally, PMF factor
identification is still subjective and generally assigns factors to real-world sources using tracer
species or external information.

UNMIX, a receptor model also developed by the U.S. EPA, uses self-modelling curve resolution
to identify sources based on geometric features in multidimensional space and extracts
source profiles and contributions from ambient data (Pordevi¢ et al., 2013). Although UNMIX
depends less on a priori source profiles compared to CMB and requires less statistical
assumptions than PMF, it is prone to outliers and requires larger datasets with clear source
contrasts for optimal performance. Furthermore, its applicability is constrained by sparse or
noisy datasets, and it is unable to handle uncertainty robustly as in PMF. On the other hand,
PMF has a number of benefits over other receptor models, this includes its realistic
uncertainty estimations, individual data points weighting, and improved handling of missing
and below-detection-limit observations. Additionally, by incorporating external constraints,
the advanced model's rotational tools improve resolving rotational ambiguity and provide

solutions that more accurately reflect real-world emission patterns.
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Following its endorsement by the U.S. Environmental Protection Agency (EPA), Positive
Matrix Factorization has become one of the most extensively used methods for source
apportionment (Hopke, 2016). Hence, the PMF method has been used in this study to identify
the main sources of VOCs in London measured at the London Honor Oak Park urban

background supersite.

2.2 Volatile organic compounds atmospheric measurement methods

Several analytical methods, depending on the chemical specificity, sensitivity, and temporal
resolution, have been used in order to measure the ambient VOCs. Where high-time-
resolution instruments, reaching a 1 second time scale (De Gouw & Warneke, 2007), providing
a real-time total VOC measurements, such as the Selected lon Flow Tube Mass Spectrometry
(SIFT-MS) and Proton Transfer Reaction Mass Spectrometry (PTR-MS), have become very
common methods in the ambient air monitoring field (Blake et al., 2009). Despite their
excellent sensitivity and suitability for time-series analysis of reactive species, these direct-
injection mass spectrometric techniques lack chemical species identification, specifically for
compounds with the same mass or fragmentation patterns, i.e. isomers. Xylene isomers (m-,
p-, and o-xylene) and combinations of Co aromatics and Cyo alkanes, for example, cannot be
specified using these techniques. Using the PTR-MS method, ambient m- and p-xylene levels
are generally summed up as a single compound. However, given their distinct OH reactivity
and emission ratios from traffic and solvent sources (Borbon et al., 2002), their important
distinctions in sources and atmospheric reactivity will be lost if these are combined into
summed ion masses, and therefore, precise secondary pollutant generation, particularly
ozone formation and secondary organic aerosol (SOA) potential, in addition to comprehensive

source apportionment studies are difficult to achieve.

On the other hand, gas chromatographic methods continue to be the most reliable approach
for VOC speciation in order to tackle the above-mentioned restrictions, where VOCs are
separated by gas chromatography (GC) following their volatility or polarity, which is
commonly used in conjunction with mass spectrometry (GC—MS) or flame ionisation
detection (FID). Consequently, accurate identification and measurement of individual
compounds, including structural isomers and co-eluting species is achievable (Mcnair &
Miller, 2011). Due to the requirement for sample pre-concentration and column separation,
which usually takes 30 minutes to several hours (Poole, 2019), GC-based methods often low
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time resolution, compared to MS based methods, however, they provide improved
speciation, where precise VOC speciation is vital for comprehensive source apportionment
studies and emission inventory validation, GC-based methods are essential for atmospheric

chemistry research (Barletta et al., 2005; Warneke et al., 2004).

2.2.1 Gas Chromatography (GC)

The physical characteristics of gaseous mixtures, such as their affinity for the stationary phase
and retention time, as well as their thermal stability at the evaporation temperature, make
gas chromatography (GC), a sensitive and highly selective analytical technique, particularly
suitable for their separation. GC has found extensive application in the long-term monitoring
of ambient air samples. The isomeric speciation of emissions can be determined using GC,
which has settings that enable ambient measurements of a variety of alkanes, alkenes, and

oxygenated volatile organic compounds (OVOCs) (Hopkins et al., 2003).

It consists of a carrier gas (typically 99.99% pure helium; (mobile phase), sample injector,
separation column (stationary phase), oven (heat up samples), and detector (signals eluted
component from the column). The sample component is introduced via the sample injector
into the column, which contains a flowing inert carrier gas within a temperature-controlled
oven. The elution process, or material extraction, is carried out inside the column, which is
frequently a small, coiled tube of stationary phase coated on the inside. The differing elution
durations of the sample components, which reach the detector and are recorded as signals
on the data system, cause the mobile phase to interact with the stationary phase in distinct

manners, leading to separation (Ellis & Mayhew, 2014).

The varying physical properties of the analytes including polarity, volatility, and molecular
size, influence their interaction with both the stationary and mobile phases, consequently,
affecting their separation. The fundamental principle of gas chromatography is to utilise these
differential interactions in order to achieve distinct migration rates of analytes through the
column, which leads to effective separation of species (Bartle & Myers, 2002; Tranchida,
2019). The length and type of column, the pressure or flow rates in the mobile phase, and the
oven temperature ramp can all affect the separation. One of the most crucial decisions is
which column to choose because the molecular characteristics of the stationary phase

determine the degree of interaction between the analyte and column and, consequently, the
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retention duration (Pravallika, 2016). A chromatogram is a two-dimensional depiction of a
sequence of signals that illustrates the detected compounds organised by ascending elution
time on the x-axis and the detector signal of the compound (relative abundance) on the y-
axis, reflecting a characteristic of the constituent chemical (Bartle & Myers, 2002; Poole,
2019). For these reasons, gas chromatography remains one of the most widely used analytical
techniques for the separation and quantification of atmospheric VOCs in long-term air quality

monitoring networks.

2.2.2 Flame lonization Detector (FID)

After the separation stage, a detector is used to measure the analytes. The electron capture
detector (ECD), mass spectrometer (MS), and flame ionisation detector (FID) are among the
several types of detectors that can be employed. FID is usually the preferred detector for
guantitative analysis (McNair et al., 2019; Mondal et al., 2021) because it can directly compare
peaks in a chromatogram, measure organic substances at very low concentrations (10 -
13g/s), is easy to use, has a linearity response range of up to 107 g/s, is robust, inexpensive
to acquire and maintain, and has detection limits in the low pg. C/s (picogrammes carbon per

second).

The FID is a highly popular analytical GC detector that responds to organic compounds and is
a destructive mass-sensitive detector with a good linear dynamic range. It needs support
gases of hydrogen and air that burn slightly above a flame jet, as seen in Figure 2-2, with an
average air to hydrogen ratio of 10:1. A negatively polarised voltage is provided between the
jet tip and the collector electrode as the analyte elutes from the column, igniting in the flame
and generating ions and electrons. During the period, the number of ions created is
determined by the number of reduced carbon atoms that enter the detector per unit of time.
The space between the jet tip and the electrode is where a current flows due to electrons
created in the flame. A negatively charged collector picks up the positive ions, creating a
current that flows. This current is then amplified and converted into digital signals (Poole,

2015; Vozka et al., 2019).

Crucially, organic materials can be selectively detected in intricate atmospheric matrices since
the FID is insensitive to inorganic molecules (such as CO,, H,0, and NOx). A Schematic diagram

of the main components of GC-FID system and a Diagram of a flame ionization detector (FID)
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are shown in Figure 2-1, and Figure 2-2, respectively, from (Diane Turner, 2024b; Patricia

Atkins, 2022).
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Figure 2-1 A simplified diagram of a gas chromatograph showing: (1) carrier gas, (2) autosampler, (3)

inlet, (4) analytical column, (5) detector and (6) PC.
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Figure 2-2 Diagram of a flame ionization detector (FID).

2.2.3 Mass spectrometry (MS) detector
Mass spectrometry (MS) is another widely used detection technique coupled with gas

chromatography for the identification and quantification of VOCs. MS utilizes molecular
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fragmentation patterns to identify compounds, which makes it a highly important detection
method for complex atmospheric mixtures (Kdnnaste et al., 2014; McNair et al., 2019). Hence,
GC-MS is commonly applied in atmospheric chemistry studies where detailed speciation of

VOCs is required (Sobrado et al., 2016).

Following their elution from the gas chromatographic column, compounds enter the
ionisation chamber, commonly electron ionisation (El), of the mass spectrometer under high
vacuum conditions, where molecules being bombarded with high-energy electrons (typically
70 eV). Consequently, positively charged molecular ions as well as characteristic fragment
ions that are specific to each compound, are produced. These ions are then separated based
on to their mass-to-charge ratio (m/z) by utilizing a mass analyser (quadrupole, ion trap, or

time-of-flight analyser) and (De Hoffmann & Stroobant, 2007; Gross, 2011).

After that, the ion abundance is measured as the ions reach the detector, producing a mass
spectrum that represents the distribution of fragment ions. By comparing the resulting
spectra with reference libraries (such as NIST or Wiley), individual VOC species can be
accurately identified, even when compounds have similar chromatographic retention times.
Therefore, GC-MS is a reliable technique for the analysis of complex atmospheric VOC
mixtures where both compound identification and quantification are required (HajsSlova &

Cajka, 2007; B. Liu et al., 2024).

Although MS offers higher-level compound identification compared with FID, it has a
narrower linear dynamic range in general, and it is more complex and expensive to operate.
Therefore, GC-MS has been commonly used for qualitative identification and detailed
speciation, whereas GC—FID is still widely applied for the routine quantitative monitoring of
VOCs in long-term atmospheric measurements. (Pacchiarotta et al., 2010; Shuttleworth &
Johnson, 2022). A Schematic diagram of a GC/MS is shown in Figure 2-3, from (Diane Turner,
2024a).
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Figure 2-3 Schematic diagram of a gas chromatograph—mass spectrometer showing (1) carrier gas,
(2) autosampler, (3) inlet, (4) analytical column, (5) interface, (6) vacuum, (7) ion source, (8) mass
analyzer, (9) ion detector and (10) PC.

2.3 Methodology

2.3.1 Monitoring site description

The London Supersite monitoring station, located in Honor Oak Park within the Royal Borough
of Greenwich in the southeast area of London (51°26'58.9"N, 0°02'14.6"W). Site Address:
King's College Sports Ground Brockley Rise London SE23 1NW, ideally represents a suburban
background environment within the Greater London region. It is part of the UK Air Quality
Supersites network, funded by the UKRI Strategic Priorities Fund and managed, maintained
and operated by King’s College London in association with the Department for Environment,
Food and Rural Affairs (Defra) (UK Air, 2023). As a suburban monitoring site, it is typically
placed to monitor the air pollutants in a residential area with low traffic activity, and hence,
observing the impact of several pollution sources in the regional and metropolitan
background setup, which includes local, long-distance transported, and dispersed emissions
from all urban activities. The site is not dominated by any major primary emission sources
such as industrial facilities or heavily busy motorways (European Environment Agency), and
therefore it is ideally relevant for monitoring and evaluating baseline atmospheric pollutants
in London's suburban environment as shown in Figure 2-4 and Figure 2-5. The station is

equipped with advanced online instrumentation that monitor various ambient pollutants,
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including VOCs, , particulate matter (mass, number, and size distributions, PM1, PM4, PM2.5
and PM10), gases such as carbon monoxide (CO), nitrogen oxides (NOx), ozone (O3s), sulphur
dioxide (SO,), methane (CH4), carbon dioxide (CO,), ammonia (NHs), reactive nitrogen
compounds (NQOy), and meteorological variables (air temperature, humidity, pressure, wind
speed and direction, cloud cover and aerosol layer height), complying with established
protocols such as those outlined by the European Monitoring and Evaluation Programme
(EMEP) and the UK Automatic Urban and Rural Network (AURN). All that makes the
atmospheric measurements conducted at the London Supersite vital and reliable for
analysing the spatial and temporal patterns of urban air pollution and provide scientific based
evidence for regulatory, emission inventory evaluations and exposure analyses (McNabola et

al., 2011; Sokhi et al., 2022), in addition to its suitability for urban source apportionment

studies.

London Supersite \ k i | AN RS > 1 o T . ! iy Leoend
Sub urban background \ 5 Y "\." ; < \ 4 ¥ London Supersite
. \ f 4 » \ 7 2 ~ | v o
‘ < A 5 . . A XoP A ¢ / / : ’
’ X r
7

Figure 2-4 London Supersite, urban background environment (google earth).
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Figure 2-5 Geographical Location of the London Supersite within Greater London (google earth).

2.3.2 Dual GF-FID setup

A dual-column GC-FID (gas chromatography with flame ionization detection) analyser has
been used to monitor the ambient VOCs concentrations, including some oxygenated VOCs
(OVOCs), at the London supersite monitoring station, a suburban background environment
site (51°26'58.9"N 0°02'14.6"W). The system was configured, and the resulting data were
processed by Dr. Jim Hopkins, who designed the analytical platform to maximise the accuracy
and the reproducibility of VOCs quantification. As the instrumental configuration and
operational details have not been published yet, a comprehensive description of the setup

and methodology is provided in this section.

This method gets over the problems with single-column GC, especially when it comes to
differentiating oxygenated VOCs (OVOCs) from the more common hydrocarbon VOCs. Where
Dual-column GC can identify chemicals with the same polarity but different volatility within a
single analysis, one-dimensional GC cannot achieve it (Beens et al., 2000, 2001). This is a key
feature, specifically, in industrial and urban settings where intricate ambient samples are

presented.
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Additionally, the peak area in the dual column GC-FID has a higher capacity compared to the
single column one, and therefore dual columns GC has a higher sensitivity (X. Xu et al., 2003)
However, pre-treatment steps including water removal and optimising the injection
conditions are still necessary for accurate quantification of oxygenated and complex mixtures
(Melder et al., 2023), this pre-treatment steps can limit the analysis's volatility range that
result in carryover between samples. Separations typically take minutes to hours due to the
nature of chromatographic separations (Feldhausen et al., 2022; G. Ferndndez-Martinez et

al., 2000; T. G. Karl et al., 2007; US EPA, 1997).

The air samples were collected using a stainless-steel metal bellows pump from glass inlets at
the rooftop level via PTFE tubing with an outer diameter of % inch, at a controlled pressure of
5 psig. These samples were subsequently sent to a specially constructed thermal desorption
unit (TDU). A gas chromatograph (GC) Agilent 7890A with flame ionisation detectors (FID)
(Agilent Technology, 2023) was coupled to the TDU for analysis. Figure 2-6 illustrates the
schematic of the analytical flow channel. A dedicated software was used to control the
system's continuous operation, this software coordinated automated sequences that
included periodic analysis of calibration, blank gases, and ambient air samples. Additionally,
in order to preserve instrument performance, daily calibrations were conducted to account

for any sensitivity drifts.

Firstly, 500 mL sample volume was passed through a water removal trap, which was consisted
of a 30 cm length of 1/16" silica-coated stainless-steel tubing that was kept at -40 °C, where
moisture was removed by cryogenic freezing, with a mass flow controller controlling the flow
of the sample downstream of the water trap. Then, after purging at 25 mL min~" for 10
minutes, sampling was started by introducing the pre-concentration trap in-line. This trap
consisted of a 30 cm stainless steel tube coated with silica and filled with CarbopackTM X (40—
60 mesh) and CarbopackTM B (60—-80 mesh) adsorbents (Sigma-Aldrich, Germany) The tube
was kept at cryogenic temperatures lower than -120 °C. Following collection, the trap was
heated to -80 °C and purged for 4 minutes with hydrogen carrier gas in a forward direction to
eliminate CO,, which can obstruct the detection of VOC. Target compound desorption was
accomplished by switching the flow of the carrier gas and heating the trap to 190 °C for three
minutes. Following that, the analytes were transferred to a second cryogenic focus trap. This

trap, a 20 cm 1/32" stainless steel tube coated with silica and filled with the same adsorbents,
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was used to concentrate the analytes before they were quickly heated to 200 °C for thermal
desorption. For separation and detection, analytes were subsequently fed to the GC oven via
a 1 m fused silica capillary (250 um ID). The traps were back-flushed with carrier gas and
heated to 220 °C during GC analysis in order to remove any remaining organics, and the water
trap was back-flushed and heated to 100 °C in order to remove any moisture that had

accumulated.

The analytes then were passed into the GC through a 60 m VF-WAX column (150 um ID, 0.50
um film thickness; Agilent Technologies), which runs at a pressure of 22 psig and a carrier gas
flow rate of 3.5 mL min~". The unresolved analytes (C2—-C8 VOCs) that eluted from the WAX
column were first transferred via a Deans switch to a Na,SOs-deactivated Al,O3 porous-layer
open tubular (PLOT) column (50 m x 320 um ID, with a film thickness of 5 um) for separation
and FID detection. Next, the analytes were forwarded to the second FID. The Deans switch
approach focuses on eliminating any mechanical valves in the analytical flow path. Exposing
physical valves to elevated temperatures in the oven, makes flow switching a real challenge,
as mechanical issues such as material deterioration, leakage, and inadequate inertness can
cause potential issues. The Deans' switch principle, on the other hand is based on valveless
switching mechanism to adjust the pressure levels in a continuous network of flow resistors,
which the pressures and flows are controlled by valves located outside of the analytical flow
channel. Figure 2-7 presents the basic Deans’ switch diagram, where three Y-type press-fit
connectors make Deans switch a reliable process. A 3-way solenoid valve is connected to the
two outside connectors (1 and 3), when the carrier is fed to one of these two Y-connectors,

the other is turned off.

Figure 2-7 shows that carrier gas is supplied to connector 1. Here, connector 1 experiences
pressure due to the increased flow of carrier gas, as a result, connection 3 receives the GC
effluent and transfers it to the PLOT column and then to FID1 detector, meanwhile a pure
carrier gas is used to power the other detector. A countermeasure against diffusion into the
closed column line is the fourth minor restriction (Boeker et al, 2013).
A heart-cutting dual-column gas chromatographic system was used in this study where air
sample pass through a non-polar primary column (Aluminium Oxide (Al203) PLOT column),
and a high polarity secondary column (column (LOWOX)) offering the species independent

separation. The primary column separates compounds mainly based on polarity, but the
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initial few minutes of the chromatogram often contain a large number of unresolved
compounds with very similar polarity. These early-eluting compounds are then selectively
transferred, via a heart-cutting technique, to the secondary column, which separates them
based on their volatility. Compounds with similar polarity but different boiling points, which
were not resolved in the primary column, become separated in the secondary one, while the

remaining compounds continue to be resolved on the first column based on their polarity.

This setup is similar, generally, to comprehensive two-dimensional gas chromatography
(GCGC(), but it is different because it continuously modifies and moves small amounts of
sample from the first column to a second column at regular intervals (usually every 1-2

seconds), creating a structured 3D chromatogram from thousands of modulation cycles.
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Figure 2-6 Schematic representation of the sample analysis system and flow pathways utilised at
London supersite.
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Figure 2-7 Fundamental configuration of a Deans' switch with press-fit connectors (Boeker et al.,
2013).

The calibration of the instrument was done using 10-litre Target Gas (TG) cylinder that
contained a blend of 36 VOCs, all presented in Table 2-1, that were prepared by adding known
amounts of standards to evacuated cylinders and then pressurising them to 100 bar with pure
nitrogen. Each TG cylinder's contents were measured using a certified reference cylinder (No.
D933515) provided by the National Physical Laboratory (NPL) (National Physical Laboratory
(NPL)), Teddington, UK, in accordance with the Global Atmosphere Watch (GAW) scale for
VOCs (Global Atmosphere Watch). The quantification was carried out utilising a GC system
with a mass spectrometric detector. A similarly developed and certified standard replaced
each TG cylinder after it had been in use for up to 24 months. It is worth noting that in the
gas cylinders, 1,3-butadiene and isoprene exhibited instability. Therefore, a relative response
approach was employed to determine their levels, this method is commonly used in gas
chromatography for unstable or missing standards (Korban et al., 2022, 2024; Y. Kudo et al.,
2023). For similar reasons, this method was applied to oxygenated VOCs (acetaldehyde,
acetone, methanol, and ethanol). A schematic depiction of the GC configuration is presented

in Figure 2-8.
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Figure 2-8 Schematic representation of the thermal desorption unit (TDU) and the flow pathways
utilised at London supersite. The water trap (1), pre-concentration trap (2), and focus trap (3) are
depicted and marked within the cooling block of the unit.

2.3.3 VOCs Measurements uncertainties:

Many factors contribute to measurement uncertainties in the dual-column GC-FID monitoring
method. Firstly, the calibration gas concentration, which has 5% fixed uncertainties. The
volume of the ambient air sample also has a 5% uncertainty due to the mass flow
measurements process. The analyser reproducibility, which reflects instrument precision, can
be evaluated by repeated analyses of a calibration standard. It is typically expressed as the
relative standard deviation (RSD) from the mean and also accounts for uncertainties arising
from peak integration. Generally, the peak integration uncertainty is negligible in the high
concentration ranges (such as in calibration gas). However, it is highly variable and depends

on the chromatogram peak area, and it can be important near the detection limit range,
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where the measurements are detected at ppt levels. The data are reported as mixing ratios
with uncertainties including both the fixed components and the variable integration ones that
depends on the peak area and can be calculated for each analyser based on the experimental

data, using root-sum-square propagation as expressed in Equation 2-1:

Usotat = /U + Uty + Uy + U2 Equation 2-1

TEPTO - int
Where Uca is the calibration gas uncertainty, Usiow is the sampling volume uncertainty, Urepro

is the analyser reproducibility, and Uintis the integration uncertainty.

2.3.4 GCFID Data validation and verification:

The ambient mixing ratio of 36 VOC species has been measured using a dual-column GC-FID
at the London supersite since 2020. VOCs data from November 2022 to August 2023 were
obtained from this supersite, presented in Table 2-1, to for input to the source apportionment
analysis using US-PEA Positive Matrix Factorization 5 (PFM 5). This period was chosen as it
offers the most continuous data capture that properly represents VOCs emissions’ seasonality
patterns, mainly between summer and winter, despite missing data between February to May
2023. VOCs time series were examined to identify any data issues, such as instrument failures
or localised emission spikes, before being used by the PMF 5 model, in order to prevent

biasing the source apportionment findings.

Isoprene data were dropped, categorised as bad, from this study as there was no clear
seasonality of isoprene concentrations as shown in Figure 2-14, indicating issues with the data
guality or detection reliability. Isoprene is mainly emitted from biogenic sources, with various
physiological and environmental variables including leaf area index (LAl), ambient air
temperature, leaf age and UV, considerably impacting its emission rates (Mishra & Sinha,
2020). Although some studies have shown that anthropogenic sources play a key role in
isoprene emissions in highly polluted urban environments along with biogenic ones (Bryant
et al., 2023), it is not the case in our studied suburban site, and we still expect isoprene levels
to show clear seasonality patterns. Additionally, there were instrumental issues and doubts
about ethanol and benzene measurements, as their chromatographic peaks sometimes
overlapped. Consequently, ethanol and benzene data were categorised as invalid and

excluded from the PMF analysis.
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Table 2-1 Summary of VOCs measured at the London Supersite, including compound name, chemical
formula, chemical group, molecular weight, and mean and median mixing ratios (ppb).

VOC Name Chemical Chemical Molecular Mean Median Mixing
Formula Group Weight (g/mol) Mixing Ratio Ratio (ppb)
(ppb)

Ethane C2H6 Alkane 30.07 3.921 2.214
Propane C3H8 Alkane 44.1 1.413 0.820
iso-Butane C4H10 Alkane 58.12 0.706 0.306
n-Butane C4H10 Alkane 58.12 1.313 0.666
cyclo-Pentane C5H10 Alkane 70.1 0.049 0.032

(cycloalkane)

iso-Pentane C5H12 Alkane 72.15 0.401 0.234
n-Pentane C5H12 Alkane 72.15 0.171 0.112
Methyl_2_pentane C6H14 Alkane 86.18 0.108 0.068
Methyl_3_pentane C6H14 Alkane 86.18 0.070 0.043
n-Hexane C6H14 Alkane 86.18 0.061 0.038
n-Heptane C7H16 Alkane 100.21 0.043 0.029
2,2,4 Trimethylpentane C8H18 Alkane 114.23 0.019 0.011
n-Octane C8H18 Alkane 114.23 0.015 0.010
Ethene C2H4 Alkene 28.05 0.542 0.295
Propene C3H6 Alkene 42.08 0.138 0.058
Trans-2-butene CAHS8 Alkene 56.11 0.014 0.008
1-Butene C4H38 Alkene 56.11 0.030 0.017
Iso-Butene C4H8 Alkene 56.11 0.063 0.051
cis-2-butene C4H8 Alkene 56.11 0.011 0.007
1,3-butadiene C4H6 Alkene 54.09 0.011 0.004
Trans-2-pentene C5H10 Alkene 70.13 0.008 0.001
1-pentene C5H10 Alkene 70.13 0.008 0.003
Acetylene C2H2 Alkyne 26.04 0.318 0.180
Benzene C6H6 Aromatic 78.11 0.188 0.127
Toluene C7H8 Aromatic 92.14 0.318 0.199
Ethylbenzene C8H10 Aromatic 106.17 0.056 0.033
m-Xylene C8H10 Aromatic 106.17 0.124 0.062
p-Xylene C8H10 Aromatic 106.17 0.054 0.031
o-Xylene C8H10 Aromatic 106.17 0.067 0.038
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VOC Name Chemical Chemical Molecular Mean Median Mixing

Formula Group Weight (g/mol) Mixing Ratio Ratio (ppb)
(ppb)

1,3,5-Trimethylbenzene C9H12 Aromatic 120.19 0.012 0.004
1,2,4-Trimethylbenzene C9H12 Aromatic 120.19 0.050 0.021
1,2,3-Trimethylbenzene C9H12 Aromatic 120.19 0.016 0.008
Acetaldehyde C,H,0 Carbonyl 44,05 1.121 0.978
Acetone C3HeO Carbonyl 58.08 1.382 1.190
Ethanol C,HeO Alcohol 46.07 3.055 1.994
Isoprene C5H8 Diene 68.12 0.004 0.001
Total VOCs - Total - 15.88 10.414

Figure 2-9 to Figure 2-14 show the time series of selected VOCs (acetaldehyde, n-hexane,
methyl-3-pentane, iso-pentane, iso-butane, and isoprene) measured at the London Supersite
between November 2022 and August 2023. Each data point represents an individual GC
measurement cycle, illustrating the extreme concentration events, and occasional step

changes observed in the dataset.

69



Species Concentration

Species Concentrations
—— acetaldehyde

5 -5
4 -4
I }. ]
. || i
5§ ] i*l 179
gt | ] &
gt i 18
8 [ i ] S
i | :
2 - - 2
L 0h" i
¥ 1
[ ]
0- 1 1 1 1 1 I I 1 1 1 1 1 1 1 |

11/08/22 11/30/22 12122122 0113723 02/04/23 02/26/23 03/20/23 04111723 05/03/23 05/25/23 06/16/23 07/08/23 07/30/23 08/21/23

Figure 2-9 Time series of acetaldehyde concentrations (ppb) measured at the London Supersite between November 2022 and August 2023, based on
GC—FID cyclic measurements (1-1.2 hour resolution).
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Figure 2-10 Time series of n-hexane concentrations (ppb) measured at the London Supersite between November 2022 and August 2023, based on
GC—FID cyclic measurements (1-1.2 hour resolution).
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Figure 2-11 Time series of methyl_3_pentane concentrations (ppb) measured at the London Supersite between November 2022 and August 2023, based on
GC—FID cyclic measurements (1-1.2 hour resolution).
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Figure 2-12 Time series of iso pentane concentrations (ppb) measured at the London Supersite between November 2022 and August 2023, based on
GC—FID cyclic measurements (1-1.2 hour resolution).
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Figure 2-13 Time series of iso butane concentrations (ppb) measured at the London Supersite between November 2022 and August 2023, based on

GC—FID cyclic measurements (1-1.2 hour resolution).
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Figure 2-14 Time series of isoprene concentrations (ppb) measured at the London Supersite between November 2022 and August 2023, based on

GC—FID cyclic measurements (1-1.2 hour resolution).
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2.3.5 Positive Matrix factorization

In this study, ambient concentrations of VOCs were appointed to their corresponding sources
by utilising the U.S. EPA's Positive Matrix Factorisation (PMF) version 5.0 receptor model. A
matrix of residuals (E) and two non-negative matrices, the factor contribution matrix (G) and
the factor profile matrix (F) were created from a matrix of recorded pollutant concentrations
using multivariate factor analysis techniques. The relationship is mathematically expressed as

in Equation 2-2:

P
X;j = Z GiFyj + ei Equation 2-2
k=1

Xij denotes the measured concentration of species j in sample i, p signifies the number of
sources, Gik indicates the contribution of source k to sample i, Fk; represents the chemical
profile of source k, and e;; is the residual (Norris & Bai, 2014; Paatero & Tapper, 1994). The
PMF technique uses a least squares method to continuously adjust the values of the G and F
matrices in order to minimise the quality of fit parameter Q, defined as in Equation 2-3 :
Q — i i (e_if) Equation 2-3
i1 1 \ %

where sjj is the uncertainty linked to each observation Xi;. Non-negativity requirements are
imposed on both G and F matrices to guarantee physically meaningful solutions (Hopke,
2016). The scaling factor is the specified error value of the data point being fitted, and Q is
the sum of the squares of the scaled residuals. "Q Expected" (Qexp), a theoretical value of Q,

is equivalent to the degrees of freedom of the fitted data:

Qexp = Mn - p(m+n) Equation 2-4

A crucial stage in PMF analysis is to specify the optimal number of the solutions (factors) that
effectively reflect the appropriate sources, and ideally represent the data variability without
overfitting the data (including additional factors) which can lead a false factor splitting, in
which the relevant actual physically meaningful factors (sources) are separated into multiple
irrelevant factors (sources) (Ulbrich et al., 2008). To assess the goodness of model fit
(Q/Qexp), the accuracy of species profiles reproduced by the model was evaluated based on

the selected number of parameters. The chosen number of factors offers a statistically

76



consistent solution when the Q/Qexp ratio is close to one, which means that the genuine
inaccuracy in the measurements is accurately described by the estimation of errors in the

input error matrix (Abeleira et al., 2017).

Matrix values for concentration (X) and uncertainty (U) are essentially required in the PMF
input files. The method detection limit (MDL) and the error fraction were combined to

compute uncertainties using the following formula Equation 2-5:

Uj = Vf(l}.ﬁ % ﬂ-fDLJ)Z + (error_fraction x X%-j}Q Equation 2-5

For concentrations below the MDL, values were substituted with half the MDL, and

uncertainties were set at 5/6 multiplied by MDL (Kuo et al., 2014; Reff et al., 2007)

The EPA PMF model's signal-to-noise (S/N) ratio computation is crucial for evaluating each
species' reliability in the dataset. In the previous versions, the S/N was calculated by dividing
the total concentrations by the total uncertainty, which was considered generally effective.
However, that approach was biased, where species with a few high concentrations could
appear as "strong," and immoderate uncertainty values may lead to truly strong species being
categorised as "weak," which was a common issue in that practice. The computed signal was
further affected by slightly negative concentration values, which are typical in environmental
datasets. A revised S/N strategy was implemented in EPA PMF 5.0 to address these
constraints and better reflect each species' actual signal contribution, where only
concentration values that are greater than their corresponding uncertainties are regarded as
having a meaningful signal in the updated methodology. Consequently, the signal can be
calculated as the difference between the measured concentration (xi), and the signal (si), and

therefore, it may be distinguished from measurement noise using Equation 2-6:

r'-;,-j- =| LN ] X; > S Equation 2-6

This was then used to calculate S/N ratios. This guarantees that only statistically reliable
measurements impact species' classification, where concentrations below the uncertainty
threshold do not contribute to the signal. This approach improves both the accuracy and

consistency of species classification in PMF analysis by avoiding the overestimation or
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underestimation of S/N values due to the effects of outliers, negative readings, or overstated
uncertainty (Norris & Bai, 2014). Hence S/N is calculated as per Equation 2-7:

[_i ]j _ yn ;dﬁ Equation 2-7
2.3.6 PMF Factors Optimal Number Selection
The most critical step in PMF analysis is specifying the optimal number of PMF solutions, as it
possesses significant impact on the accuracy and explainability of source apportionment
results. Determining the optimal number of factors is a vital step in order to avoid
overestimating or underestimating the number of factors, which can lead to factor splitting
(introducing extra factors that have no physical meaning) or merging of disparate sources
(ambiguous or mixed profiles), respectively (Bressi et al., 2014). Various methods can be used
together to identify the optimal number of PMF solutions, including PMF generated
diagnostic indicators (Pernov et al., 2021), receptor area’s emission inventories (C. Song et al.,
2019), literature review (Zhao et al., 2020), and field investigations (Gu et al., 2020). However,
the diagnostic metrics derived from the PMF model are among the most commonly used
methods, which consist of: the correlation coefficient between observed and modelled
species’ concentrations, the Q value (PMF solution's goodness-of-fit metric) (Salameh et al.,
2016), the error estimation (EE) diagnostic index (measuring model uncertainty) (Pernov et
al., 2021), Fpeak rotational tools (assessing solution stability and interpretability) (Norris &
Bai, 2014), the distribution of scaled residuals (identifying potential model
misspecifications(Guan et al., 2020), and the physical interpretability and realism of resolved
source profiles (M. Wang et al., 2021). Defining the optimal number of solutions can be
achieved through the combination of these PMF tools, guaranteeing the statistical validity

and the physical meaning of the PMF outputs.

The coefficient of determination (R?) between the observed and modelled concentrations of
VOCs, provided by the PMF output, is obtained from an unweighted least-squares fit. High R?
values suggest a generally satisfactory model performance (Fan et al., 2021), but this may
not accurately reflect the actual relationships between the measured and modelled values.
Therefore, when evaluating the quality of PMF solutions, relying solely on R? can prove to be
an unreliable approach, and hence we used R? values just as an initial indication for the

optimal number of PMF solution (Factors) in this study. We then applied the three advanced
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error estimating (EE) procedures included in EPA PMF v5.0 to handle the main uncertainties
and ambiguities related to factor resolution: classical bootstrap (BS), displacement of factor
elements (DISP), and bootstrap enhanced by displacement (BS-DISP), as they provide
complementary information about the stability and dependability of resolved factors. Both
BS and BS-DISP tools are effective for characterising uncertainty in source profiles and
contributions, while the DISP tool is reliable for evaluating rotational ambiguity, a serious
challenge in receptor models (Hopke et al., 2023). A robust PMF solution can be achieved by
evaluating and combining these EE statistical tools together as they validate the
reproducibility and physical plausibility of the PMF solution. Additionally, we examined the
change in the normalized objective function value (Q/Qexp), When the steady decrease in
Q/Qexp slope becomes gradual or negligible with the addition of extra factors, this generally
indicates that the model has reached an optimal balance between underfitting and overfitting
(Brown et al., 2015; Hemann et al., 2008). It is worth noting that while Fpeak model runs
evaluates the rotational ambiguity, this strategy is considered subjective because of its

dependence on user interpretation and lack of statistical analysis (Yang et al., 2022).

Finally, a solution is considered robust when all factors are mapped in more than 80% of
bootstrap (BS) runs, and there is no rotational ambiguity or factor swapping in displacement

(DISP) analysis (Fan et al., 2021).

2.3.7 PMF Data Preparation

A total of 36 VOC species were monitored, resulting in 4,065 ambient VOC samples measured
between November 2022 and August 2023. Matrix values for associated concentration (X) in
mixing ratio units and uncertainty (U) were fed to the US EPA PMF 5.0 model. The time series
of each VOC was thoroughly examined prior to the PMF model's execution, in order to detect
and exclude any extreme observation events and step changes that could affect the accuracy
of the model performance. Rare events can skew the model's results and may not be
representative of typical source profiles, such as short-term spikes from unfamiliar sources,
where adding these extreme events could result in the identification of unrealistic factors or
alter the composition of physically meaningful existing ones. Likewise, including step changes,
usually related to instrumental issues, such as sudden, unexpected shift in the VOCs mixing
ratios, could introduce false sources. Therefore, all extreme events and step changes were

excluded. These were identified through visual screening of the time series prior to PMF
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analysis, extreme events were defined as short-duration concentration spikes substantially
exceeding the surrounding background levels while step changes were identified as sudden
changes in the baseline concentration that remained elevated or reduced over a sustained
period of consecutive measurements as shown in Figure 2-9 to Figure 2-13. All improved the
physical interpretation of the source profiles (Grover & Eatough, 2008). Any ambient sample
that contained a missing observation was entirely excluded (Su et al., 2019). In addition to the
calculated uncertainty described in Equation 2-5, an extra 5% modelling uncertainty was
added for all species in the PMF input in order to account for any unquantifiable issues not
captured by the experimental or the analytical uncertainties, this approach is advised in the
EPA PMF 5.0 recommendations to address unquantified sources of error such as sample
handling, interferences, and slight variations in detection limits over time. Adopting this
additional uncertainty mitigates overfitting and improves solution stability (Norris & Bai,
2014). Then we conducted two-stage analysis regarding species categories. Firstly, to
minimise their impact on model solutions, species with moderate data quality (S/N < 2) were
initially down weighted by a factor of 3 (status = "weak"), while species with low signal to
noise ratios (S/N < 1) were eliminated (status = "bad"). In the second stage, and after the
initial model run, we conducted thorough residual, scatter plot, and time series analyses
(observed against predicted), where poorly fitted species, those with scaled residuals higher
than 4.0 or unfitted peak concentrations in scatter or time series plots, were assigned to the
weak category (Brown et al.,, 2015b; Norris & Bai, 2014). These VOCs are acetylene,
cyclo_pentane, iso_pentane, methyl 2pentane, methyl 3pentane, n_heptane, n_hexane,
n_pentane, 1,2,3-Trimethylbenzene, 2,2,4 Trimethylbenzene, toluene, and trans 2pentene,

shown in Table 2-2.

Table 2-2 Summary of VOC input data used in the PMF model. Including signal-to-noise (S/N) ratios,
descriptive statistics (minimum, 25th percentile, median, 75th percentile, maximum mixing ratios)
and the percentage of samples included in modelling against total raw samples.

VOCs Species Category S/N  Min 25" Median 75 Max % % Raw
Modelled Samples

Samples
ethane Strong 10 0.77 153 2.20 3.66 8745 99% 100%
ethene Strong 9.9 0.01 0.14 0.29 0.63 6.66 99% 100%
propane Strong 10 0.05 0.43 0.1 156 22.13 99% 100%
propene Strong 9.6 0.01 0.04 0.06 0.10 2.96 99% 100%
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VOCs Species Category S/N  Min 25" Median 75% Max % % Raw
Modelled Samples

Samples
isobutane Strong 10 0.01 0.15 0.30 0.68 13.45 99% 100%
n-butane Strong 10 0.03 0.37 0.66 1.27 2321 9% 100%
acetylene Weak 7.6 0.02 0.11 0.18 0.34 3.86 99% 100%
Trans-2-butene Strong 5 0.00 0.01 o0.01 0.01 0.25 99% 100%
but_1 ene Strong 8 0.00 0.01 0.02 0.03 0.55 99% 100%
isobutene Strong 8.1 0.01 0.04 0.05 0.07 0.53 99% 100%
Cis-2-butene Strong 4.3 0.00 0.00 o0.01 0.01 0.19 99% 100%
cyclopentane Weak 7.3 0.01 0.02 o0.03 0.05 0.88 99% 100%
isopentane Weak 10 0.01 0.14 0.23 042 4.49 99% 100%
n_pentane Weak 10 0.01 0.07 0.11 0.19 1.65 99% 100%
buta_1_3_diene Strong 2.7 0.00 0.00 0.00 0.01 0.35 99% 100%
trans_2_pentene  Weak 1.4 0.00 0.00 0.00 0.00 0.19 99% 100%
pent_1 _ene Strong 23 0.00 0.00 0.00 0.01 0.19 99% 100%
methyl_2_pentane  Weak 9.9 0.00 0.04 0.07 012 1.14 99% 100%
methyl_3_pentane  Weak 9.1 0.00 0.03 0.04 0.08 0.72 99% 100%
isoprene Bad 0.8 0.00 0.00 0.00 0.00 0.11 0% 100%
n-hexane Weak 9.5 0.00 0.02 0.04 0.06 1.01 99% 100%
n-heptane Weak 9.1 0.00 0.02 0.03 0.05 047 99% 100%
tmp_224 Weak 6.1 0.00 0.01 o0.01 0.02 0.34 99% 100%
n_octane Strong 5.7 0.00 0.01 o0.01 0.02 0.14 99% 100%
benzene Bad 10 0.04 0.09 0.13 0.20 254 0% 100%
toluene Weak 10 0.02 0.12 0.20 034 3.72 99% 100%
ethylbenzene Strong 8.6 0.00 0.02 0.03 0.06 0.69 99% 100%
m-xylene Strong 9.3 0.00 0.03 0.06 0.12 1.98 99% 100%
p-xylene Strong 8.3 0.00 0.02 o0.03 0.06 0.70 99% 100%
o-xylene Strong 8.9 0.00 0.02 0.04 0.07 0.87 99% 100%
tmb_135 Strong 2.8 0.00 0.00 0.00 0.01 0.30 99% 100%
tmb_124 Strong 5.6 0.00 0.01 0.02 0.05 1.15 99% 100%
tmb_123 Weak 33 0.00 0.01 o0.01 0.02 0.31 99% 100%
acetaldehyde Strong 8.1 0.49 0.80 0.98 126 4.87 99% 100%
acetone Strong 8.2 0.39 0.84 1.19 1.65 7.62 99% 100%
ethanol Bad 8.2 0.29 135 1.99 340 3294 0% 100%
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VOCs Species Category S/N  Min 25" Median 75% Max % % Raw
Modelled Samples

Samples

TVOCs Weak 10 3.09 7.52 1037 16.2 21216 9% 100%

2.3.8 Evaluation of Ozone Formation Potential (OFP)

In order to determine the relative contribution of VOC sources to the photochemical
production of ozone, the ozone formation potential (OFP) for each PMF resolved VOC source
was estimated by calculating the sum of ambient concentration of each non-methane
hydrocarbon (NMHC) species within each factor multiplied by its relevant maximum

incremental reactivity (MIR) factor, using Equation 2-8:

mn

OFPSU’I’LWL‘(.‘ = Z[VOGI}SUUTCH >< j"{I‘RI
i=1

Equation 2-8

where [VOC] is the mass concentration of species i attributed in that source, and MIRi is the
maximum incremental reactivity of species i (g Os3/g VOC). Prior to the OFP calculation,
molecular weights and standard temperature and pressure (STP) assumptions were used to
convert VOC concentrations that were first reported in ppb to pg/m3, and the calculated

values are given in Table 2-3

2.3.9 Evaluation of Secondary Organic Aerosol Potential (SOAP) per Source

Using the secondary organic aerosol potential (SOAP) for each PMF-resolved source factor,
the relative contribution of VOC sources to the generation of secondary organic aerosols
(SOA) was estimated, where the mass concentration (ug/m?3) of each VOC species within a
source was multiplied by the corresponding SOAP factor that represents the relative potential
of that VOC to form SOA mass on a mass basis (relative to toluene =100), using the following

Equation 2-9:

n Equation 2-9
SOAPsourre = [Voci]source X SOAP:
i=1
where [VOCGi] is the mass concentration of species i attributed in that source, and SOAPi is the
SOA factor of speciesi (relative to toluene = 100). Similar to OFP, prior to the SOAP calculation,

molecular weight and standard temperature and pressure assumptions were used to convert
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VOC concentrations, originally reported in ppb, into pg/m3. The values used are illustrated in
Table 2-3.
Table 2-3 VOCs used in OFP and SOAP calculations, including molecular weights, maximum

incremental reactivity (MIR), and SOAP factors representing relative SOA formation potentials on a
mass basis (relative to toluene = 100).

VOCs MIR SOAP VOCs MIR SOAP
(g 0s/gVOC)*  factor® (g 0s/gVOC)*  factor®
Ethane 0.28 0.1 pent_1_ene 12.22 0
Ethene 9 1.3 methyl 2 pentane 1.5 0
propane 0.49 0 methyl 3 pentane 1.8 0.2
propene 11.67 1.6 n-hexane 1.24 0.1
isobutane 1.23 0 n-heptane 1.07 0.1
n-butane 1.15 0.3 tmp_224 1.26 0
acetylene 0.95 0.1 n-octane 0.9 0.8
Trans-2-butene 15.16 4 Toluene 4 100
but 1 ene 9.73 1.2 ethylbenzene 6.57 111.6
isobutene 6.29 1.2 m-xylene 9.75 84.5
Cis-2-butene 14.24 3.6 p-xylene 9.75 84.5
cyclopentane 2.39 0 o-xylene 7.64 95.5
isopentane 1.45 0.2 tmb_135 5.59 94.8
n_pentane 1.31 0.3 tmb_124 8.87 20.6
buta_1_3_diene 12.61 1.8 tmb_123 11.97 43.9
trans-2-pentene 10.56 3.1 acetaldehyde 6.54 0.6
- - - acetone 0.62 0.3

a; (CCR, 2001), b; (M. Song et al., 2018).

2.3.10 Conditional Bivariate Probability Function (CBPF) for source identification

Conditional bivariate probability function is a simple method for providing information about
potential pollution sources depending on their location distance and direction from a
monitoring point (Bennett et al., 2013). It mainly includes wind direction, wind speed and the
pollutant concentration to identify the probability of certain concertation percentile

associated with a specific wind direction following the Equation 2-10:
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CBPF (A6, Au) — _A0Aulcze Equation 2-10
TLAD. Au

where 6 is the wind sector; mag,au is the number of samples with wind speed Ay, whose
concentration C is higher than or equal to a specified concentration x from that wind sector;
and nag,au is the total number of samples from the same wind group (Uria-Tellaetxe & Carslaw,

2014).

2.4 Results and Discussions

2.4.1 Statistical Selection of PMF Optimal Factors Number

A series of base model runs were conducted using EPA PMF 5.0, evaluating factor numbers
from three to nine, where each solution was initially conducted by 20 base model runs using
a fixed seed number of 25 in order to ensure reproducibility and assess model stability. To
determine the most statistically appropriate solution the variation of Q(true)/Q(expected)
value as a function of the number of factors was evaluated. As presented in Figure 2-15 the
Q/Qexp ratio decreases steadily with increasing number of factors, starting from a high value
of 4.35 for a three-factor solution and dropping to 1.55 for the nine-factor solution. Although
this ongoing decline is anticipated given that models with more degrees of freedom are better
able to minimise residuals, the rate of improvement just gradually decreases after the seven-
factor solution, where the switch from six to seven factors lowers Q/Qexp to just below 2.0,
falling below the suggested threshold of 2, where Q/Qexp ratios near 1 are generally
indicative of an ideal solution; ratios below 2 are nevertheless acceptable and show a
reasonable agreement between observed and model-predicted values (Norris & Bai, 2014).
Furthermore, in the eight and nine-factor solutions, the Q/Qexp ratio drops to 1.71 and 1.55,

respectively.
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Evaluation of Q(true)/Qexp Value for Optimal Factor
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Figure 2-15 Evaluation of Q(true)/Q(exp) Value for Optimal PMF Factor Selection of VOCs sources in
London November 2022 to August 2023.

Secondly, the fluctuation in Q(Robust) and Q(True) values was assessed throughout 20 base

runs for 6,7 and 8-factor solutions to evaluate model stability as shown in Table 2-4.

The 6-factor solution had the most variation, with Q(True) ranging from 142,126 to 143,262
and Q(Robust) ranging from 135,867 to 139,087, a spread of more than 1,100 and 3,200 units,
respectively. This level of variation signifies possible rotational ambiguity, indicating that the
solution may lack complete stability (Norris & Bai, 2014). The 7-factor solution, in contrast,
showed outstanding consistency, with Q(True) values between 110,519 and 110,520 and
Q(Robust) values between 108,744 and 108,747; a difference of only 1 and 3 units,
respectively. This minimal variance confirms a highly stable and well-converged solution. With
Q(True) ranging from 88,927.1 to 88,928.1 and Q(Robust) ranging from 87,506.1 to 87,509.1;
varying by just 1 and 3 units, respectively, the 8-factor solution similarly showed high stability.
This indicates that both seven and eight-factor solutions could be statistically valid at this

stage.
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Table 2-4 Q Value Comparison for PMF 5.0: 6, 7 and 8- factor solution of VOCs sources in
London November 2022 to August 2023.

Factor Q(Robust) Q(Robust) Q(Robust) Q(True) Q(True) Q(True)

Solution Min Max Range Min Max Range
6 Factors 135867 139087 3220 142126 143262 1136
7 Factors 108744 108747 3 110519 110520 1
8 Factors 87506.1 87509.1 3 88927.1 889281 1

Then we progressed the 7 and 8-factor solutions for Error Estimation (EE) statistical analysis,
starting with Bootstrap (BS) to evaluate the stability and reproducibility of the identified
factors, where 100 BS runs were performed. The correlation of bootstrap factors to base
model factors explains the consistency of the solution during resampling, an essential

criterion for assessing the robustness of the factor structure.

In the seven-factor solution, all bootstrap factors correlated distinctly and solely with their
respective base factors, where every bootstrap factor mapped 100% to one base factor (with
the exception of Boot Factor 5, which mapped 98% to Factor 5 and had 1% cross-mapping to
Factors 1 and 3) as presented in Figure 2-16 (a), with no unmapped factor at all. The great
stability of the seven-factor solutions under data perturbation suggested by this clear and
unambiguous one-to-one mapping across all factors, indicates that this solution is a resilient
and interpretable PMF solution as it has a consistent factor structure that is insensitive to

slight variations in the input data.

In contrast, the 8-factor solution demonstrated relatively high degree of instability, as Boot
Factor 1 was mapped between Factor 1 (78%) and Factor 6 (22%) as shown in Figure 2-16 (b),
suggesting that some degree of factor ambiguity or overlap may exist, which indicates that
this solution does not have consistent factor structure and it is sensitive to slight variations in
the input data, and therefore the 8-factor solution was considered statistically not robust and

was not considered (Fan et al., 2021).
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Base model run nurber: 12
Number of bootstrap runs: laa
Bootstrap random seed: 25
Min. Correlation R-Value: 0.&
Humber of factors: 7
Extra modeling uncertainty (%): 5

Mapping of bootstrap factors to base factors:

Base Factor 1 Base Factor 2 Base Factor 2 Base Factor 4 Base Factor & Base Factor € Base Factor 7 Unmapped
Boot Factor

1 100 1] [x] 1] [x] 1] a (o]
Boot Factor 2 0 100 0 o 0 a o o
Boot Factor 3 0 o 100 o 0 a o o
Boot Factor 4 0 o 0 100 0 a o o
Boot Factor § 1 o 1 o 58 a o o
Boot Factor € 0 o 0 o 0 100 o o
Boot Factor 7 0 o 0 o 0 a 100 o
b
Base model run nurber: 14
Number of bootstrap runs: 100
Bootstrap random seed: 25
Min. Correlation R-Value: 0.€
¥umber of factors: 8
Extra modeling uncertainty (%): 5
Mapping of bootstrap factors to base factors:

Factor 1 Factor 2 Factor 3 Factor 4 Factor § Factor € Factor 7 Factor & Unmapped

Boot Factor 1 78 o [1} [1} a 22 0 o [1}
Boot Factor 2 0 100 [1} [1} a 0 0 o [1}
Boot Factor 3 0 o 100 [1} a 0 0 o [1}
Boot Factor 4 0 o [1} 100 a 0 0 o [1}
Boot Factor § 0 o 0 [1} 100 0 0 o [1}
Boot Factor € 0 o [1} [1} a EE] 0 1 [1}
Boot Factor 7 0 o [1} [1} a 0 100 o [1}
Boot Factor 8 0 o 0 [1} a i} 0 100 [1}

Figure 2-16 Base Model Bootstrap Results. Mapping of bootstrap factors to base factors for the 7-
factor PMF solution (a) and 8-factor PMF solution (b).

Additionally, the degree of rotational ambiguity associated with the resolved factor profiles
was assessed by conducting the DISP (Displacement Error Estimation) analysis using
increasing Q displacement thresholds (Qmax =4, 8, 15, and 25) on the 7-factor PMF solution,
where a successful execution was confirmed by the diagnostic error code being 0 with no
factor swaps occurring at any Qmax level and a largest observed Q drop of 0.000, which
strongly indicates that the solution lies at or near a global Q-minimum and is not susceptible
to alternative rotated solutions, a key marker of solution uniqueness and robustness as
presented in Figure 2-17. As per the PMF guidelines, EPA PMF charts default to dQmax = 4 for
routine diagnostics, and dQmax values of 4 and 8 generally produce the most cautious and

trustworthy estimates of error boundaries.

The results confirm that there is no evidence of instability or overlapping factor identities
observed, even at the highest tested dQmax value (25), providing high confidence in the
structural integrity of the factor solution. It is worth mentioning that DISP does not take into

consideration random observational errors or inaccurate uncertainty specification, even
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though it does capture the implications of rotational ambiguity. Therefore, poorly defined
uncertainty estimates may appear artificially wide if uncertainty estimates are poorly defined,
especially for weak or down-weighted species. However, the lack of swaps and 0% Q-
reduction across all examined displacements in this study confirms that the chosen 7-factor
solution is well-resolved, distinctly characterised, and appropriate for source interpretation

of our ambient VOC data.

Finally, the EPA PMF 5.0 error estimation concentration summary for the seven-factor
solution explains the uncertainty limits regarding species contributions to each factor, where
both DISP (which accounts for rotational ambiguity) and bootstrap (which accounts for
random sample variability) are used to calculate these uncertainty intervals, in which a
comparison of these two methods across factors reveals important differences in source
profile stability. As illustrated in Figure 2-17 the DISP-derived error bounds are more
consistent and narrower for all seven factors, which is consistent with the limited rotational
behaviour that has been verified by earlier diagnostics, while bootstrap intervals are generally
wider, especially for species with minimal contributions or those associated with several
factors such as ethane due to its long atmospheric life time and variety of its atmospheric
sources (Simpson et al., 2012) indicating random variability in the input data (Norris & Bai,

2014).

However, this analysis highlights the robustness and interpretability of the 7-factor PMF
solution for this VOC source apportionment study by confirming that, even though data-
driven variability may introduce greater uncertainty for specific species, the 7-factor solution

is still well-constrained under both rotational and sampling variability.

The impact of outliers on the optimal 7-factor PMF solution was also assessed by analysing
the difference between Q(True) and Q(Robust) in a representative run (Run 12), where the
Q(Robust) was 108,744 and Q(True) was 110,520. This low difference with Q(robust) only
1.6% lower than the Q(true) suggests that only a few outlier points with excessively large
residuals had an impact on the Q-value, and the robust algorithm performed effectively,
limiting the influence of outliers without changing the main structure of the solution (Brown

et al., 2015).
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Figure 2-17 Error Estimation Concentration Summary for all seven PMF factors (Run 12). The figure presents the uncertainty ranges of species
concentrations for each factor, derived from Bootstrap (BS, yellow bars) and DISP (blue bars) analyses. Black horizontal lines represent base run estimates.

DISP intervals reflect rotational ambiguity, while BS intervals represent random sampling uncertainty.
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2.4.2 Sources Profiles

The statistical robustness of the PMF solution as described in 2.4.1 (Statistical Selection of
PMF Optimal Factors Number) was combined with chemical compositions of factors profile
to confirm the interpretability of the PMF solution. Three supplementary PMF output
matrices were analysed to assess the interpretability of the resolved factors: species
concentrations, the percentage of each species allocated to each factor (% of species sum),
and the contribution of each species to the total factor mixing ratio (% of total variable).
Furthermore, factor profiles were compared to existing VOC source apportionment studies,
including Positive Matrix Factorisation (PMF) and tracer-based evaluations (Arsene et al.,
2009; Borbon et al., 2002; Borlaza-Lacoste et al., 2024; Kumar et al., 2020; Li et al., 2022; C.
Liu et al., 2017; Su et al., 2019; Ulbrich et al., 2008; Yuan et al., 2012; Zhao et al., 2020; Zheng
et al.,, 2019). These studies investigated VOC sources in a range of urban and suburban
environments across Europe, North America, and Asia, identifying common emission sources;
traffic exhaust, fuel evaporation, solvent use, industrial emissions, and biogenic sources
based on characteristic chemical tracers. Comparison with these published factor profiles and
tracer relationships helped to ensure that sources were both contextually suitable and
chemically reasonable. This multiapproach method made it possible to identify the sources
of VOC emissions that contribute to the urban background environment of London in a

reliable and literature-informed manner.

In addition to the chemical interpretation of factor profiles, the temporal variation of source
contributions was examined. In PMF, the source contribution represents the model-
estimated concentration of VOCs assigned to each resolved source factor at a given time
period, expressed in ppb as shown in Figure 2-19. Analysing the temporal behaviour of these
contributions helps to assess the identified sources seasonal and episodic patterns, providing

additional details that improve the interpretation confidence of the PMF factors.
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London Urban Background VOCs Sources’ Chemical Composition , Oct 22 to Aug 23
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Figure 2-18 Chemical profiles of VOC sources identified by Positive Matrix Factorisation (PMF) at a London urban background site (October 2022 — August
2023). Bar plots show the percentage contribution of each individual VOC species to each resolved source factor.
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Source Contributions Temporal Variation
Daily Mean, Median, and Smoothed Patterns (Oct 2022 — Aug 2023)
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Dashed = daily mean; solid gray = daily median; colored lines = Smooth trend (span = 0.2).
Figure 2-19 VOC source contributions’ temporal variation at the London urban background site between October 2022 and August 2023. Dashed black lines

represent the daily mean maxing ratio, the solid light grey lines show the daily median maxing ratio. both aggregated from ~1.2-hourly time-resolved data.
Coloured bold lines smoothed trends (span = 0.2).
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Source Contributions Diurnal Variation
Hourly Means with 95% Confidence Intervals (Oct 2022 — Aug 2023)
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Figure 2-20 VOC source contributions diurnal variation at the London urban background site, averaged by hour across the entire study period (October

2022 to August 2023). Solid coloured lines represent the hourly mean contribution for each factor; shaded ribbons show the 95% confidence intervals
around the mean.
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CPF — Commercial and Residential Fuel Combustion
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Figure 2-21 Conditional Probability Function (CPF) plots for 7 factor contributions identified
by the PMF model. Each plot shows the CPF calculated for the 75th percentile occurring
from specific wind directions and speeds.
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Factor 1 (Secondary Atmospheric Oxidation)

Factor 1 is defined by significant contributions from oxygenated volatile organic compounds
(OVOCs) particularly, acetone and acetaldehyde. These two species account for about 70%
and 55% of their total ambient mixing ratios in this factor as shown in Figure 2-18, and
comprise a significant fraction of the overall factor mixing ratio, distinguishing Factor 1 from
the other six factors. These two species are well established as secondary products of
atmospheric photochemistry through the photochemical degradation of anthropogenic and
biogenic VOC precursors such as ethanol, isobutane, alkenes, and isoprene, under high NOx
and solar radiation conditions (Millet et al., 2010; Seinfeld & Pandis, 2016; H. Singh et al.,
1994) with acetaldehyde mainly formed through the atmospheric oxidation of primary
anthropogenic precursors (Russo et al., 2010; Sommariva et al., 2011), in addition to its direct
emissions from ethanol-blended fuelled vehicle exhaust (Mellouki et al., 2015), while acetone
has equally important secondary and primary anthropogenic origins (Fischer et al., 2012;
Yafiez-Serrano et al., 2016) in urban areas. These two OVOC species have relatively different
atmospheric lifetime, with acetone lifetime ranging from 15 to 20 days while acetaldehyde
has a relatively shorter lifespan of up to one day (Atkinson, 2000b; Jacob et al., 2002), which
enable them to accumulate at regional scales and, following significant atmospheric
processing, build up in urban environments like London, not only from local emissions but
also due to their persistence in regionally aged air masses. Hence this source can be linked to

regionally aged air masses.

Factor 1 designation as a secondary atmospheric oxidation source is further supported by its
clear seasonal and distinct diurnal patterns, which are consistent with these mechanistic
routes. As illustrated in Figure 2-19, the seasonal trend in Factor 1 contribution shows a
consistent rise from early spring to hit its peak in summer, especially in June and July, this
then followed by a gradual decrease until autumn, which is a direct result of increased
photochemical activity in warmer months due to longer daylight hours, increase in
temperatures, and higher solar radiation levels which expedite photochemical processes. The
increase in precursor availability, greater biogenic emissions, and more effective
photochemical oxidation, all combined enhance the oxidation of VOC precursors and the
generation of OVOCs like acetone and acetaldehyde (Atkinson, 2000b; Jacob et al., 2002;

Millet et al., 2010; H. Singh et al., 1994). In addition to being higher in the summer, Factor 1
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showed several episodic peaks at times of high photochemical activity indicating a rapid in
situ oxidation of VOC precursors under favourable meteorological conditions, as confirmed

by the smooth trend shown in Figure 2-19.

Additional evidence for photochemical influence is demonstrated by the diurnal cycle of
Factor 1, as presented in Figure 2-20, The early morning hours (04:00—08:00) have the lowest
contributions, which then rapidly increased until reaching a peak at 13:00 local time, which
corresponds with the increase in the height of the boundary layer, solar irradiation, and
availability of OH radicals (L. Liu et al., 2022). This midday peak, which has been noted in urban
settings, is typical of OVOCs that are produced photochemically (Millet et al., 2010; H. Zheng
et al., 2018). Following its peak, the contribution slowly decreases over the evening and early
night, consistent with declining photochemical activity and potential loss through oxidation

and deposition, suggesting a low and stable background level of OVOCs.

Finally, the origin of air masses linked to this factor can be analysed spatially from the
Conditional Probability Function (CPF) plot at the 75th percentile threshold (2.9 ppb)
illustrated in Figure 2-21. The highest CPF probabilities (>0.5) were observed for winds from
the east to southeast sectors, particularly at moderate wind speeds of 3 to 6 m/s, suggesting
the transport of photochemically aged air masses from more distant upwind regions toward
the monitoring site. However, a secondary spot of elevated CPF values also emerges from the
southwest associated with high wind speed between 12 to 14 m/s, suggesting that this factor
is influenced by a number of transport channels, including air masses that pass over sub-urban
and semi-rural areas southwest of the city, in which a combination of atmospheric oxidation

and anthropogenic and biogenic precursor emissions may raise OVOC levels in certain areas.

The complex nature of such overlapping source processes emphasises the importance of PMF
analysis in separating the contributions of various source areas and mechanisms, particularly
for multifunctional secondary species like acetone and acetaldehyde. In contrast to time-
series analysis by itself, which is typically unable to distinguish between sources due to
concurrent temporal profiles, PMF is capable of unravelling mixed-source contributions and
achieving more accurate assignment of observed concentrations to both primary and

seconda ry sources.
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Based on its chemical composition, atmospheric lifetimes, diurnal and temporal patterns, and
conditional probability function, Factor 1 is confidently assigned to secondary atmospheric

oxidation source that represents regional photochemical processing of VOCs.

Factor 2 (Traffic Fuel Evaporation)

The main chemical composition of Factor 2, as presented in Figure 2-18, are light alkanes
which are commonly identified as important tracers of traffic related fuel evaporative sources
(Borlaza-Lacoste et al., 2024; Salameh et al., 2016; Xue et al., 2017), since petrol consists of
high concentrations of C4 and Cs alkanes, particularly isopentane (Y. Liu et al., 2008; Xue et
al., 2017). This factor contains light alkanes includes isobutane at about 66% of its total
amount across the 7 factors, n-butane, which is a key tracer for gasoline use in urban areas
as the gasoline evaporative is its major source in such environments (Tiwari et al., 2010), at
almost 60% of its total amount. Propane and iso-pentane contribution in this factor was about
39% and 34% respectively, both are key tracers for petrol powered vehicles and evaporative
emissions (Huang & Hsieh, 2019; Kumar et al., 2020). All the above-mentioned VOCs have
been well identified as unburned evaporative gasoline emissions (Arsene et al., 2009), where
these compounds are usually emitted by gasoline-powered vehicles through non-combustion
pathways such as refuelling losses, diurnal tank breathing, engine hot soak, and running losses
(Pandit et al., 2011). Additionally, this factor contained a small fraction of 2/3methyl-pentanes
at 20% each. It is worth mentioning that iso/n butane and iso/n-pentane can also be emitted
from non-aerosol personal care products (PCPs) (Yeoman & Lewis, 2021), however, their
association with fossil fuel related tracers such as 2- and 3-methylpentane provides clear

evidence that the dominant source of these compounds in this factor is gasoline evaporation.

With a contribution reaching its peak between December and March, Factor 2's seasonal
trend, shown in Figure 2-19, reveals an unexpected wintertime enhancement. Although,
evaporative emissions are generally linked to warm seasons due to higher vapour pressure
and ambient temperatures, nevertheless, this profile shows how a lower Boundary Layer
Height (BLH) and fewer photochemical oxidations during cold seasons can lead to increased
VOC concentrations in the atmosphere. This could indicate that the variations in atmospheric
BLH have a greater impact than other factors (Rajabi et al., 2020). Under such atmospheric
conditions, with negligible vertical dilution and atmospheric dispersion, VOCs emissions are

more likely to concentrate near the surface. Similarly, recent PMF study, conducted at a
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remote site in Corsica (north-western of Mediterranean Sea), reported the domination of
evaporative emissions during autumn and winter (Debevec et al., 2021). Crucially, the
persistence of these species aligns with their moderate to long lifetimes in the atmosphere.
Assuming average OH radical levels (1x10® molecules cm™), propane has an atmospheric
lifetime of around 13 days, n- and isobutane about 2 to 4 days, and iso-pentane about 1-2
days (Atkinson, 2000). This allow them to accumulate significantly in winter months,
particularly when photochemical loss pathways are inhibited by decreased solar radiation and

OH radical concentrations.

The daily trend, presented in Figure 2-20further supports this interpretation, with limited
vertical mixing due to low boundary layer height. Morning rush hour traffic coincides with a
noticeable peak about 8:00-10:00, then the factor contribution decreases due to enhanced
turbulence and convective mixing during midday period, another but less sharp peak occurred
around 20:00 represents both boundary layer reduction and evening traffic emissions. The
persistence of prominent levels in the morning and evening, especially throughout the winter,

is mainly due to the weather-controlled accumulation of slowly degrading VOCs.

Finally, as illustrated in Figure 2-21, the Conditional Probability Function (CPF) plot at the 75th
percentile threshold (1.9 ppb) can be used to investigate the origin of air masses contributing
to this factor, where calm wind speed conditions just below 2 m/s, are highly related with a
centralised area of maximum probability (CPF > 0.7) in the CPF distribution for Factor 2, which
suggests that emissions associated with this factor are mostly local in origin, coming from
sources close to the monitoring location, like parked cars experiencing evaporative losses,
adjacent petrol stations, or small scale fuel handling facilities. Under low boundary layer
height and weak wind dispersion during stagnant conditions, locally emitted VOCs have
minimal chance to mix with cleaner background air, and hence, elevated source contribution
occurred. This central probability signal is consistent with the temporal and diurnal trends of
this factor, which both show increased factor contribution under low boundary layer height

and stationary dispersion circumstances.

A secondary region of elevated CP about 0.4 from the east, associated with moderate wind
speeds 3 to 5 m/s, is also presented on the CPF plot, which could be a result of additional
contributions from commercial gasoline-handling zones or transportation routes east of the
site.
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Based on its chemical composition, diurnal and temporal patterns, and conditional probability
function, Factor 2 is confidently allocated to Traffic Fuel Evaporation source that represents

traffic-related evaporative VOCs sources.
Factor 3 (Industrial emissions)

The preponderance of highly reactive alkenes, including iso-butene at just above 69% of its
total amount across all factors, trans-2-butene at almost 66%, cis-2-butene at just nearly
66.8%, 1-butene at 36.5% 1,3-butadiene at 27.5%, and about 20% of acetaldehyde is a
defining feature of factor 3, as shown Figure 2-18. With a short atmospheric lifetime typically
of few hours (Atkinson, 2000b; Baker et al., 2005) these substances are distinctive markers of
fresh emissions. Butenes, which are versatile chemical compounds for industrial activities due
to their double bond, can be emitted into ambient air from various sources in urban and
suburban areas due to the combustion of fossil fuels and emissions from petrol plants and
refineries (Kilty & Sachtler, 1974; Lv et al., 2021; TEXAS COMMISSION ON ENVIRONMENTAL
QUALITY, 2008). Trans-2-butene and cis-2-butene are two isomers predominantly released to
the atmosphere from identical sources (Xue et al., 2020). Additionally, the presence of 1,3-
butadiene, a recognised incomplete combustion tracer, further indicates the association with
combustion emissions (Hughes, 2001). Finally, and despite its major presence in the
secondary atmospheric production (factorl), acetaldehyde (CHsCHO) can also be emitted
directly from a variety of anthropogenic and biogenic sources, with anthropogenic emissions
the key source in cities, particularly, stationary combustion and mobile sources (Dunmore et
al., 2016; Jailson de Andrade et al., 1998; Luecken et al., 2012). In addition, reactive alkenes
like butenes involve in rapid atmospheric oxidation process via reactions with hydroxyl
radicals (OH) and ozone (Os) (Atkinson & Arey, 2003). The ozonolysis of these alkenes cleaves
carbon-carbon double bonds, forming of Criegee intermediates, which eventually decompose
into various oxygenated volatile organic compounds (OVOCs) like acetaldehyde (Johnson &
Marston, 2008). The ozonolysis represents an important atmospheric sink for unsaturated
VOCs, as the reaction rate of some alkenes with ozone can be faster than their reaction with
OH, particularly under high ozone levels environments or during nighttime (Newland et al.,
2022). This means that the acetaldehyde associated with this factor could be also generated

from secondary formation via alkene ozonolysis in addition to direct primary emissions.
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However, these VOCs are also recognised as key tracers for vehicles tailpipe emissions (Ho,

Lee, Ho, Blake, Cheng, Li, Fung, et al., 2009; M. Song et al., 2018).

The seasonal pattern of Factor 3 reveals a clear winter increase from November to February,
followed by a gradual decrease during spring and summer as shown in Figure 2-19. Apart from
the obvious seasonal cycle, there are a number of episodic increases that occur during the
winter, suggesting sporadic but significant release events. The seasonal pattern is mainly due
to meteorological condition and atmospheric reactivity. In winter, the accumulation of short-
lived VOCs due to lower boundary layer heights and lower OH and Os concentrations align
with a recent seasonal study in Houston that reported a 20% increase in wintertime VOC
concentrations compared to summer, with alkenes being especially high (Sadeghi et al.,
2021). However, these key reactive species; iso-butene, 1-butene, and 1,3-butadiene
experience a relative drop in their concentrations during summer due to enhanced
photochemical oxidation, sinks via ozonolysis and greater atmospheric mixing, which explains
the higher seasonal contribution of this source in winter. While the observed peaks might be
the result of sporadic emissions from fuel handling, petrochemical processes, or industrial

processes involving heating.

As illustrated in Figure 2-20 this source has a diurnal fluctuation, where factor contribution
starts to rise dramatically at around 03:00 reaching their highest point between 8:00 and
12:00, and continue to be relatively high into the late morning. Industrial start-up operations
or morning shifts at adjacent sites could be the cause of this early spike, while reduced
emission rates and enhanced vertical mixing during peak atmospheric dispersion hours are
predicted to cause a slow fall from midday to 18:00. A combination of additional operational
peaks, nighttime process cycles, or changes in boundary layer dynamics that reduce dilution
may be responsible for the factor contribution's slight increase between 18:00 and 21:00. This
then followed by a period of lower industrial activity and stable overnight conditions sharp
decline after 21:00 occurs reaching its lowest point at approximately 03:00. This diurnal
profile does not reflect traffic-related sources that typically exhibit powerful bimodal peaks
during commuting hours. In contrast, it appears more compatible with operational or batch-
processing emissions, such as those from light manufacturing, airport support operations, or

gasoline handling infrastructure. The curve's shape, especially the early morning rise and wide
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midday plateau supports the continuous daily emissions pattern with atmospheric buildup

controlled by boundary layer dynamics (M. Song et al., 2018).

Factor 3's CPF plot, Figure 2-21, displays a dispersed non-local emission. Under the highest
wind speed, the west is the source of the strongest directional signal with CPF just above 0.6,
suggesting a substantial emission source upwind of the monitoring site, which is consistent
with Heathrow Airport's location, about 25 km to the west of the monitoring site, and the
light industrial sectors that surround it, both of which are known to release butenes and other
VOCs due to fuel storage, aircraft support services, and chemical handling (An et al., 2014).
This is supported by the recently published National Atmospheric Emissions Inventory (NAEI),
NMVOC Speciation Information 2025, which considers the industrial activities and aircraft
landing and take-off to be key sources for butenes in the UK (Richmond, 2025). The east,
southeast, and northwest also show secondary spots with lower CPF values between 0.3-0.4,
which may indicate that several industrial areas under various wind regimes contributed to
this source. It is further supported by the lack of a strong CPF signal in low wind circumstances
that Factor 3 is influenced by dispersed industrial activities related sources rather than by

adjacent sources like local traffic.

Based on its chemical composition, diurnal and temporal patterns, and conditional probability

function, Factor 3 is confidently allocated to Industrial emissions sources.
Factor 4 (Paint and Solvent emissions)

Factor 4, as shown in Figure 2-18, is distinguished by the significant contributions of aliphatic
species and aromatic hydrocarbons, which are generally linked to evaporative solvent
emissions. Around 50% of total Trimethylbenzenes (TMBs) mixing ratios present in this factor,
70% of m-xylene, around 50% of p- and o-xylene and 48% of toluene mixing ratios, in addition
to a notable contribution from n-heptane that has 42% of its total amount in this factor. These
chemicals are extensively recognised as key markers of paint, varnish, adhesive, and solvent
usage in both domestic and industrial sectors due to their volatility and solvation properties
(An et al., 2014; Chen et al., 2014; Jaimes-Palomera et al., 2016; C. Liu et al., 2017; Mugica et
al., 2002). Additionally, n-heptane, generally used in industrial facilities as a solvent and
cleaning agent (Xiong et al., 2020; Y. Xu et al., 2021), significant contribution indicates that

this factor represents emissions related to solvents from various settings. This fraction of total
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mixing ratio attributable to this factor and its overall species-level composition are in line with
its assignment to evaporative emissions from solvent and paint sources. It is worth
mentioning that traffic related activities, both evaporative and tailpipe emissions, is also a

possible source of these species (C. Song et al., 2020; Y. Zhang et al., 2013).

A clear seasonal pattern can be seen in the temporal profile of Factor 4 presented in Figure
2-19, with the biggest contributions taking place between November and February due to
reduced boundary layer heights (BLH) and limited atmospheric chemistry promote the
buildup of semi-volatile evaporative emissions which is reflected in this wintertime
enhancement (Debevec et al., 2021; Rajabi et al., 2020). The contributions progressively
decline after February, reaching a low point in spring (May), reflecting enhanced atmospheric
dispersion conditions. A minor increase in summer may correlate with occasional renovations

or industrial activities in the locality of the observatory.

A distinct bimodal structure can be seen in the diurnal pattern of Factor 4 (Figure 2-20) which
is possibly due to the cycles of interior ventilation and daily human activities. Early morning
operations like cleaning, maintenance, or industrial opening hours, all can lead to the first
peak that happens between 8:00 and 9:00, then the contributions progressively drop until
midday, reaching its lowest between 11:00 to 15:00, presumably due to increased air mixing
which has a negative correlation with pollutant levels (Sangiorgi et al., 2011; K. Zhang et al.,
2018). Furthermore, a rapid removal of aromatics with higher chemical reactivity occurs in
daytime due to their reactions with hydroxyl radicals (OH) (X. B. Li et al., 2022; C. Wu et al.,
2020). A subsequent increase is observed beginning in the middle of the afternoon and
peaking at around 17:00, which could be due to a decrease in atmospheric dilution and

degradation conditions as paint and solvent emissions continue.

The CPF plot for Factor 4, Figure 2-21, indicates a robust signal associated with calm
conditions, wind speed less than 2 m/s, with probability exceeding 0.7, suggesting localised
sources of paint and solvent emissions, presumably from indoor or nearby commercial
sources. A sustained low-level signal around 0.3 CP is evident under wind speeds of up to 4
m/s from almost all directions, further confirming the prevalence of distributed local sources,
such as small-scale domestic renovations and decorating. Furthermore, under 8 to 10 m/s
winds, a secondary hotspot appears from the east, with CPF values ranging from 0.5 to 0.6,
indicating contributions from farther-off light industrial or commercial sectors.
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Based on its chemical composition, diurnal and temporal patterns, and conditional probability
function, Factor 4 is identified as Paint and Solvent emissions, representing residential and

commercial sources.
Factor 5 (Regional Transport and Background Alkanes)

Ethane and propane, two long-lived, low-reactivity alkanes, dominate Factor 5’s chemical
composition, as shown in Figure 2-18, accounting for 63% and 46% of the total species
loadings within this factor, respectively. Both species can persist at regional to global scales
and accumulate in stagnant weather circumstances due to their atmospheric lifespan with
ethane lifetime ranging between 20 days in summer and two months in winter as its main
sink is reaction with OH radicals, and propane lifespan of 13 days (Derwent et al., 2012;
Rudolph & Ehhalt, 1981). The main source of atmospheric ethane. In the UK is fugitive
emission from natural gas distribution, while propane is not solely linked to natural gas
distribution emissions (AQEG, 2020; Derwent et al., 2017). Additionally, several intermediate-
lived hydrocarbons showed minimal contributions to this factor: n-butane and i-butane, along
with i-pentane, each contribute around 20% in addition to acetylene, which also contributes
about 23% of its total loading to Factor 5. Although these VOCs are moderately represented
in this factor, they contribute more significantly to other factors, and their contribution has

been ignored due to their negligible contribution compared to ethane and propane.

These relatively low contributions can be explained by the complexity of the urban
atmospheric environment, where a variety of spatially distributed and small-scale emission
sources including fuel storage or handling activities, micro-scale industrial activities, and
household combustion sources, can elevate species with comparatively low average
contributions. Therefore, source profiles may overlap or mix in such situations at short spatial
and temporal scales, which presents serious challenges for receptor models such as PMF.
Consequently, receptor models’ results must be analysed in light of the dynamic and

fragmented emission landscape that characterises urban environments.

A distinct seasonal cycle can be seen in the temporal variation of Factor 5 shown in Figure
2-19. This source contribution begins to rise in November, peak in January and February,
where limited sun exposure during the winter slows the oxidative loss of alkanes by reducing

the formation of OH radicals in addition to low winter boundary layer heights that limit
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vertical dispersion, which both promote near-surface VOC accumulation, leading to this
winter peaks (M. Li et al., 2022; Rajabi et al., 2020). The increase in Natural Gas (NG) use for
heating during these cold months also contributes to this factor winter peak. After that the
contribution steadily declined until falling to low, stable levels around 1-3 ppb in the summer
due to the increase in chemical removal and atmospheric mixing strengthened as a result of

the increase in solar intensity and boundary layer depth in summer.

Factor 5's diurnal profile, presented in Figure 2-20reveals high contributions during the night
and early morning (00:00-07:00), peaking between 04:00 and 05:00, then there was a steep
drop in this source contribution, with a minimum occurring between 13:00 and 15:00. This
pattern, which is comparable to the seasonal dynamics previously reported, is determined by
the daily change in OH radical concentrations and boundary layer height (BLH). Low OH levels
and a shallow boundary layer prevent oxidative loss and vertical mixing at night, allowing
long-lived alkanes like propane and ethane to build up close to the surface. Following sunrise,
solar heating raises the BLH and starts the creation of OH, which improves dispersion and
photochemical breakdown (WMO, 2007). This leads to the noted midday reduction in Factor
5 contribution. When taken as a whole, these temporal trends demonstrate that Factor 5 is a
background source that is oxidant-limited and regional in nature, influenced by

photochemical and climatic conditions rather than local emissions.

The CPF analysis for Factor 5, illustrated in Figure 2-21, identifies two primary characteristics:
a centre high-probability area >0.6, and an extensive west to south-westerly region with
increased probabilities linked to wind speeds of 10-12 m/s. The centre zone can be explained
by the localised natural gas fugitive emissions from natural gas distribution systems, in
addition to the overnight accumulation of the VOCs in low wind conditions and a shallow
nighttime boundary layer. On the other hand, the west to southwest sector where elevated
CPF values were associated with high wind speeds, indicates regional scale transported
emissions, and not variability in the urban background. Similar findings were reported in VOCs
transmission studies, where emissions associated with fossil fuel combustion and industrial
activities produced higher CPF values in specific wind directions, indicating transported
emissions (Gilman et al., 2013; Shan et al., 2025). Overall, the CPF indicates that both episodic

regional travel and nighttime meteorological conditions have a key impact on Factor 5.
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Based on its chemical composition, diurnal and temporal patterns, and conditional probability
function, Factor 5 can be confidently identified as Regional Transport and Background

Alkanes, mainly from natural gas origin.
Factor 6 (Vehicular Combustion — exhaust emissions)

This factor is dominated by ethene, acetylene and acetaldehyde, those have about 47%, 45%,
and 20% of their total loadings within this factor, respectively, as shown in Figure 2-18, These
species are highly indicative of direct emissions from internal combustion engines' tailpipes
as they are well-known combustion tracers, and all significantly contribute to the overall

chemical composition of this factor.

Ethene can be emitted from anthropogenic and biogenic sources in urban environments its
dominant source is combustion, particularly from road transport (Toon et al., 2018), where it
is mainly produced from combustion engines and has been widely recognised as a tracer for
gasoline powered Vehicles (Y. Liu et al.,, 2008). Ethene has been found to be a major
contributor to tailpipe emissions in a number of studies (Gentner et al., 2009, 2013). In
addition, several source apportionment studies have identified ethene as a main VOC in
traffic-related factors (An et al., 2014; Cai et al., 2010; Chen et al., 2014). Moreover, ethene
has also been identified as one of the most prevalent VOCs in real traffic situations using
tunnel measurements conducted in Nanjing and Hong Kong (Ho, et al., 2009; Q. Zhang et al.,
2018). Due to its relatively short atmospheric lifetime (1-3 days through OH oxidation),

ambient ethene levels generally indicate local traffic emissions (Olivella & Solé, 2004).

Unlike ethene, acetylene is primarily emitted by combustion activities and does not have any
biogenic, or evaporative sources (Stemmler et al., 2005; Suthawaree et al., 2010). Hence, its
atmospheric presence is directly linked to fuel burning, mainly in fuel-rich situations.
Consequently, acetylene is broadly considered a reliable traffic emission marker due to its
strong correlation with motor vehicle exhaust (Alam et al., 2024; Guicherit, 1997; Jobson et
al., 2004). Additionally, acetylene and ethene were reported among of the five most common
VOCs emitted from vehicles, according to tunnel-based observations study conducted in the
Shing Mun Tunnel in Hong Kong, which again highlight their importance as traffic emission
markers (Ho, et al., 2009). Similarly, when defining vehicle exhaust profiles, acetylene is

frequently grouped with ethene, and light alkanes as one of the primary markers of mobile
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sources in the larger hydrocarbon characterisation of traffic emissions (Araizaga et al., 2009;
Q. Zhang et al., 2018). Moreover, the association between ethene and acetylene provides an
accurate indicator of emissions from mobile sources (Sagebiel et al., 1996), where the ratio
of ethene to acetylene can reveal details about the vehicle's operating conditions, especially
whether a catalytic converter is operational, as this ratio under a functioning catalytic
converter should be ranging between 1 to 3, with a lower value implying the opposite
(Araizaga et al., 2009). The ethene to acetylene ratio in factor 6 was precisely 1.96, associated
with negligible contribution of one-ring aromatics, such as 1,2,4 TMB, 1,3,5 TMB, and 1,2,3
TMB, suggesting post-catalyst emissions from warm engines under normal driving conditions

(D. D. Huang et al., 2024).

Finally, and despite being primarily linked to secondary atmospheric production (factorl),
acetaldehyde (CHsCHO) can also be emitted directly from a variety of anthropogenic and
biogenic sources. Anthropogenic emissions are the key source in cities, particularly, stationary
combustion and mobile sources, such as gasoline-powered vehicles that use ethanol-blended
fuels (Dunmore et al., 2016; Jailson de Andrade et al., 1998; Luecken et al., 2012). In addition

to its secondary role in Factor 1, its notable presence in Factor 6 suggests vehicle emissions.

A clear seasonal pattern is observable in the temporal fluctuations of Factor 6, as illustrated
in Figure 2-19, where the contribution from this source increases sharply through November
and December with further peak around 2 to 3 ppb in January and February. As already
explained in the previous traffic related factors, wintertime peaks are associated with low
boundary layer heights and decreased photochemical activity, which encourage the near-
surface accumulation of VOCs linked to near surface emission sources. Subsequent to the
winter peak, the factor's contribution progressively declines during spring and stabilises at
reduced levels about 0.5 ppb throughout the summer months, due to enhanced air mixing
and higher photochemical degradation during the warmer months, which dilutes and

eliminates VOCs more effectively.

In line with increased vehicle activity and increased evening traffic, Factor 6's diurnal profile

Figure 2-20 shows a slow increase starting at 6:00 and a wide peak between 18:00 and 21:00,

the higher evening peak is a direct result of the atmospheric persistence of its primary

components, acetylene that has a lifetime of two weeks, and ethene that has a shorter but

still noteworthy lifetime of about 1.4 days (Atkinson, 2000b; Xiao et al., 2007), which enable
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emissions from the morning traffic peak to build up throughout the day and gather with the
evening traffic emissions. However, the noon dip, between 12:00 and 15:00, is less noticeable,
which could be due to the increased boundary layer mixing in addition to the partial
elimination by OH radicals and ozone. The shape of this profile supports the assumption that
Factor 6 is a combustion-related source primarily composed of engine vehicle exhaust, with

contributions increasing during the day but not rapidly degrading or dispersing.

Under light winds up to 4 m/s almost from all directions, the CPF plot for Factor 6 Figure 2-21
shows a concentrated, nearly uniform signal with high probabilities up to 0.45. This local,
spatially distributed emissions are reflected in the broad CPF signal, with wind-speed-limited
footprint, which is in line with normal transportation activity in the vicinity of the monitoring
station. In contrast to Factor 3, which indicates the effect of arterial corridors or main roads
and displays stronger directional signals at high wind speeds, Factor 6's more restricted
confined, consistent CPF pattern indicates the presence of adjacent dispersed traffic sources,
such as secondary or residential roads. Further evidence that Factor 6 is influenced by
background vehicle activity at the urban scale rather than concentrated fresh exhaust plumes
carried from a distance comes from the absence of a prevailing wind direction and the highest

CPF values under calm to low wind speeds.

Based on its chemical composition, diurnal and temporal patterns, and conditional probability
function, Factor 6 can be confidently identified as Vehicular Combustion — exhaust emissions

source.
Factor 7 (Commercial and Residential Fuel Combustion)

As shown in Figure 2-18, Factor 7 has high contributions from 1,3-butadiene, 2-pentene,
propene, 1-pentene, and 1-butene (68%, 70%, 60%, 51%, and 38% of their total loadings
within this factor%, respectively) along with the existence of acetylene, ethene and
trimethylbenzenes (TMBs). Together, these species, which are connected to a range of
combustion and evaporative sources, provide a profile that is consistent with emissions from

combustion activities.

The combustion of petrol and diesel is the main 1,3-butadiene emission source, which has
historically been linked to on-road traffic emissions (Dollard et al., 2001). However off-road

equipment and stationary combustion sources, also account for a sizable portion of the UK's
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1,3-butadiene emissions (NAEI, 2025). Additionally, 1,3-butadiene is also known to be
produced by burning wood and biomass (Barrefors & Petersson, 1995; Ye et al., 1998). These
activities are usually related to cooking and heating in homes and small businesses (AQEG,

2020).

Propene is a common byproduct of internal combustion processes and has been widely
employed as a marker of combustion emissions (An et al., 2014; Cai et al., 2010). Apart from
combustion, propene, 1-butene, cis-/trans-2-butene, and 1-pentene can also be release to
the atmosphere from fuel evaporation processes that use diesel, petrol, or LPG/NG (Geng et
al., 2009). However, butene in general has been linked to industrial combustion sources (Y.
Liu et al., 2008). Similarly, 1-butene has also been discovered as a byproduct of combustion
processes in industrial environments (Watson et al., 2001) and 36.5 % of 1-butene has been
assigned to Industrial emission factor 3 in this study. Acetylene has also been directly
associated with fuel burning (Alam et al., 2024; Jobson et al., 2004). All of ethene, propene,
acetylene, and isobutene can be used as incomplete combustion markers associated with

fuel-burning activities (Gentner et al., 2009, 2013).

Prior research has interpreted the high contribution of cis- and trans-pentenes and butenes
in related source profiles as indicative of evaporative emissions (Alam et al., 2024).
Nonetheless, the presence of combustion-associated species such as propene and butadiene
in Factor7, along with these unsaturated hydrocarbons, raises the prospect of mixed or

overlapping origins.

Finally, although not specifically diagnostic, the presence of trimethylbenzenes (TMBs)
indicates the possible contribution of aromatic species that could be connected to the

composition of fuel or evaporative processes related to combustion sources.

A noticeable seasonal trend can be seen in the temporal profile of Factor 7, Figure 2-19, with
peak contributions during colder months (November to March) and a noticeable reduction
during the warm months, when contributions are almost to background levels. This factor's
seasonality clearly indicates  heating-related combustion sources which are more active in
colder climates. With wintertime heightened levels are consistent with increased use of solid
and liquid fuels for space heating, in conjunction with low vertical mixing height and

atmospheric degradation. In contrast, the decline to near-background levels from May to
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August indicates a significant drop in heating demand, which is in line with these combustion
sources' seasonal operation, associated with enhanced atmospheric degradation and vertical
mixing conditions in warmer months. This temporal pattern further sets Factor 7 apart from
mobile traffic emissions, which often occur throughout the year, and links it with weather-
dependent, periodic combustion activities, which are typical of non-industrial fuel use in

buildings and off-road applications.

Factor 7's diurnal pattern presented in Figure 2-20 shows no distinct morning peak, and a
steady decline from around 09:00, reaching a minimum between 14:00 and 15:00, followed
by steady raise from early afternoon to a peak between 18:00 and 22:00, which is
incompatible with emissions linked to traffic activities and points to a non-road fuel
combustion source, like the burning of fuel in fixed off-road machinery or heating systems in
homes or businesses. With a strong evening increase and lack of a morning peak could be due
to building usage or heating during the colder hours. This diurnal pattern points to non-traffic
combustion activities, rather than mobile emission sources, as the main contributors to this

factor.

Factor 7's CPF plot displays two different high probability hotspots of around 0.7 shown in
Figure 2-21. The first is centred under calm wind conditions, suggesting that there is a local
source close to the monitoring location. However, the second one is to the east of the site
associated with moderate-to-high wind speeds between 8 to10 m/s, suggests contributions
from sources located downwind in commercial or mixed-use zones. This regionally oriented
signal points to non-road combustion activities, local and transported emissions, potentially
linked to commercial fuel burning and residential heating. Similarly, solvent-related, and
evaporative emissions factors also showed eastern hotspot which supports the existence of
mixed residential-commercial activity in that sector. The significance of the calm-wind
hotspot reinforces the evidence for a nearby emission source, typical of residential or small-
scale fuel consumption. These findings support the hypothesis that Factor 7 represents non-

industrial combustion emissions rather than mobile or industrial point sources.

Based on the chemical composition, temporal, and diurnal trend in addition to the CPF
analysis we have been identified this factor as stationary combustion sources mainly from

Residential, and Commercial fuel consumption.
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2.4.3 Sources Contribution to Total VOCs

The contributions of each VOC factor to the total average ambient VOC mixing ratio in London
is illustrated in Figure 2-22. Regional Transport and Background Alkanes (factor 5) accounted
for 28% of the total measured VOCs, making it the most abundant over the entire
measurement period. This illustrates the impact of aged air masses, regional-scale transport
processes in addition to the natural gas fugitive emissions on urban VOC concentrations,
especially in the presence of stagnant weather conditions. The second most abundant VOC
source was Secondary Atmospheric Oxidation (factor 1), which accounted for 18% of the total
measured VOCs, reflecting the substantial importance of atmospheric oxidation and
photochemical transformation of primary VOC precursors within the urban atmosphere.
Therefore, reflecting the importance of considering both direct emissions and secondary
production pathways in any VOC management regulations. On the other hand, anthropogenic
sources in the vicinity of the monitoring site were also crucial, where the traffic fuel
evaporation emissions from vehicle refuelling, diurnal evaporation, and fugitive losses from
fuel systems accounted for about 19% of the total VOCs mixing ratio. Paint and Solvent
Emissions, which include contributions from the use of solvents in homes, businesses, and
industries, accounted for 9 %, which is aligned with the extensive use of VOC-containing

products in urban settings.

Similarly, commercial, and residential fuel combustion accounted for 9 % of the overall
observed VOC mixing ratio, which comprises combustion emissions from space heating, and
small-scale fuel burning. These emissions are particularly significant during colder months and

in urban areas with a high residential building density.

Industrial emissions accounted for 9% of the total VOCs mixing ratio, this relatively small
contribution, generally includes both point and fugitive emissions from smaller-scale

industrial operations spread around the city.

The contribution from vehicular combustion-exhaust emissions, including both petrol and
diesel cars running under a variety of operation conditions throughout the London fleet, was
about 8%. Despite being lower than many other sources, reflecting the successful approach
of engine control technologies and Ultra Low Emission Zone (ULEZ) by reducing traffic related

emissions, it continues to be an important urban VOC contributor, particularly during
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congestion or cold-start scenarios. However, it is worth mentioning that collectively traffic
related VOCs emissions sources, both vehicular combustion-exhaust emissions and Traffic

fuel evaporative, account for 27% of VOC emissions in London’s atmosphere.

These findings show that VOCs in London have a complex origin, with significant contributions
from both local and regional processes. Consequently, reflecting the need for an integrated
approach to air quality management strategies that tackles not just vehicle and solvent
emissions, but also residential combustion and transboundary pollution. This is further
supported by the near equivalence between background/secondary sources and primary

anthropogenic emissions.

SOURCES CONTRIBUTION PERCENTAGE TO TVOCS
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Figure 2-22 Relative contributions of the seven PMF-resolved VOCs source to total measured VOC
mixing ratio over the entire measurement period at the London urban background site.

2.4.4 Secondary Organic Aerosol Potential (SOAP) of each VOC Sources

The results reveal significant variation in VOCs sources contribution to SOAP in the London
background monitoring site. With a SOAP-derived SOA potential of just above 129 ug SOA/m3,
Paint and solvent emissions, despite their relatively low contribution to the total VOCs
emissions by mixing ratio at just 9%, clearly dominate the total SOAP. This is mainly due to
the significantly high SOAP factors of aromatics associated with evaporative solvent use as
shown Figure 2-23, specifically aromatics, presented in this source compared to the rest of

other sources chemical composition. It is worth mentioning that Paint and solvent source, by
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itself, has a higher contribution to the total SOAP, than the rest of the six VOCs sources

combined.

Having a SOAP value of about 26.6 ug SOA/m3, secondary atmospheric oxidation source was
the second highest contributor, despite the relatively low SOAP factors of its major chemical
composition, acetone and acetaldehyde, this was elevated by the high mass concentrations
of this factor. The significance of atmospheric processing beyond direct emissions is
underscored by its contribution, especially in background conditions where oxidised organics
build up and play a leading role in the generation of aerosols. It is worth mentioning that
oxygenated VOCs (OVOCs) and SOA are two products of atmospheric oxidation process.
Consequently, the SOAP potential of this factor is lower, as part of the oxidation process has

already occurred.

Vehicular Combustion - Exhaust Emissions with calculated SOAP about 24.4 ug SOA/m3, and
Regional Transport and Background Alkanes with SOAP of 23.4 ug SOA/m?3 were the third, and
fourth largest contributors to SOAP, respectively. These sources are dominated by alkenes
and alkanes, which possess comparatively low relative SOA formation potentials, and
therefore, they have low contributions to SOAP compared to solvent-related emissions.
Similarly, Traffic Fuel Evaporation source with contribution of exact 18.0 ug SOA/m?3, played
a relatively minor role in the total SOAP, reflecting the low SOAP factors of its chemical

composition.

Lastly, the lowest SOAP contributors were commercial and residential fuel combustion and
industrial emissions sources, with values of 14.5 ug SOA/m? for and 14.3 pg SOA/m?3,
respectively. These results imply that although these sources release VOCs due to their
chemical profiles, and mass emissions values, would not significantly contribute to the total

SOAP.

In this study, the identification of aromatics as the dominant contributors to secondary
organic aerosol formation was only possible through compound-specific resolution, which
facilitated the separation of solvent-related evaporative emissions from combustion and
regional background sources. This illustrates the importance of high-resolution VOC

speciation in source apportionment and atmospheric reactivity assessments, otherwise the
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significant impact of solvent-related emissions on SOAP would be masked within the total

VOC burden.

Overall, the findings clearly confirm that the most significant VOC source category for SOA
formation in London background environment is evaporative emissions from solvent and
paint application, exceeding the combined contribution of all other sources, emphasising the
necessity of including solvent-related VOCs in urban air quality management plans, especially

in areas where classical combustion sources have already been partially reduced.

Secondary organic aerosolpotential (SOAP) per VOC
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Figure 2-23 Secondary Organic Aerosol Potential (SOAP) per PMF-resolved VOC source over the
entire measurement period at the London urban background site.

2.4.5 Ozone Formation Potential (OFP) per VOC Sources

Evaluation of the ozone formation potential (OFP) using PMF-resolved VOC factors offers vital
information on the photochemical effects of different emission sources. As illustrated in
Figure 2-24 the highest contributor to total OFP, with an estimated value of 12.7 pg Os/m?,
was the Paint and Solvent source, based on reactivity-weighted concentrations using
maximum incremental reactivity (MIR) factors. This is mainly due to highly reactive aromatics,
including ethylbenzene, xylenes, and toluene, which possess high MIR coefficients (Carter,
2010). The increased contribution from this source highlights the rising role of non-
combustion anthropogenic sources in urban ozone formation. The Secondary atmospheric
oxidation source had an OFP value was very close to the Paint and Solvent source, with an
overall OFP of just below 12 pg Os3/m3, dominated by photochemically processed OVOCs

particularly, acetone and acetaldehyde which are known to be key ozone precursors and
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oxidation products (N. Li et al., 2025; Yan et al., 2024), emphasising the importance of

secondary atmospheric oxidation products in local ozone levels formation.

With a contribution of almost 8 g 03/m3 from vehicular combustion and exhaust emissions,
the influence of traffic-related pollutants on urban ozone formation is still present, this
moderate OFP is consistent with the presence of reactive short-chain alkenes, including
acetylene and ethene. Although, vehicles after-treatment technologies and fleet emission
improvement have caused exhaust emissions to decrease over time, their photochemical
significance is still present (Lewis et al., 2020). The other source of traffic related VOCs
emissions, traffic fuel evaporation (Factor 2), had the fourth largest contribution to OFP by
7 g 03/m3. Together, traffic related emissions, tailpipe and fuel evaporative, had the largest
contribution to OFP in the studied environment. The OFP values from Industrial Emissions at
about 6.9 g 03/m3, and Commercial and Residential Fuel Combustion at 6.2 g 03/m3, were
comparable but less significant, mainly due to the low mass concentration of their

components.

Interestingly, although being the largest contributor to the total VOCs mixing ratio, Regional
Transportation and Background Alkanes had the lowest OFP, measuring just 4.75 pg Os/m3.
With a chemical profile dominated by long-lived VOCs, which typically have lower reactivity
than alkenes or aromatic hydrocarbons (Atkinson, 2000), this explains the minor contribution

to OFP from this source.

In metropolitan settings like London, where solvent usage, secondary processes, and local
traffic emissions are now the main contributors to OFP, and in order to comply with ozone air
quality regulations, future ozone mitigation strategies should prioritise the reduction of

reactive non-combustion VOCs emissions.
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Figure 2-24 Ozone Formation Potential (OFP) per PMF-resolved VOC source over the entire
measurement period at the London urban background site.

2.4.6 Research Limitations

Although this study offers a thorough and reliable source apportionment of VOCs at an urban
background site in London utilising PMF, it must be noted that this work has some limitations
because of instrumental constraints. Firstly, the determination of a specific biogenic emission
source was hampered by the unreliable detection of isoprene, as detected isoprene levels did
not exhibit a distinct seasonal trend, contrasting with their known emission dynamics that are
influenced by temperature and solar radiation and hence this PMF study did not include
isoprene data. At the time of writing, work is underway to understand and resolve these
limitations. This could be due to calibration gas standard's volatility and possible pre-
concentration losses during thermal desorption or chromatographic interference, which led

to a notable lack of biogenic emissions source contribution.

Additionally, the model input excluded all of methanol, ethanol, and benzene due to
instrumental peak separation issues, as there were overlapping chromatographic peaks that
made it difficult to quantify their precise peak areas. Although VOCs sources were still
detected using a variety of other specific sources’ tracer species, this lack of ethanol,
methanol and benzene may have limited the complete representation of oxygenated and
aromatic VOCs within their respective source profiles. This illustrates a few drawbacks of

using GC-FID techniques for source apportionment studies, as compound-specific resolution
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and standard stability are critical for accurate species identification, and consequently for
reliable interpretation of source profiles. The anticipated integration of a mass spectrometer
into the monitoring system would enhance compound-level resolution, especially for

oxygenated and aromatic VOCs, and would address these limitations in future analyses.

Finally, NO,, a commonly used as tracer of traffic-related emissions (Beevers et al., 2012), and
black carbon (BC), a well-established tracer of diesel combustion (Choi et al., 2021), data were
measured at the site, but they were not included in the PMF input matrix. The inclusion of
these co-emitted tracers could potentially improve source identification and interpretation,

mainly for traffic-related sources.
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2.5 Conclusion

This work used GC-FID VOCs data obtained from the London Supersite and the U.S. EPA
Positive Matrix Factorisation (PMF 5.0) receptor model to provide a thorough source
apportionment of VOCs in the background environment of London, where complex
interactions between primary anthropogenic, secondary, regional, and local VOC sources in
an urban background setting were reflected in the identification and interpretation of a
robust seven-factor solution. Regional transportation and background alkanes, secondary
atmospheric oxidation, traffic fuel evaporation, vehicle exhaust emissions, industrial
emissions, paint and solvent use, and commercial and residential fuel combustion activities
were the key sources that have been identified. The seven-factor solution demonstrated high
consistency and minimal rotational ambiguity, supporting the interpretation of the source
profiles, and was statistically confirmed using advanced error estimation approaches

(Bootstrap, DISP, and BS-DISP).

Regional transport and background alkanes, notably ethane and propane, had the largest
contribution (28%) to the overall measured VOC mixing ratio on average across the
measurement period, highlighting the impact of stable species and transboundary air mass
transport. This was followed by the vehicular sources, including traffic fuel evaporation and
exhaust, which accounted for 27%, underscoring the persistent importance of road traffic in
urban VOC profiles, despite the obvious efficacy of modern emission control measures like
exhaust control technologies and the Ultra-Low Emission Zone (ULEZ). Notably, secondary
atmospheric oxidation comprised 18%, indicating that photochemically produced VOCs from
both biogenic and anthropogenic precursors substantially influence urban background

concentrations, especially during the warmer months.

Source-specific evaluation of ozone formation potential (OFP) and secondary organic aerosol
potential (SOAP) indicates that emissions linked to solvents had the biggest potential for both
SOA and photochemical ozone production. In addition to paint and solvent emissions the
other main contributors to SOAP and OFP were the secondary oxidation source, Vehicular
exhaust, and traffic fuel evaporative emissions respectively, which indicates a transition from
fossil fuel combustion sources to evaporative and secondary sources of urban atmospheric
reactivity. The findings suggest that, especially during winter when air dispersion is limited,

VOC-related policy measures must consider solvent utilisation, traffic fuel evaporation,
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mainly from fuel storage, and home combustion in addition to the applied transportation

regulations.

In conclusion, the detection of biogenic emissions and key aromatic and oxygenated VOCs
(isoprene, ethanol, methanol, and benzene), was constrained by instrumental limitations.
However, we have tried tackle these issues through comprehensive model diagnostics
coupled with detailed chemical interpretation, in combination with validation against existing
literature, which collectively ensured that this study provides a robust and r reliable source
apportionment of VOCs at London’s urban background site. These findings are crucial for
developing tailored VOC management strategies that mitigate secondary organic aerosol and

ozone production in urban settings.
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Chapter 3

3 Seasonal Variability and Inter-City Comparison of Volatile Organic

Compounds in London and Birmingham
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3.1 Introduction

This chapter describes the analysis of VOCs seasonal variability in London 2023 and
Birmingham 2022, in addition to inter-site comparisons for summer 2023 and winter 2021
2022. These cities are the two largest urban areas in the UK, both experiencing significant
demographic and spatial evolution, and are known for their complex land use patterns,
dynamic urban landscapes, and extensive transportation networks, hence, they contribute
significantly to the nation's total anthropogenic VOCs emissions. However, because of their
varied population, geographic locations, and human activities, they present a valuable case
study to investigate how seasonal and spatial factors affect the composition and total

concentration of VOCs in two different urban environments.

With the 2022 mid-year estimate (MYE) population of about 8.95 million and 1.6 million in
London and Birmingham, respectively, (Birmingham city council, 2024; London Data Store,
2024), these two cities are home to 17.5% of the total England population (ONS, 2024). The
elevated urban population contributes, directly and indirectly, to VOC emissions due to higher
domestic fuel consumption, and solvent production and utilisation, which are highly positively
correlated with the city population and density. Moreover, energy demand for heating and
the use of goods that contain VOCs, such as paints, cleaning supplies, and personal hygiene
products, is greater in higher population centres, all of which are consider key sources of VOCs

emissions in the UK (NAEI, 2024).

About 19.4 billion vehicle miles were driven on London's 9,200 miles of roads in 2024, while
3.66 billion vehicle miles were driven in Birmingham in the same year (Department of
Transport, 2025). Together, the 23.06 billion vehicle miles from these two cities accounted
for about 8.0% of the 287 billion vehicle miles of road traffic in England in 2024 (Department
of Transport, 2025). These traffic statistics highlight the critical role that London and
Birmingham play in determining the country's VOCs emission profile and urban air quality
dynamics, especially considering the significance of land transport as a source of urban VOC

emissions through both exhaust and evaporative fugitive processes.

Non-traffic VOCs sources dominate the VOCs profile in both cities. Volatile Chemical Products
(VCPs) , including cleaning agents and personal care products, have become an import VOCs

emission source in London (Kelly et al., 2023; Vohra et al., 2021). In addition, commercial
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cooking and small-scale activities are also significant emission sources in London due to its

high population density compared to other UK cities (Vohra et al., 2021).

In contrast, industrial VOCs emissions in Birmingham dominate its VOCs profile reflecting its
higher concentration of manufacturing and point-source emissions (NAEI, 2025). However,
the contribution of VOCs emissions from household solvent use, in both cities, are becoming
a key emission factor, with alcohols now being the most abundant VOC group in their urban
backgrounds (Vohra et al., 2021). Furthermore, London, due to its geographical location, is
more exposed to transboundary VOC precursors from continental Europe (28%) compared to
Birmingham (16%), where domestic emission sources remain the major influence (Kelly et al.,

2023).

The substantially high population density of 10,660, 4,000 and 4,275 residents per square
kilometre in inner London, outer London and Birmingham, respectively, compared with
England’s average population density of 434 residents per square kilometre in 2021
(birmingham city council, 2022; Centre for London, 2023) in addition to the significant vehicle
traffic volumes of London and Birmingham, highlight their critical influence on the urban VOC
emission profile in the UK. Taking into account London’s higher population and more

congested traffic, suggests greater anthropogenic emissions than Birmingham.

Therefore, this chapter evaluates the changes in VOCs levels over a year within each city and
compares the patterns of VOCs from summer to summer and winter to winter in London and
Birmingham by evaluating the seasonal behaviour of ambient VOCs, considering the

variations in urban scale, traffic intensity, and geographic location.

3.2 Data and Methods

3.2.1 Site Descriptions

The VOCs data used in this chapter were measured and extracted from the Birmingham Air
Quality Supersite (BAQS) and London Honour Oak Park Supersite, two urban background sites
in the UK Air Quality Supersite network. This network main aim is to provide high-resolution
monitoring of the atmospheric composition in key UK cities. Initially, this project was funded
by the Natural Environment Research Council (NERC, part of UKRI) and was then supported
by the Department for Environment, Food and Rural Affairs (Defra) and the Environment

Agency (University of Birmingham, 2023).
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Section 2.3.1 presents a detailed description of the London Honour Oak Park urban
background supersite, located within a residential neighbourhood in southeast London and
influenced by diverse emission sources including traffic, residential heating, and regional

transportation.

Located at the University of Birmingham (52°27'19.8”N, 1°55'44.3"W), the Birmingham Air
Quality Supersite (BAQS), part of the West Midlands Air Quality Observatory, is a highly
instrumented urban background monitoring station. The site is equipped with a full range of
cutting-edge instruments for continuous atmospheric measurement. In addition to VOCs
measurements operated by the University of York, particulate matter (mass, number, and size
distributions, PM1, PM4, PM25 and PM1g), gases such as carbon monoxide (CO), nitrogen
oxides (NOx), ozone (0s), sulphur dioxide (SO,), methane (CH4), carbon dioxide (CO,),
ammonia (NHs), reactive nitrogen compounds (NOy), and meteorological variables (air
temperature, humidity, pressure, wind speed and direction, cloud cover and aerosol layer
height) are also monitored and measured at this site. This full range of atmospheric
measurements allows for the thorough investigation of detailed atmospheric processes,
regional atmospheric composition, sources of pollution, and variations in air quality trends,
which all have vitally important atmospheric implications. (University of Birmingham, 2023).
The geographical setting of the Birmingham Air Quality Supersite (BAQS) is shown in Figure
3-1.

Together, the London and Birmingham supersites facilitate high-quality VOCs measurements
for a comparable analysis of VOCs' seasonal variation and diurnal patterns between similar
urban environments across two different geographically located cities with different

populations and distinct patterns of anthropogenic and biogenic activity.
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Figure 3-1 Geographical location of the Birmingham Air Quality Supersite (BAQS), satellite image
from Google Earth imagery.

3.2.2 Species Selection and Measurement Method

VOCs measurements at the London and Birmingham urban background supersites were
conducted with a heart-cutting dual-column gas chromatograph equipped with flame
ionisation detection (GC-FID), as thoroughly explained in Chapter 2, Section 0. High-resolution
separation and quantification of a wide range of VOCs and OVOCs, with slightly over one-hour
time resolution and parts-per-trillion (ppt) detection limits was achieved by the thermal
desorption-based setup. Additionally, the dual-channel arrangement, consisting of non-polar
and polar capillary columns, enables the selective identification of alkanes, alkenes,
aromatics, and OVOCs, in addition to the heart-cutting process that facilitate the separation

of co-eluting species more effectively, especially in complex urban settings.

The best year (year with the most available data) within a site (intra-site) and the best winter
and summer, in term of data capture, of the same year between the two sites (inter-site)
comparisons were identified by analysing VOC data from the London and Birmingham
Supersites for the years 2021 to 2024. Preliminary time series screening was conducted in
order to find and eliminate any significant issues with data quality, such as extended or
recurring measurement gaps. Additionally, the data capture rate for each species was

calculated and evaluated both annually and seasonally in order to determine the best period
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of adequate temporal coverage. This procedure eventually informed the selection of specific
full years and seasons from specific years that would provide a reliable comparison between
locations (urban contrasts) as well as within individual sites (seasonal variation). As a result of
this method, the following measured VOCs were excluded from our analysis, and they did not

contribute to the total VOCs calculations.

e n-octane, a major gasoline component and is widely used as a tracer of petrol vehicle
emissions (Gentner et al., 2017): not measured at the London site (2021 to 2023) and absent
in Birmingham (2023 and 2024)

e n-heptane: only measured at the London site in 2024.

e Butanol: not measured at the Birmingham site.

e n-nonane: removed because of consistently poor rates of data capture, even during periods

with adequate coverage of most VOCs.

In order to facilitate direct comparison, a list of 32 validated VOC species, which were
consistent between the two sites, was employed in the analysis presented in this chapter, as
shown in Table 3-1.

Table 3-1 VOCs species by chemical group employed in this chapter analysis.

VOC Group Species

Alkanes Ethane, Propane, n-Butane, Isobutane, n-Pentane, Isopentane, n-Hexane,

Isooctane, cyclopentane, Methyl-2-pentane, Methyl-3-pentane

Alkenes ethene, propene, But-1-ene, cis-2-Butene, trans-2-Butene, Pent-1-ene, trans-

2-Pentene, 1,3-Butadiene, 2-methylpropene

Aromatic Benzene, Toluene, Ethylbenzene, m-Xylene, p-Xylene, o-xylene, 1,2,4-
Compounds Trimethylbenzene (tmb_124), 1,2,3-Trimethylbenzene (tmb_123), 1,3,5-
Trimethylbenzene (tmb_135)

Oxygenated VOCs Ethanol, Acetone, Acetaldehyde
(OVOCs)

Additionally, we employed an outlier trimming process based on percentiles for each VOC
time series to mitigate the influence of odd values on statistical analysis and data
presentation, and this approach also preserves the core distribution of the data. Outliers were
identified as values that fell below the first percentile or above the 98.5% percentile and were

removed from further analysis by replacing them with missing data (NA). It is worth

125



mentioning that these percentile values were chosen after a series of trimming calculations
and post trimming time series evaluation. By utilizing this trimming technique, we reduced
the impact of localised emission spikes and instrumental errors, on the statistical descriptors
that include mean, variance, and correlations. Moreover, percentile-based filtering is a
common approach in environmental and air quality studies, particularly in pollution
concentration trends research and machine learning applications for forecasting air quality

(Dash et al., 2023; Dongre et al., 2025).

Following the data screening and trimming processes mentioned above, London 2023 and
Birmingham 2022 were chosen for intra-site seasonal variation analysis due to their elevated
data capture and representative seasonal coverage, with data coverage of VOCs species
ranged between 90.8% and 94.5% in Birmingham 2022 and from 74.9% to 76.3% in London
2023, mainly due to instrumental issues at the London site during March and April. This
indicates that these years had fewer data gaps in both the summer and winter seasons. Figure
3-2, and Figure 3-3 present the time series of selected VOC species (ethane, ethanol, acetone,
and acetaldehyde) measured at the London supersite (2023), and the Birmingham supersite
(2022) using dual GC—FID (about 1.2 hour resolution). These compounds were selected to

illustrate the temporal variability of VOC concentrations.

For inter-site comparisons, two specific years were selected. Summer 2023, in which VOC
levels in both Birmingham and London were compared during the same photochemically
active season (Atkinson, 2000a; Pripdeevech et al., 2025), was chosen due to its high data
collection, covering almost all species of interest, with ranges between 97.0% and 99.9% in
London and 85.0% and 95.5% in Birmingham. However, London winter 2023 VOCs data
coverage was insufficient for winter comparison with Birmingham. Consequently, winter
2021-2022 (December 2021, January, and February 2022), was selected to compare the two
cities' wintertime VOC profiles, with the majority of species surpassing 90% data capture in
London during this period ranged between 87.8% and 95.2%. Similarly, Birmingham data
ranged from 81.5% to 92.2%. This winter coverage is adequate for site-to-site comparison in
DJF conditions, when boundary-layer height and photochemistry conditions are generally
comparable, and hence reducing, as possible, the effects from meteorological variability on

VOC concentrations.
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Time Series of Selected VOCs at the London Super Site (2023)
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Figure 3-2 Time series of selected VOC species (acetaldehyde, acetone, ethane, and ethanol) measured at the London supersite (2023).
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Time Series of Selected VOCs at the Birmingham SuperSite (2022)
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Figure 3-3 Time series of selected VOC species (acetaldehyde, acetone, ethane, and ethanol) measured at the Birmingham supersite (2022).
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3.3 Results and Discussion

3.3.1 London 2023 VOCs Seasonality

The results in Table 3-2 present the daily average seasonal (summer and winter) and annual
mean +/- standard deviation (SD) mixing ratios of measured VOC species in London 2023,
gathered based in their chemical group. It shows that VOCs daily means’ average mixing ratios
in winter were consistently higher than summer ones for all VOCs chemical groups, except for
oxygenated VOCs, with light alkanes and combustion alkene tracers showing the strongest
enhancement in their levels. Propane, for example, rose from 0.78 +/- 0.47 ppb in the summer
to 1.70 +/- 1.09 ppb in the winter. Likewise, ethane showed a winter mean of 4.37 +/- 2.78
ppb compared to 1.84 +/- 0.67 ppb in the summer. Which was also the case for n-butane, iso-
butane, ethene, propene, and acetylene (the only measured alkyne). All of these compounds
are directly associated with natural gas leaks, vehicle exhaust and fuel evaporative emissions

(AQEG, 2020; Gentner et al., 2013; Stemmler et al., 2005; Tiwari et al., 2010).

In contrast, two of three measured oxygenated VOCs, acetone and acetaldehyde, showed
higher daily mean values in summer (1.78 +/- 0.72, 1.20 +/- 0.42 ppb) than in winter (0.85 +/-
0.45, 0.87 +/- 0.30 ppb), respectively, reflecting their stronger influence from secondary
photochemical production in warmer months (Fischer et al.,, 2012; Russo et al., 2010).
However, ethanol, the third measured OVOC, showed smaller seasonal differences, with
slightly higher winter values, consistent with combustion emissions from ethanol-blended
gasoline-powered vehicle exhaust dominating in winter, and evaporative emissions from fuel

use and storage which dominating in summer (Dunmore et al., 2016; Floréncio et al., 2024)

Aromatics, specifically toluene and benzene, followed the overall winter enhancement trend,
which is consistent with lower photochemical loss rates during colder months when traffic
and solvent emissions strongly accumulate (Debevec et al., 2021; Rajabi et al., 2020; Sadeghi

et al.,, 2021).

As shown in Figure 3-4, in terms of the contribution by the chemical group, alkanes dominated
London's total observed VOC mixing ratio in 2023, accounting for 49% of the total annual
VOCs level based on the sum of daily means’ mixing ratio, followed by oxygenated VOCs
(OVOCs), which contributed by 38%. Aromatics and alkenes contributed only by 6% and 5%

of the annual total VOCs, respectively, whereas acetylene, the only measured alkyne, had the
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lowest contribution, at just 2%. However, as presented in Figure 3-5, these contributions
varied between winter and summer. Alkanes significantly contributed (by 57%) to total VOCs
levels in winter while they only accounted for 39% in summer. In contrast, oxygenated VOCs
had the highest contribution, among all groups, in summer (51%), but only 28% in winter.
Alkenes, aromatics, and alkynes had higher winter contribution of 6%, 6% and 3%, compared
to 4%, 5% and 1% in summer, respectively. Alkanes and OVOCs were the main contributors in
summer and winter seasons. The considerable alkanes’ contribution during winter, is mainly
due to the lower vertical mixing (BLH), and the less photochemical degradation rates, in
addition to the increase emissions from their main emission source (NG and traffic) (Derwent
et al., 2017; Salameh et al., 2016; Xue et al., 2017). In contrast, the highest contribution of
OVOCs during summer, is a direct result of the enhanced photochemical reactions (Jacob et

al., 2002; Millet et al., 2010).

As shown in the VOCs daily means’ mixing ratio seasonal distributions by chemical group
Figure 3-6, alkanes had the highest median and maximum in their distribution during the
winter months, while OVOCs had highest median and maximum values in summer. Notably,
excluding outliers, the summer alkanes distribution was comparable to the winter OVOCs
distribution. Aromatics, alkenes, and alkynes, despite their lower annual contributions,
showed distinct winter elevation distribution, compared to their summer levels, this could be
mainly due to higher boundary layer hight and enhanced photochemical degradation in

summer months (Atkinson, 2000a; Grange et al., 2021).

These distribution results confirm that the observed seasonal contributions are genuine and

not driven by extreme values.

Table 3-2 London 2023 Ambient VOCs Levels (daily mean average +/- standard deviation).

Group vOoC Summer (ppt) Winter (ppt) Annual (ppt)
ethane 1835 + 669 4370 + 2781 3035+ 2040

propane 778 £ 470 1700 + 1086 1211 + 897

n-butane 677 +376 1340 £ 1223 1029 + 867

isobutane 329 +225 746 + 745 550 + 526

isopentane 308 £ 212 354 £ 317 351 +£280

Alkanes n-pentane 134 + 86 178 + 134 159 + 114
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Group vVoC Summer (ppt) Winter (ppt) Annual (ppt)
methyl_2_ pentane 83+48 99+ 84 97 £ 69
methyl_3_pentane 53+32 65+ 54 63146

n-hexane 47 £28 62 + 46 55139
cyclopentane 42 +23 44 + 40 47 +32
ethene 243 £129 662 + 492 443 +363
propene 65133 138 + 135 97 £ 88
isobutene 59 +22 51+20 54 +22
but_1_ene 14t6 3026 2117
Alkenes iso-octane 11+7 19+15 16 £12
cis-2-butene 8+3 11+8 9t5
trans-2-butene 9t4 14+£10 11+7
pent_1 _ene 414 8+11 6t7
buta-1,3-diene 4+2 10+12 77
trans-2-pentene 2t4 7+12 4+8
Alkyne acetylene 122 +44 446 + 260 257 £ 202
toluene 221 +£118 304 £ 254 273 £195
benzene 131 +48 241 +113 179+94
m-xylene 67 £ 38 123 +122 88 £ 83
o-xylene 40+ 21 65 + 59 55+ 44
Aromatics p-xylene 35+20 54 + 50 47 + 38
ethylbenzene 35+19 56 £+ 50 47 + 38
tmb_124 26+18 50+ 53 40 £ 39
tmb_123 11+5 15+ 15 14+ 10
tmb_135 5t4 12+14 9+10
Oxygenated ethanol 2629 + 1247 2677 £ 2134 2661 + 1572
acetone 1779 £ 716 852 + 454 1418 +794
acetaldehyde 1199 + 424 871+301 1096 + 431
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Figure 3-4 VOCs chemical groups contributions to the total VOC mixing ratio
(based on the sum of VOCs daily means), London 2023.
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Figure 3-5 Summer and winter VOCs chemical groups contributions to the total VOC mixing ratio
(based on the sum of VOCs daily means), Summer (to the left), Winter(to the right), London 2023.
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Figure 3-6 Summer vs. Winter VOCs chemical group daily means distributions.
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Despite the exclusion of March and April from interpretation due to insufficient data
collection, and the missing data for almost half of February and October, these months were
analysed cautiously, London's monthly distribution of daily mean total VOC concentrations in
2023 as presented in Figure 3-7, shows a distinct seasonal pattern. Winter months, especially
January and February, had the highest concentrations and variability. February recorded the
highest VOC concentrations of the year, in terms of mean, median, and all quartiles, with a
median and mean concentration of about 18ppb and 22ppb, respectively, and a maximum
TVOCs daily mean concentration of about 46 ppb. Similarly, January showed higher levels with
a wider range of daily mixing ratios, but marginally lower than February. The winter high
concentration is a direct result of the combined effects of cold-season meteorology that
decreases air dispersion, and increased emissions from heating sources and vehicle exhausts,
which collectively contribute to pollutant accumulation (Rajabi et al., 2020). Moreover, as
shown in Figure 3-8, this seasonal accumulation is mostly driven by dramatic rises in alkane
concentrations, which were accompanied by noticeable increases in some oxygenated
volatile organic compounds. The overall VOC mixing ratio was further increased by the
relatively higher levels, compared to their levels across the entire year, of aromatics, alkynes,
and alkenes during these winter peaks. With TVOCs medians of approximately 15 and 14 ppb
and means of 18 and 15 ppb associating with broad interquartile ranges, a secondary peak in
was noted in September and November, where elevated concentration of both alkanes and
OVOCs, along with relatively high aromatics levels contributed to the September peak, as

illustrated in Figure 3-8.

Conversely, late spring to summer, May to August, exhibited decreased and more consistent
concentrations with monthly medians of total observed VOCs mixing ratio between 8 and 12
ppb, reflecting stronger air mixing and enhanced photochemical degradation (Seinfeld &
Pandis, 2016b; H. B. Singh et al., 1994), where the chemical group time series showed in Figure
3-8 indicates that this seasonal minimum was influenced by relatively reduced concentrations
of alkanes and oxygenated VOCs, despite a peak of OVOCs in the mid of June, similar to the
September one. Additionally, alkynes, alkenes, and aromatics all continued to be present in

relatively low concentrations in this season compared to their levels over the rest of the year.

Oddly, December concentrations were notably lower than the September and November

values, with December TVOCs mixing ratios’ distributions comparable to those in summer
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months, this could be due to the minimal contribution from oxygenated VOCs under the lack
of sunlight (X. B. Li et al., 2022) during this month in combination with meteorological
conditions, mainly wind speed, favouring greater dispersion of emitted VOCs (Rajabi et al.,
2020). Data obtained from London Heathrow meteorological station confirmed that
December 2023 mean and median wind speed were higher than November and September
as shown in Table-3-3 (Defra, 2024). Figure 3-9 shows the monthly Windrose for London
Heathrow Airport in 2023, illustrating the frequency distribution of hourly wind direction and
wind speed. The radial bars represent the percentage of time the wind originates from each

directional sector, while the colours indicate different wind speed classes (m s™).

Monthly Total VOCs Concentration Distribution, London 2023
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Figure 3-7 London 2023, monthly distribution of total VOCs concentrations (ppb), as sum of species
daily means, red dots: monthly mean concentrations, whiskers display the entire range, and boxes
show the interquartile range (IQR).
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London 2023 VOC Chemical Groups Over Time (Daily Avg)
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Figure 3-8 Time series of total VOCs, as sum of species’ daily means (ppb), in London 2023, grouped
by chemical group. Shaded areas represent the contribution of each group to the total VOC
concentrations.

Table 3-3 Monthly mean and median wind speeds (m/s) at Heathrow airport (2023), with percentage
differences showing the relative increase in December compared to September and November.

Month Mean Wind Median Wind Mean Difference Median
Speed (m/s) Speed (m/s) (%) Difference (%)
September, 2023 3.58 3.27 +52 +62
November 2023 4.23 3.77 +28 +41
December, 2023 5.42 5.30 -

(Defra, 2024).
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Monthly Wind Roses — London Heathrow Airport (2023)
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Figure 3-9 Monthly Windrose showing the frequency distribution of hourly wind direction and wind
speed measured at London Heathrow Airport during 2023.

3.3.2 London 2023 Ten Most Abundant VOCs

The ten most abundant measured VOCs at the London urban background supersite in 2023,
accounted for 89.7% of the total VOCs mixing ratio calculated as the sum of daily means
mixing ratios of all the 32 species over the year, as illustrated in Table 3-4. Ethane, the most
dominant VOC, accounted for 22.6% of the total observed mixing ratio, closely followed by
ethanol, which contributed 19.8%, and acetone which accounted for 10.5% of the TVOCs
concentration. These three species, accumulatively, had a share of more than half of the total
VOCs levels at 52.9%. Other significant contributors were propane, acetaldehyde, and n-

butane, which contributed for 9.0%, 8.1%, and 7.6% of the TVOCs concentrations,

136



respectively. Followed by less significant contributors to the TVOCs mixing ratio; iso-butane

by 4.1%, ethene by 3.3%, iso-pentane by 2.6%, and toluene only by 2.0%.

These fractions indicate a substantial influence from non-combustion sources, with
oxygenated VOCs (ethanol, acetone, and acetaldehyde) together representing 38.4% of the
total VOCs, with secondary photochemical reactions, fuel evaporation, and solvent use all
significantly contributing to the atmospheric levels of these oxygenated VOCs in urban areas
(Dunmore et al., 2016; Jaimes-Palomera et al., 2016; Russo et al., 2010; Yafiez-Serrano et al.,
2016), in addition to their emissions form incomplete fuel combustion sources. Moreover,
non-combustion related alkanes (ethane, propane and n/iso butane, and iso-pentane)
accounted for 45.9%, the presence of these alkanes mainly refers to natural gas handling, fuel
evaporative and the use of non-aerosol personal products (AQEG, 2020), in addition to their
minor combustion related sources. Alkenes (ethene) accounted only by 3%, pointing directly

to combustion-related emissions (Cai et al., 2010; Gentner et al., 2013; Q. Zhang et al., 2018).

The seasonal analysis of these top ten VOCs, as presented in Figure 3-10, revealed distinct
variations in composition between summer and winter. With mean concentrations of 4.2 ppb,
ethane showed a significant winter enhancement and had the highest mixing ratio in this
season. On the other hand, ethanol, even though it showed lower seasonal variability in its
mean concentration indicating consistent emissions from various sources across the entire
year, but slightly higher medians in summer, it was the most abundant VOC in summer with
a mean concentration of 2.6 ppb. Acetone was notably elevated in summer, and similarly
acetaldehyde was, indicating strong photochemical and secondary production. Propane, n-
butane, iso-butane and ethene displayed higher winter means, reflecting stronger primary
emissions. On the other hand, toluene and isopentane, the 9t and 10" most abundant VOCs,
slightly varied between the two seasons, but still had higher winter means than summer ones,

consistent with mixed traffic and solvent-related sources.

The seasonal variations suggest that winter VOC concentrations in London are predominantly
affected by primary emissions and weak air dispersion. In contrast, summer enhancement in
oxygenated VOCs indicates elevated photochemical activity and secondary production

processes.
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Table 3-4 The most ten abundant VOCs measured at the London urban background supersite in
2023, and their contribution to the total VOCs mixing ratio, calculated as the sum of daily mean
mixing ratios of all 32 species over the year.

Rank vOoC Contribution (%) to Cumulative (%)
TVOCs
1 Ethane 22.60% 22.60%
2 Ethanol 19.80% 42.40%
3 Acetone 10.50% 52.90%
4 Propane 9.00% 61.90%
5 Acetaldehyde 8.10% 70.00%
6 n-Butane 7.60% 77.60%
7 iso-Butane 4.10% 81.70%
8 Ethene 3.30% 85.00%
9 iso-Pentane 2.60% 87.60%
10 Toluene 2.00% 89.70%
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Figure 3-10 London 2023, Most 10 abundant VOCs, and their seasonal variation between summer
and winter. Bars represent the daily means values, and black dots present daily medians for each
VOcC.

Although this chapter mainly focuses on the seasonal variability and inter-city comparison of
VOCs concentrations between London and Birmingham, an additional analysis was conducted
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to rank the ten most important VOC species based on their ozone formation potential (OFP)
and secondary organic aerosol potential (SOA), in order to identify the key compounds that
most strongly influence secondary pollutant formation. These calculations were conducted as
described in 2.3.8 and 2.3.9 for each individual VOC. Table 3-5 presents the ten VOC species
with the largest contributions to ozone formation potential (OFP) and secondary organic
aerosol potential (SOAP), calculated using the 2023 annual mean VOC concentrations
measured at the London supersite together with MIR and SOAP factor. Acetaldehyde
dominates the OFP, contributing 22.3% of the total OFP. Along with ethanol, ethene, and
toluene, these four VOCs account for 50% of the total OFP. Moreover, the ten VOCs with the

largest contributions to OFP collectively account for 75.8% of the total OFP in London in 2023.

On the other hand, toluene dominates the SOAP, accounting for 35.7% of the total SOAP.
This is followed by benzene and m-xylene, together cumulatively contribute 66% of the total
SOAP. Moreover, the ten VOCs with the largest contributions to SOAP collectively account for
98.3% of the total SOAP in London in 2023.

It is worth noting that four VOCs (m-xylene, p-xylene, o-xylene, and propene) out of the most
ten species contributing OFP, and seven VOCs (benzene, m-xylene, ethylbenzene, p-xylene,
o-xylene, 1,2,4-trimethylbenzene, and 1,3,5-trimethylbenzene) out of the ten species
contributing most to SOAP, are not among the ten most abundant VOCs measured at the
London urban background supersite. Similar to our findings in sections 2.4.4, and 2.4.5, these
results highlight the importance of considering VOC chemical reactivity and aerosol-forming
efficiency, rather than ambient concentrations alone, when assessing their impacts on
atmospheric chemistry and human health.

Table 3-5 Ranking of the ten most VOC species contributing to ozone formation potential (OFP) and

secondary organic aerosol potential (SOAP), calculated using the annual mean VOC concentrations
measured in London supersite in 2023 together with MIR and SOAP factor.

Ranking VOC Contribution (%) Ranking VvOC Contribution (%)
Based on to Total OFP Based on to Total SOAP
OFP SOAP
1 Acetaldehyde 22.3% 1 Toluene 35.7%
2 Ethanol 13.2% 2 Benzene 18.6%
3 Ethene 7.8% 3 m-Xylene 11.6%
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Ranking VvOC Contribution (%) Ranking VvOC Contribution (%)

Based on to Total OFP Based on to Total SOAP
OFP SOAP
4 Toluene 7.0% 4 Ethylbenzene 8.5%
5 m-Xylene 6.5% 5 p-Xylene 7.7%
6 n-Butane 4.8% 6 o-Xylene 7.3%
7 p-Xylene 4.4% 7 1,2,4-TMB 6.5%
8 Acetone 3.6% 8 Ethanol 1.1%
9 Propene 3.5% 9 1,3,5-TMB 0.8%
10 o-Xylene 2.9% 10 Acetaldehyde 0.4%

3.3.3 Birmingham 2022 VOCs Seasonality

The daily mean seasonal (summer and winter) and annual mean +/- standard deviation (SD)
mixing ratios of measured VOC species in Birmingham 2022, grouped by chemical function,
as presented in Table 3-6 shows that similar to the London case, winter concentrations were
generally higher than summer for most VOC chemical groups, apart from OVOCs. However,

this seasonal boost was stronger for light alkanes and fossil fuel combustion -related alkenes.

Ethane’s daily mean almost doubled in winter increasing from 1.75 +/- 0.70 ppb in summer
to 3.10 +/- 1.29 ppb in winter. Similarly, propane’ daily mean rose from 0.60 +/- 0.30 ppb in
summer to 1.32 +/- 0.56 ppb in winter. These trends were evident for n-butane, iso-butane,
ethene, propene, and acetylene (the only measured alkyne). These species are well-known
tracers of natural gas fugitive emissions, land transport emissions (both exhaust and fuel

evaporative) (AQEG, 2020; Gentner et al., 2013; Stemmler et al., 2005; Tiwari et al., 2010).

In contrast, the daily means of all measured oxygenated VOCs were higher in summer than
in winter. However, acetone and acetaldehyde summer levels 1.85 +/- 0.67 ppb and 0.96 +/-
0.37 ppb, respectively, were considerably higher than their winter levels, 0.77 +/- 0.18 ppb,
and 0.65 +/- 0.19 ppb, respectively, indicating a strong impact from secondary photochemical
production during warmer and sunnier days (Fischer et al., 2012; Russo et al., 2010). Unlike
London 2023 where ethanol levels were slightly higher in winter than summer, Birmingham
2022 ethanol summer daily mean of 1.58 +/- 0.69 ppb were marginally higher than its winter

value of 1.39 +/- 0.69 ppb, this can be explained by the combined contributions from both
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combustion emissions from ethanol blended gasoline-powered vehicles that are often higher
in winter, in addition to fuel evaporative emissions, and less importantly secondary
atmospheric oxidation production that increase in the summer season (Kirstine & Galbally,

2012; Luecken et al., 2012).

Similar to London, aromatics followed the winter enrichment pattern with toluene level
falling from 0.17 = 0.11 ppb in winter to 0.13 + 0.06 ppb in summer, and benzene dropping
from 0.15 + 0.07 ppb in winter to 0.06 + 0.03 ppb in summer. This seasonal behaviour aligns
with reduced photochemical removal rates in colder months, facilitating the accumulation of
traffic and solvent use emissions (Debevec et al., 2021; Rajabi et al., 2020; Sadeghi et al.,

2021).

As in London 2023, Birmingham 2022’s alkanes had the highest contribution to the total
observed VOCs mixing ratio, accounting for 50%, followed by oxygenated VOCs (OVOCs) at
37%. With a considerably lower contribution to Birmingham total VOCs, aromatics and
alkenes only contributed by 5% and 6%, respectively, while acetylene, the only measured

alkyne, had the lowest share at just 2% as illustrated in Figure 3-11.

However, as presented in Figure 3-12, these contributions varied between winter and summer.
In winter alkanes significantly contributed (by 59%) to total VOCs levels, while in summer they
only accounted for 39%. In contrast, summer oxygenated VOCs had the highest contribution,
among all groups, (50%), whereas their winter contribution was only 27%. Alkenes, and
aromatics had higher winter contribution of 7%, and 6% compared to 5% for each in summer,
respectively. While alkyne contributed by 1% in both seasons. Overall, alkanes and OVOCs
were the main contributors in summer and winter seasons. Birmingham 2022 VOCs chemical
group contribution’s proportion to the total measured VOCs mixing ratio were very close to

London 2023 ones.

Figure 3-13 presents VOCs chemical groups daily means mixing ratio distributions. Alkanes
exhibited the highest concentrations during winter reaching a peak daily mean of 12.5 ppb
with a median concentration of just above 5 ppb, reflecting reduced atmospheric dispersion
conditions and increased emissions from their main primary sources, natural gas leakage and
traffic exhaust (Derwent et al.,, 2017; Salameh et al., 2016; Xue et al.,, 2017). In contrast,

OVOCs had highest median and maximum values in summer, reflecting the enhanced
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secondary formation from photochemical reactions in warmer months (Jacob et al., 2002;
Millet et al., 2010). On the other hand, aromatics, alkenes, and alkynes, despite their smaller
annual contributions, showed elevated distributions in winter compared to summer ones,

mainly due to lower photochemical degradation rates and shallower mixing layers during

colder months (Atkinson, 2000a; Grange et al., 2021).

Table 3-6 Birmingham 2022 Ambient VOCs Levels (daily mean +/- standard deviation).

Group VOC Summer (ppt) Winter (ppt) Annual (ppt)
ethane 1752 + 703 3102 £ 1290 2349 £ 1075
propane 601 £ 304 1321 +564 923 + 488
n-butane 445 £ 220 778 + 445 587 +330
isobutane 245+ 128 445 + 265 332+196
isopentane 152+ 73 208 £ 112 170+ 87
n-pentane 75+ 36 128 £ 62 94 +51
Alkanes methyl_2_pentane 41+20 55+33 46+ 24
methyl_3_pentane 25+ 12 33+20 27 £15
iso-octane 167 18+13 17+9
n-hexane 2612 39+19 3015
cyclopentane 22+11 28+ 20 23+14
ethene 263+ 120 496 + 326 365+ 224
propene 87 +37 125+ 88 105+61
but_1_ene 14 +5 21+14 17+9
isobutene 17+8 19+16 18+11
buta-1,3-diene 2+1 4+4 3+3
Alkenes
pent_1_ene 7%3 10+8 9+5
trans-2-butene 8+3 7%5 7t4
cis-2-butene 5+3 14+13 8+8
trans-2-pentene 2+2 4+5 3+3
AIkyne acetylene 107 + 26 176 + 75 145 + 55
toluene 129 + 63 167 + 111 141+ 80
benzene 64 +27 152 + 66 102 + 57
m-xylene 64 + 35 7871 70+ 49
o-xylene 37+20 43 +36 39+25
p-xylene 3620 44 + 37 39+26
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Group vVoC Summer (ppt) Winter (ppt) Annual (ppt)

Aromatics tmb_124 33+18 39+30 35+22
ethylbenzene 39+21 48 + 46 41+31
tmb_123 1316 15+ 14 149
tmb_135 105 11+11 107
Oxygenated ethanol 1578 + 693 1395 + 692 1362 + 644
acetone 1846 £ 670 774+ 176 1267 + 612
acetaldehyde 960 + 374 653 + 185 773 +£299

BIRMINGHAM 2022 VOCS CONTRIBUTION BY

CHEMICAL GROUP
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Figure 3-11 VOCs chemical groups contributions to the total VOC mixing ratio
(based on the sum of VOCs daily means), Birmingham 2022.

BIRMINGHAM 2022 SUMMER VOCS BIRMINGHAM 2022 WINTER VOCS CONTRIBUTION
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Figure 3-12 Summer and winter VOCs chemical groups contributions to the total VOC mixing ratio
(based on the sum of VOCs daily means), Summer (to the left), Winter(to the right), Birmingham
2022.
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Birmingham 2022 VOC Distributions by Chemical Group (Summer vs Winter)
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Figure 3-13 Summer vs. Winter VOCs chemical group daily means distribution
(based on the sum of chemical group’s VOCs daily means), Birmingham 2022.

Birmingham’s 2022 monthly distribution of daily mean total VOC concentrations, presented
in Figure 3-15, shows a clear seasonal pattern in TVOCs concentrations, with the highest
concentrations and greatest variability taking place in the colder months, particularly January,
March, and December. In contrast to the London case, December had the highest monthly
median and mean concentrations of the year at 12 ppb and 12.6 ppb, respectively, with a
maximum daily TVOCs concentration of 20.8 ppb. Similarly, January and March had
considerably prominent levels of TVOCs, with wide ranges and means just below 12 ppb,
mainly due to the combined effects of winter weather (lower boundary layer height, weaker
vertical mixing, and lower temperature) and higher emissions from heating and traffic.
(Debevec et al., 2021). These winter peaks were dominated by strong increases in alkane
concentrations, particularly in January and December as illustrated in Figure 3-16. It is worth
noting that the relatively low TVOCs mixing ratio distribution in February, compared to
January and March levels, could be due to the high wind speed dispersion effects on the
emitted VOCs, with mean wind speed in February being 51.4% and 28.8% higher than in
January and March, respectively. Similarly, its median wind speed was 61.4% and 27.8%
higher than in the above-mentioned months (Met Office, 2023). Figure 3-14 shows the
monthly Windrose for Birmingham Airport in 2022, illustrating the frequency distribution of

hourly wind direction and wind speed. The radial bars represent the percentage of time the
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wind originates from each directional sector, while the colours indicate different wind speed

classes (m s?).

Monthly Wind Roses — Birmingham Airport (2022)
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Figure 3-14 Monthly Windrose showing the frequency distribution of hourly wind direction and wind
speed measured at Birmingham Airport (2022).

Winter TVOCs levels declined in April, with the median and mean just below 10 ppb, before
dropping further in May, reaching the year’s lowest monthly mean of about 7 ppb and the
lowest maximum of 10.5 ppb. However, concentrations then gradually increased in summer,
with June showing a wider distribution and the highest summer maximum of 17.1 ppb.
Generally, summer (July to August) medians were similar at around 8 ppb, while August
recorded the highest summer mean of 9.2 ppb, mainly driven by elevated OVOC contributions

as shown in Figure 3-16.
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In contrast to the London 2023 case, summer total volatile organic compounds (TVOCs), in
Birmingham 2022, were relatively higher than autumn ones, specifically October and
November, which could be a direct result of the reduced oxygenated VOCs formation under
inadequate sunlight during these months (X. B. Li et al., 2022), in conjunction with the effects
of meteorological variability (increased wind speed and air temperature) that enhance the

dispersion of emitted VOCs (Rajabi et al., 2020).

The Birmingham 2022 pattern aligns with wintertime accumulation of VOCs under stationary
conditions, summer dispersion and photochemical degradation, and variability during
transitional seasons influenced by variations in emissions and meteorological conditions.
However, summer concentrations were notably higher than those in the transitional seasons,
largely due to the substantial photochemical production of oxygenated VOCs (OVOCs) in the

presence of sunlight and warmer ambient temperatures.

Birmingham 2022, Total VOC Concentration by Month
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Figure 3-15 Birmingham 2022, monthly distribution of total VOCs concentrations (ppb), as sum of
species’ daily means, red dots: monthly mean concentrations, whiskers display the entire range, and
boxes show the interquartile range (IQR).
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Birmingham 2022 VOCs Chemical Groups Over Time (Daily Avg)
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Figure 3-16 Time series of total VOCs, as sum of species’ daily means (ppb), in Birmingham 2022,
grouped by chemical group. Shaded areas represent the contribution of each group to the total VOC
concentrations.

3.3.4 Birmingham 2022 Most ten Abundant VOCs

VOCs measurements at Birmingham Supersite 2022 show that the most ten abundant VOCs
accounted for 90.2% of the total VOCs mixing ratio calculated as the sum of daily means
mixing ratios of all the 32 species over the year, as illustrated in Table 3-7. Ethane, the most
abundant VOC, accounted for slightly more than a quarter (25.9%) of the total VOCs
concentrations, followed by ethanol, which had a 14.8% share, and acetone at 13.5%.
Together, these three species contributed more than half of the total observed VOCs mixing
ratio (54.2%). The other key contributors were propane, acetaldehyde and n-butane,
accounted for 10.2%, 8.2%, and 6.4%, respectively, followed by ethene (4.0%), iso-butane
(3.7%), iso-pentane (1.9%), and toluene (1.6%).

The above-mentioned ratios highlight the increased influence of non-combustion sources on
atmospheric VOCs levels in Birmingham, with oxygenated VOCs (ethanol, acetone, and
acetaldehyde) together representing 36.5% of total VOCs levels. The main sources of these
oxygenated species are secondary photochemical production, solvent use emissions and
evaporative losses from ethanol-blended fuels, especially during summer months, in addition
to traffic combustion emissions (Dunmore et al., 2016; Jaimes-Palomera et al., 2016; Kirstine

& Galbally, 2012; Yanez-Serrano et al., 2016). Similarly, the elevated contribution of the light
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alkanes (ethane, propane, n/iso-butane, and iso-pentane) at 48.1% to the total VOCs mixing
ratio, considering their main sources in urban environments; natural gas handling, fuel
evaporation, and emissions from non-aerosol personal care products (AQEG, 2020), in
addition to their emissions from combustion related source, also reflects the importance of
non-combustion VOCs sources. On the other hand, ethene, a key marker of fuel-combustion-
related emission sources (Cai et al., 2010; Stemmler et al., 2005; Suthawaree et al., 2010;

Toon et al., 2018), accounted for 4% of the total VOCs concentrations.

The seasonal analysis of the most ten abundant VOCs in Birmingham, as presented in Figure
3-17, illustrates clear seasonal compositional differences. Ethane, with an annual mean
concentration of 2.4 ppb, reached 3.2 ppb in winter. Ethanol, on the other hand, showed
relatively low seasonal variability, indicating a contribution from various sources over the
year, however it had a slightly higher mean concentration in summer of 1.65 ppb compared
tol.4 ppb in winter. While acetone had elevated summer levels, with a mean concentration
of 1.85 ppb, slightly exceeding the ethane summer mean concentration of 1.83 ppb, indicating
elevated photochemical and secondary production emissions associated with warmer

conditions. Identical to acetone, acetaldehyde showed higher summer levels.

In contrast, propane, n-butane, iso-butane, and ethene had higher winter levels, mainly due
to the accumulation of primary emitted VOCs under reduced atmospheric dispersion and
decay conditions in colder months. Similarly, Iso-pentane and toluene, the 9™ and 10t most

10 abundant VOCs had a relatively lower seasonal variation with slightly higher winter levels.

Birmingham’s seasonal pattern shows that winter VOC concentrations are directly influenced
by primary emissions in association with decreased atmospheric vertical mixing and
degradation. In contrast, summer VOCs concentrations are directly influenced by the
enhanced photochemical activity.

Table 3-7 The most ten abundant VOCs measured at Birmingham urban background supersite in

2022, and their contribution to the total VOCs mixing ratio, calculated as the sum of daily mean
mixing ratios of all 32 species over the year.

Rank vocC Contribution (%) to Cumulative (%)
TVOCs
1 Ethane 25.90% 25.90%
2 Ethanol 14.80% 40.70%
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Rank vOoC Contribution (%) to Cumulative (%)

TVOCs
3 Acetone 13.50% 54.20%
4 Propane 10.20% 64.40%
5 Acetaldehyde 8.20% 72.60%
6 n-Butane 6.40% 79.00%
7 Ethene 4.00% 83.00%
8 Iso Butane 3.70% 86.70%
9 Iso Pentane 1.90% 88.60%
10 Toluene 1.60% 90.20%
Most Annual Abundant 10 VOCs (Summer VS Winter) Birmingham 2022
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Figure 3-17 Birmingham 2022, Most 10 abundant VOCs, and their seasonal variation between
summer and winter. Bars represent the daily means values, and black dots present daily medians for
each VOC.

OFP and SOA analysis were conducted to rank the ten most important VOC species based on
their influence on secondary pollutant formation. These calculations were conducted as
described in 2.3.8 and 2.3.9 for each individual VOC. Table 3-8 shows that just four VOCs
(acetaldehyde 22.8%, ethanol 9.8%, ethene 9.6%, and m-xylene 7.4%) account for 50% of the
total OFP due to their high reactivity. The ten VOCs with the largest contributions to OFP

collectively account for 76.3% of the total OFP in Birmingham in 2022.
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On the other hand, the ten VOCs with the largest contributions to SOAP collectively account
for 97.9% of the total SOAP in Birmingham in 2022. Among these, toluene (29.2%), benzene
(16.3%), and m-xylene (14.2%) together account for 59.6% of the total SOAP in Birmingham
in 2022.

It is worth noting that four VOCs (m-xylene, p-xylene, o-xylene, and propene) out of the most
ten species contributing OFP, and eight VOCs (benzene, m-xylene, 1,2,4-trimethylbenzene, p-
xylene, o-xylene, ethylbenzene, 1,3,5-trimethylbenzene , and 1,2,5-trimethylbenzene) out of
the ten species contributing most to SOAP, are not among the ten most abundant VOCs
measured at the Birmingham supersite. Similar to our findings in sections 2.4.4 and 2.4.5,
these results highlight the importance of considering VOC chemical reactivity and aerosol-
forming efficiency, rather than ambient concentrations alone, when assessing their impacts

on atmospheric chemistry and human health.

Table 3-8 Ranking of the ten most VOC species contributing to ozone formation potential (OFP) and
secondary organic aerosol potential (SOAP), calculated using the annual mean VOC concentrations
measured in Birmingham supersite in 2022 together with MIR and SOAP factor.

Ranking voC Contribution (%) Ranking voC Contribution (%)
Based on to Total OFP Based on to Total SOAP
OFP SOAP
1 Acetaldehyde 22.8% 1 Toluene 29.2%
2 Ethanol 9.8% 2 Benzene 16.3%
3 Ethene 9.6% 3 m-Xylene 14.2%
4 m-Xylene 7.4% 4 1,2,4-TMB 10.3%
5 Toluene 5.3% 5 p-Xylene 9.2%
6 Propene 5.0% 6 o-Xylene 8.1%
7 Acetone 4.7% 7 Ethylbenzene 8.0%
8 o-Xylene 4.2% 8 1,3,5-TMB 1.2%
9 n-Butane 4.0% 9 Ethanol 0.9%
10 p-Xylene 3.3% 10 1,2,3-TMB 0.6%
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3.3.5 Summer 2023, Comparison of VOCs Profiles Between London and Birmingham

3.3.5.1 Summer most ten abundant VOCs

Table 3-9 presents the hourly mean mixing ratios for the most ten abundant VOCs during
summer 2023 measured at the London and Birmingham urban background supersites. While
both cities observed the same abundant VOCs species, their relative rankings reveal

differences in key emission sources.

Ethanol, ethane, and acetone were the three most prevalent VOCs in London, accounting for
62% of the total top 10 VOC load, while in Birmingham, ethane ranked first, followed by
acetone and then ethanol, collectively accounting for 61% of the total top 10 VOCs hourly
mixing ratio, calculated as the sum of their hourly mean mixing ratios. The higher acetone
ranking in Birmingham, compared with ethanol, could be due to the location of the
Birmingham supersite, located only about 500 m to the northeast of the University of
Birmingham Medical School, and just behind it the Queen Elizabeth Hospital Birmingham
complex, all in which are associated with elevated indoor acetone levels, which eventually

contribute to its ambient levels (Riveron et al., 2023).

Beyond the top three, acetaldehyde, propane, and n-butane had similar mid-table positions
in both cities. Notably, there were obvious differences at the lower end of the rankings.
Toluene ranked tenth in London’s most 10 abundant VOCs list, but absent from Birmingham’s,
while acetylene, the seventh most abundant VOC in Birmingham, was not among the most
abundant ten VOCs in London’s atmosphere. Furthermore, ranked eighth, isopentane’s
hourly mean concentration was higher than ethene’s in London, but it was the opposite in
Birmingham where ethene ranked ninth and isopentane ranked tenth. This variation indicates
a relatively greater impact of solvents and fuel evaporative emissions in London, while

combustion tracers indicate the key role of combustion sources in Birmingham.

The results also show that London had consistently higher concentrations for almost all of
most 10 abundant VOCs, with the largest absolute differences observed in oxygenated VOCs
and ethane, at +1.60 ppb, +0.59 ppb, +0.59 ppb, and +0.52 ppb, for ethanol, acetone,
acetaldehyde, and ethane, respectively. With a 157% increase over Birmingham, London
experienced the highest relative increase in ethanol’s hourly mean mixing ratio. Considering

the higher solvent usage, traffic, and fuel evaporation emissions in a denser urban setting,
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this significant percentage increase, compared to the rest of species’ proportional increases,
indicating a substantially stronger influence of ethanol sources in the capital. Likewise, the
other two OVOCs were among the most proportionally increased species in London, with
acetaldehyde, principally linked to secondary atmospheric oxidation formation (Russo et al.,
2010b; Sommariva et al., 2011), demonstrating a 96.6% growth compared to Birmingham.
The significant percentage rise in all OVOCs suggests variances in both direct emissions from
vehicles and solvents, as well as changes in atmospheric oxidation, influenced by various
photochemical conditions between the two cities. This variation is further supported by the
difference in the relative OVOC contribution to the top 10 VOC concentrations, with OVOCs
accounting for 56% of the total VOC load in London, while accounting for 49% in Birmingham.
Generally, the elevated percentage of OVOCs in both cities during the summer months
emphasises their essential influence on urban air quality and secondary pollutant formation,
and hence the need to implement stricter control measures on their primary emission sources

and precursors.

Surprisingly, iso-pentane, primarily emitted from petrol powered vehicles and fuel
evaporation (Y. S. Huang & Hsieh, 2019; Kumar et al., 2020), showed an extraordinary
percentage increase in London (+167.6%). Similarly, but to a lesser extent, n-butane, of which
gasoline evaporation is one of its major sources in urban settings (Tiwari et al., 2010),
increased by 91%, highlighting the critical significance of gasoline evaporative emissions in

London, and therefore demanding further attention in VOCs and air quality legislation.

Finally, the relatively lower percentage increases in ethane, propane, and ethene in London
by 39.9%, 32.4%, and 37.1%, respectively, compared with Birmingham, are considered
expected, reflecting the combined impact of elevated traffic combustion activities and a more
extensive natural gas network, associated with higher fugitive emissions, the main emission
sources of these spices in urban areas (Chen et al., 2014; Derwent et al., 2017), in a larger and

more populated city.
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Table 3-9 Summer 2023, Comparison of the Hourly Mean Mixing Ratios (+/-SD) of the Most
10 Abundant VOCs (London VS Birmingham).

VvOoC Ranking London Birmingham Difference Difference
London/Birmingham Hourly mean  Hourly mean (ppb) (%)
mixing ratio mixing ratio
(ppb) (ppb)

Ethanol 1/3 2.62+1.92 1.02 £ 0.63 1.60 157.3
Ethane 2/1 1.84+1.16 1.32+0.97 0.52 39.9
Acetone 3/2 1.76 £0.79 1.17 £ 0.42 0.59 50.0
Acetaldehyde 4/4 1.19+0.48 0.61+0.24 0.59 96.6
Propane 5/5 0.78 £0.77 0.59+0.51 0.19 324
n-butane 6/6 0.68 £0.62 0.35+0.31 0.32 91.0
Iso-butane 7/8 0.33+0.37 0.19+0.17 0.14 73.5
Iso-pentane 8/10 0.31+0.31 0.12+0.11 0.19 167.6
Ethene 9/9 0.24+£0.20 0.18+0.14 0.07 37.1

Toluene 10/- 0.22+0.18 - - -

Acetylene -/7 - 0.21+0.11 - -

3.3.5.2 Summer Correlation and diurnal analysis

Summer correlation matrix, presented in Figure 3-18, shows that C2 to C4 alkanes had
significantly high positive correlation degree, although not necessarily from the identical
sources, these species considerably co-vary. In Birmingham, the correlation between n-
butane and iso-butane was strong (r = 0.93) and nearly perfect (r = 0.99) in London. Similarly,
but slightly lower, ethane and propane showed elevated correlation levels (r = 0.89 and 0.91)
in both cities, with robust associations of butanes with propane (0.86 in London and =0.90 in
Birmingham), all confirming their common emission sources, natural gas leakage and traffic-
related emissions, both combustion and evaporative (AQEG, 2020; J. Li et al., 2024). However,
the relatively weaker positive correlations between butane and ethane (=0.70 in London and
=0.82 in Birmingham) demonstrate the greater regional background influence of ethane due
to its longer atmospheric lifetime (Derwent et al., 2017). City variations are highlighted by
different correlation’s degrees between these alkanes and traffic emission tracers. While

propane-ethene and butanes-ethene correlation values of 0.83, and 0.78, respectively in
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London, were slightly higher than their correlation value in Birmingham, r= 0.74 each, which
indicates a strongly association with vehicular exhaust emissions (Y. Liu et al., 2008). Propane-
isopentane and butanes-isopentane correlations (r= 0.82 Birmingham, and 0.57 London), and
(r= 0.86 Birmingham and 0.73 London), respectively, demonstrate Birmingham's stronger
evaporative signature in this season, consistent with petrol-evaporation related sources (Cui

et al., 2018).

Oxygenated VOCs also exhibited diverse behaviour. While ethanol in London had elevated
correlation values with propane, ethane, ethene, and toluene r= 0.78, 0.75, 0.75 and 0.70,
respectively, indicating links to solvent, fuel evaporative and combustion sources, ethanol in
Birmingham was mostly associated with other oxygenates (acetone, r = 0.59; acetaldehyde, r
=0.73), indicating a more solvent and atmospheric oxidation driven signature. Both cities had
high acetone to acetaldehyde correlations (r = 0.91 London, and 0.84 Birmingham) reflecting
common sources. However, only in London acetaldehyde showed relatively high secondary
associations with hydrocarbons, mainly with the gasoline evaporative marker isopentane (Y.

Liu et al., 2008; Xue et al., 2017), (r = 0.74).

Acetylene exhibited a considerable variation among combustion tracers. In London, it showed
a strong correlation with ethene (0.78) and a moderate correlation with the C2—C4 alkanes
(r=0.62), thereby supporting its traffic combustion origin. However, in Birmingham, acetylene
had considerably low correlation with the rest of the VOC mixture, showing only a modest
correlation with ethene (0.38) and negligible associations with OVOCs (r = 0). This could be

due to a separate source of acetylene in Birmingham.

Finally, toluene in London had a robust positive correlation with propane (0.78), butanes
(0.75-0.76), and ethene (0.75), reinforcing its association with traffic emissions, while
retaining associations with ethanol (0.70) and acetylene (0.62). In Birmingham, toluene had
its strongest correlation with isopentane (r= 0.81) and the C3—C4 alkanes, while exhibiting low

correlations with OVOCs and acetylene (r < 0.4).

Together, correlation evidence aligns with the top 10 VOC rankings, where Birmingham's
VOCs divide into two clusters: an oxygenate group (ethanol, acetone, acetaldehyde) and a

hydrocarbon evaporative group (butanes, propane, isopentane, and toluene), with acetylene
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mainly isolated. In contrast, London's VOCs form a united, traffic-influenced network with

ethanol and OVOCs integrated into the hydrocarbon mix.

The diurnal patterns, presented in Figure 3-19, illustrate the temporal variations in the two
cities' VOC behaviour. In London, n-butane and iso-butane concentrations surged
dramatically in the morning (07:00-10:00), reflecting anthropogenic emissions, primarily
linked to traffic activities under shallow boundary-layer conditions, and showed a secondary
gradual increase after 18:00 linked to traffic activity and nocturnal accumulation. Birmingham
had a comparable but slightly lower magnitude pattern. Propane, on the other hand, reached
its peak in Birmingham between 04:00 and 06:00, while in London it peaked later between
05:00 and 08:00, and then concentrations in London dramatically declined reaching
Birmingham levels by around 12:00, after which both cities showed comparable
concentrations between 12:00 and 23:00, and then both increased sharply after 19:00. This
daytime convergence could be due to the effect of stronger daytime boundary-layer growth
in London, which dilutes local emissions more rapidly, combined with a relatively lower
daytime emission pattern. Due to its relatively long lifetime (1 to 2 weeks), propane hourly
variability is primarily controlled by boundary-layer mixing and emission timing rather than
chemical loss (Atkinson, 2000a; Barlow et al., 2011; Xiao et al., 2008). At both locations,
ethane had smoother cycles, reflecting its longer atmospheric lifespan and sensitivity to

boundary-layer dynamics (Atkinson, 2000a; Derwent et al., 2017).

In contrast, the hourly mean concentrations of isopentane showed a completely different
diurnal pattern, while London showed a clear afternoon maximum (14:00-15:00) reflecting
temperature-driven volatilisation (Rubin et al., 2006), Birmingham peaked much later, at
22:00, with significantly lower daytime concentrations, indicating different emission pattern
and nighttime mixing conditions. Toluene in Birmingham followed a similar pattern to iso-
pentane hourly variation, reinforcing their shared evaporative and solvent-related sources.
However, toluene in London peaked much earlier (04:00 to 05:00) and exhibited relatively
sharper daytime decline in concentration, indicating stronger photochemical degradation
under high OH conditions and dilution by the expanded daytime boundary layer height
(Valach et al., 2015).

Ethene, on the other hand, exhibited strong traffic-related peaks in both cities, corresponding
to the morning rush hour and evening congestion, distinguishing it from the more gradual
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nighttime increase patterns noted in alkanes. However, the difference in magnitude between
the two cities hit a low after 18:00, which again points to different emission patterns and
nighttime mixing conditions. Although not among the top ten VOCs in London, acetylene was
consistently higher in Birmingham. While both cities had afternoon minima (15:00-18:00)
associated with enhanced mixing and higher photochemical removal rates, followed by a
sharp evening increase, their early morning patterns varied. Birmingham exhibited a distinct
early-morning maximum around 04:00, while London had a secondary rise between 06:00

and 09:00, indicating a different morning emission pattern.

Regarding OVOCs, acetaldehyde and acetone revealed substantial rises during the daytime in
London, compared with Birmingham, where acetaldehyde increased steadily from 07:00 to
hit a peak around 15:00, while acetone rose sharply after 09:00, peaking at the same time
and then both declined. However, both hit a minimum between 03:00 and 07:00 and had a
secondary increase after 21:00. The morning rise indicates strong secondary photochemical
production under high summer oxidation conditions (Jacob et al., 2002; Millet et al., 2010; H.
Singh et al., 1994). Similarly, ethanol cycles also diverged between the two cities. In London,
concentrations peaked at night between 22:00 and 05:00, and then gradually dropped to a
daytime minimum around 16:00, then it rose again in the evening. Given ethanol’s main
sources in urban areas, combustion emissions from ethanol-blended gasoline-powered
vehicle exhaust and evaporative emissions from fuel use and storage (Dunmore et al., 2016;
Floréncio et al., 2024) London’s strong depletion reflects ethanol’s short summer lifetime (<1
day under high OH), with photochemical loss and boundary-layer dilution outweighing its
emissions (Atkinson, 2000a; Valach et al., 2015). However, ethanol was stable during daytime
(07:00 to 17:00) in Birmingham, peaking just before midnight, around 23:00, indicating
weaker OH driven removal and stronger nighttime accumulation, mainly due lower nocturnal

boundary layer height.

Overall, the summer diurnal patterns revealed distinct key roles of chemistry, and
atmospheric conditions in influencing VOC variability. Although London and Birmingham are
geographically close and generally experience similar meteorological conditions, BLH and
surface downward solar radiation data obtained from the ERAS reanalysis for the supersite
monitoring areas (Hersbach et al., 2026), along with wind speed data from London Heathrow

and Birmingham airports during the study period (JJA 2023), retrieved from NOAA
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meteorological records (NOAA, 2026), presented in Table 3-10 and Figure 3-20, show modest
differences in atmospheric mixing and radiation that likely contributed to the observed VOC

behaviour.

Table 3-10 shows that London’s mean daytime BLH (1093 m) was 5.4% higher than the
Birmingham one (1037 m), with a higher maximum daytime BLH (2418 m vs. 2207 m). In
addition, daytime solar radiation was approximately 7% higher in London, indicating slightly
stronger photolysis rates and OH production (Woodward-Massey et al., 2023). Moreover,
daytime wind speeds in London (5.02 m s™') were 17.3% higher than in Birmingham (4.28 m
s71), suggesting stronger atmospheric dispersion. Together, these factors likely contributed to
sharper daytime reductions in VOC concentrations and enhanced OVOCs secondary
formation in London. Conversely, Birmingham’s lower mean nighttime wind speeds (3.00 m
s7"), compared with London’s 3.60 m s (20% higher), indicate greater meteorological
stagnation. Despite a slightly higher mean nocturnal BLH, these weaker wind speed likely

facilitated the observed nighttime accumulation of VOCs.

Figure 3-20 (a) BLH were very similar between the two sites throughout most of the day.
However, between 10:00 and 15:00, London experienced slightly higher BLH, after which the
BLH difference became negligible. This temporary enhancement in mixing height contribute
to the sharper daytime decrease in VOC concentrations observed in London. For example, n-
butane and iso-butane, Figure 3-19, show similar diurnal behaviour, with the largest
concentration difference between the two sites occurring around 09:00, followed by a

gradual reduction in this gap, until concentrations become nearly identical by 18:00.

Wind speed patterns show a comparable dispersion effect. London exhibited slightly higher
wind speeds between 00:00 and 09:00, after which wind speeds became relatively higher
from 10:00 to 23:00. This combination of marginally stronger mixing heights and higher wind
speeds in London during daytime hours contributed to enhanced dispersion and a stronger

daytime reduction in VOC concentrations compared with Birmingham.

Similarly, the solar radiation profile presented in Figure 3-20 (b) shows that London
experienced relatively higher daytime solar radiation, with the largest differences occurring
between approximately 09:00 and 15:00. After this period, the difference between the two

sites became negligible. This enhanced daytime radiation in London contributed to stronger
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photochemical activity and explains the relative enhancement in acetaldehyde
concentrations observed in London, Figure 3-19, during these hours compared with
Birmingham. Finally, the relatively higher daytime solar radiation in London, which promotes
higher photolysis rates and OH radical production, likely enhanced the oxidative removal of
primary VOCs, consequently contributing to both the observed reduction in their daytime

concentrations and the formation of their secondary oxidation products.

Table 3-10 Comparison of key meteorological parameters influencing VOC dispersion and
photochemical processing at the London and Birmingham supersites during Summer 2023 (JJA).

Parameter Period London Birmingham Difference (%)

BLH (m) Daytime Mean 1093 1037 +5.4%

Daytime Max 2418 2207 +9.5%

Nighttime Mean 437 456 -4.1%

Wind Speed (ms?!)  Daytime Mean 5.02 4.28 +17.3%

Nighttime Mean 3.60 3.00 +20.0%

Solar Radiation Daytime Mean 1.52M 1.42M +7.0%
(W m™)
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VOC Correlation Structure — Summer 2023
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Figure 3-18 Summer 2023, correlation matrix of the most ten abundant VOCs at London and Birmingham.
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Figure 3-19 Hourly mean mixing ratio diurnal profiles of the most ten abundant VOCs at London and Birmingham, Summer 2023.
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Figure 3-20 Diurnal variation of boundary layer height (BLH), solar radiation, and wind speed at the London and Birmingham monitoring supersites, JJA 2023

(a) hourly mean boundary layer height (solid lines) with hourly mean wind speed (dashed lines). (b) hourly mean surface solar radiation (solid lines) with

hourly mean wind speed. London in blue and Birmingham in red.
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3.3.6 Winter 2021-2022 (DJF), Comparison of VOCs Profiles Between London and
Birmingham

3.3.6.1 Winter most ten abundant VOCs

Table 3-11 presents the hourly mean mixing ratios for the most ten abundant VOCs during
winter (December 2021 to February 2022) observed at the London and Birmingham urban
background supersites. While both cities were dominated by the same VOC species, however
their relative rankings slightly varied. Ethane, ethanol, and propane were the three most
prevalent VOCs in both urban environments, collectively accounting for 65% and 63% of the
sum of top 10 VOCs hourly mixing ratios in London and Birmingham, respectively. On the
other hand, acetone was the only VOC that had a different ranking between the two locations,
being ranked sixth in London but fourth in Birmingham, and was the only specie with similar
hourly mean concentrations between sites, due to the influence of the adjacent acetone

emission sources near the Birmingham monitoring site.

Similar to the summer season, the results also show that London had consistently higher
concentrations, apart from acetone, for nine out of the ten most abundant VOCs, with the
largest absolute differences observed for ethanol (+1.04 ppb), ethane (+0.93 ppb), and
propane (+0.44 ppb). London’s hourly mean ethanol mixing ratio recorded the highest
percentage change, compared with Birmingham’s, followed by toluene, iso-butane, and iso-
pentane, increasing by 78.7%, 76.1%, 60.8% and 58.1%, respectively. Interestingly, the winter
proportional contribution of oxygenated VOCs (ethanol, acetaldehyde, and acetone) to the
top 10 VOC concentrations was comparable, with 33.7% contribution in London and 32.5% in
Birmingham, reflecting the key importance of their direct emission sources, under weakened

atmospheric oxidation formation conditions in winter at both locations.

On the other hand, the relatively high percentage increases of toluene, iso-butane, and iso-
pentane by 76.1%, 60.8%, and 58.1%, indicate a stronger relative influence of solvent use and
petrol-related evaporative emissions in London during winter (Jaimes-Palomera et al., 2016;

Mugica et al., 2002; Tiwari et al., 2010).

Finally, similar to the summer case, the relatively lower percentage increases in ethane,
propane, and ethene in London by 33.2%, 38.2%, and 44.5%, respectively, compared with

Birmingham, are considered normal and reflect the influence of elevated traffic combustion

162



activities and a more extensive natural gas network associated with higher fugitive emissions

in London.

Table 3-11 Winter 2021-2022, Comparison of the Hourly Mean Mixing Ratios (+/-SD) of the Most 10

Abundant VOCs (London VS Birmingham).

VvOoC Ranking London Birmingham  Difference Difference
London/Birmingham Hourly mean  Hourly mean (ppb) (%)
mixing ratio mixing ratio
(ppb) (ppb)
Ethane 1/1 3.73+1.16 2.80£0.97 0.93 33.2
Ethanol 2/2 2.35+1.92 1.32+0.63 1.04 78.7
Propane 3/3 1.58 £+ 0.77 1.15+0.51 0.44 38.2
n-Butane 4/5 0.91+£0.62 0.63+0.31 0.29 45.7
Acetaldehyde 5/6 0.87 £0.48 0.62£0.24 0.26 41.6
Acetone 6/4 0.76 £0.79 0.76 £0.42 -0.01 -0.9
Iso-Butane 7/7 0.58 £0.37 0.36 £0.17 0.22 60.8
Ethene 8/8 0.52+£0.20 0.36+0.14 0.16 44.5
Iso-Pentane 9/9 0.29+0.31 0.18£0.11 0.10 58.1
Toluene 10/10 0.23+£0.18 0.13 £0.07 0.10 76.1

3.3.6.2 Winter correlation and diurnal analysis

Winter correlation matrix, presented in Figure 3-21, shows that, similar to the summer
season, C2—C4 alkanes had high correlation values in both cities, with the correlation values
between n-butane and iso-butane very close to the full correlation scale of 1 in both urban
environments (r = 0.99). Similarly, ethane and propane showed elevated correlation values (r
=0.89in London and r =0.84 in Birmingham), which was also supported by strong associations
between propane and butanes (0.84, and 0.91) in both cities, expressing their common
sources, mainly natural gas fugitive emissions, traffic fuel evaporative, and tailpipe emissions
(J. Li et al., 2024). However, the relatively low correlations between ethane and butanes (r =
0.74,0.81in London, 0.78, 0.82 in Birmingham) are because of the strong influence of regional

background transport on ethane due to its longer atmospheric lifetime (Atkinson, 2000).

Similar winter correlation between alkanes and traffic tracers in both cities was revealed

when examining these associations. Propane-ethene had an elevated correlation (r = 0.81),
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and butanes-ethene correlations ranged between 0.72 and 0.79 in London. Similarly, in
Birmingham, propane-ethene correlations were high but slightly lower than in London (r=
0.78), while butanes—ethene associations were marginally stronger (r= 0.82—0.84), suggesting
that both cities exhibited clear traffic-related signatures, with Birmingham having relatively
higher association between butanes and vehicular combustion. Moreover, London had
marginally stronger evaporative associations, with propane—isopentane (r = 0.85 vs. 0.80 in
Birmingham) and butanes—isopentane (r = 0.84—0.90 vs. 0.88—0.92 in Birmingham), pointing

to the influence of petrol evaporation sources in both locations.

On the other hand, oxygenated VOCs experienced different behaviours between the two
sites. In London, ethanol correlated with hydrocarbons including n-butane (r = 0.70), iso-
butane (0.73), propane, and ethane (0.75 each), as well as with acetaldehyde (0.79), toluene
(0.78), and acetone (0.81). This pattern suggests that London ethanol is more strongly linked
to a mixture of traffic, solvent, and fuel-related evaporative emissions. By contrast,
Birmingham ethanol was more mainly associated with acetaldehyde, r = 0.75, and toluene
(0.62), pointing towards solvent use and secondary formation as more significant
contributors. Acetaldehyde, exhibited secondary associations with hydrocarbons and
aromatics in both cities, correlating with isopentane (r = 0.73), ethene (0.72), and toluene
(0.80) in London, while in Birmingham it showed relatively higher correlation values;
correlation with toluene (0.83), ethene (0.77), propane and n-butane (0.76), and isopentane
(0.70). On the other hand, due to the direct effects of a nearby acetone emission source in
Birmingham, acetone only exhibited a weak relationship with acetaldehyde (r = 0.51),
whereas in London, acetone was well correlated with toluene (r = 0.85), isopentane (0.82),
ethene (0.76), propane (0.79), ethanol (0.81), and acetaldehyde (0.80), emphasising its

integration into the broader VOCs mixture.

The winter correlation structure revealed distinct inter-city variations. VOCs in Birmingham
showed a clearer separation, with acetone remaining mostly separated due to a strong local
source effect, whereas the other two OVOCs (ethanol and acetaldehyde) had moderate
correlation with toluene and between each other. In contrast, a tightly packed cluster of
hydrocarbons emerged, including toluene, propane, butanes, and isopentane, reflecting the
unified traffic-influenced VOCs in the capital, where OVOCs (ethanol, acetaldehyde, and

acetone) had robust correlations with alkanes, alkenes, and aromatics, in addition to each
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other. Overall, this illustrates that while Birmingham’s winter VOC mixture reflects stronger
source separation, London’s reflects a more unified blend of traffic, evaporative, and solvent-

related emissions.

Figure 3-22 shows hourly mean mixing ratios diurnal patterns, illustrating the temporal
variations in VOC levels between the two cities during the winter of 2021-2022. In London
iso-butane, n-butane, and propane concentrations soared from 06:00, reaching a distinct
morning peak at 09:00 reflecting the morning rush hours. Birmingham’s morning increase,
during the same period, was more gradual, with the concentration difference between the
two cities being greatest at 09:00 due to the difference in anthropogenic emission intensity
between the two cities. The morning peak in both cities was followed by a steady decline
reaching a daytime minimum between 14:00 and 17:00, reflecting lower emission intensity
and extended boundary layer mixing height. Meteorological data derived from the ERA5
reanalysis for the supersite monitoring areas (Dec 2021 to Feb 2022) indicate increased
boundary layer heights during these hours , as illustrated in Figure 3-23 (Hersbach et al.,
2026). After this daytime minimum, hourly mean concentrations increased sharply exhibiting
a secondary peak around 19:00, due to the combination of evening rush-hour emissions and
the accumulation of pollutants under a shallow nocturnal boundary layer, and then
concentrations dropped significantly reaching their lowest levels between 03:00 and 06:00,
as a result of negligible emissions. However, propane, in London only, remained at elevated
levels between 20:00 and 22:00 before having a sharp nighttime decline, indicating a
contribution from diverse sources. On the other hand, ethane had more uniform diurnal
pattern, following the boundary layer height cycle, as evidenced by comparable peaks in the

morning and late evening, and a midday minimum between 12:00 and 17:00.

Isopentane, on the other hand, exhibited a mixed temporal pattern. London isopentane
concentrations peaked at 09:00, declined steadily until mid-afternoon, then fluctuated
between 15:00 and 22:00 before decreasing to the lowest levels at 06:00, while in
Birmingham, the evening maximum from 18:00 to 19:00 was slightly stronger than the
morning peak, and the lowest values occurred around 02:00, which points to different local
source contributions and nocturnal mixing conditions, as Birmingham showing greater

enhancement of evaporative emissions during the evening.
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Ethene, a representative marker of traffic emissions behaviour, showed clear diurnal patterns
in both cities characterised by a notable morning peak from 07:00 to 09:00, and a more
significant evening maximum at approximately 19:00, reflecting the urban traffic activity
patterns reported by Department for transport report where road traffic volumes generally
peak during the afternoon commuting period between 16:00 and 18:00, (Department for
Transport, 2025), as shown in Figure 3-24. This was then followed by a sharp decrease
overnight, reaching a minimum between 05:00 and 06:00. Notably, in Birmingham the
morning peak was gentler, compared with the sharp peak observed in London, reflecting

differences in traffic-related emissions intensity between the two cities.

In both cities, toluene showed significant morning rises from 06:00 to 09:00, peaking at 09:00,
and then declining over the day until 14:00. While toluene levels in London fluctuated strongly
in the afternoon and evening between 15:00 and 22:00, before falling to a minimum between
03:00 and 06:00, concentrations in Birmingham increased more smoothly to a comparable
evening maximum from 17:00 to 19:00, aligning with solvent-related and traffic emission
sources, with London’s stronger fluctuations reflected a combined contribution of solvent

use, fuel evaporative and traffic sources.

Among the OVOCs, acetaldehyde showed comparable general trends in both cities, but with
varying timing. While concentrations in Birmingham increased significantly after 6:00, peaking
at 10:00, then dipped slightly during midday before reaching a slightly stronger peak between
17:00 and 20:00 and thereafter decreased consistently until 4:00. In London it peaked later,
between at 13:00, then decreased until mid-afternoon, before reaching a comparable
evening maximum from 18:00 to 20:00 and then falling to early morning lows at 6:00. This
reflects a similar acetaldehyde emission source in both locations. The second OVOC, acetone,
showed generally similar levels in both cities but with differences in timing. Where acetone
in London rose sharply after 07:00 to a late morning maximum at 11:00 and then fluctuated
in the afternoon before hitting a maximum between 19:00 to 20:00 and thereafter dropping
overnight to hit a minimum at 03:00. However, its levels in Birmingham increased steadily
from 07:00 to hit a maximum between 14:00 and 17:00, exceeding London values due to
strong localised emissions sources, before sharply declining into the lowest night levels

without a secondary peak.
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Similarly, ethanol followed comparable morning peaks (06:00 to 09:00) in both cities but
deviated in the evening. London ethanol concentrations fluctuated after the morning rise,
before increasing steadily from 17:00 to a strong evening maximum between 20:00 and 21:00,
then decreasing overnight to reach minima at 06:00. Birmingham showed a steadier pattern,
with concentrations plateauing after the morning peak, followed by an evening rise (19:00)
of comparable strength, then declining gradually overnight. However, Birmingham ethanol
concentrations showed a steadier pattern, with concentrations decreasing after the morning
peak (09:00 to 10:00) but showing relatively stable levels during the day (11:00 to 18:00),
followed by an evening rise at 19:00 comparable to the morning peak, then declining
gradually overnight. Notably, ethanol diurnal pattern in London was identical to the ethene
pattern, indicating stronger traffic combustion influence on ethanol levels during winter. In
contrast, ethanol variability in Birmingham almost matched the acetaldehyde pattern, and
did not follow the ethene pattern, indicating a major contribution from sources other than

vehicular combustion emissions in Birmingham during the winter season.

In general, winter diurnal trends were characterised by traffic flow and boundary-layer
patterns, with London exhibiting sharper peaks and stronger daytime fluctuations, whereas
Birmingham had stable levels and stronger evening increase in evaporative and solvent-use

related VOCs species.
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VOC Correlation Structure — Winter 2021-22
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Figure 3-21 Winter 2021-2022, correlation matrix of the most ten abundant VOCs at London and Birmingham.
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Most Abundant 10 VOCs (Winter 2021-2022): Diurnal Profile — London vs Birmingham
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Figure 3-22 Hourly mean diurnal profiles of the most ten abundant VOCs at London and Birmingham, Winter 2021-2022.
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Figure 3-24 Hourly car and taxi traffic trends on all road types in Great Britain, 2024.

From (Department for Transport, 2025).
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3.4 Conclusion

In this chapter, we examined the seasonal behaviour and inter-city contrasts of VOCs in
London and Birmingham, two of the UK’s largest urban centres with distinct demographic,
geographic, and emission characteristics. Despite both cities having the same set of most 10

abundant VOCs, important seasonal and spatial differences were evident.

Interestingly, the most ten abundant VOCs accounted for nearly 90% of the total measured
VOCs mixing ratio at both sites with ethane, ethanol, and acetone combined accounting for
more than half of total VOC concentrations, emphasising the significant impact of non-
combustion sources including evaporative losses, solvent usage, and natural gas, in addition

to traffic emissions, on the urban atmospheric VOCs levels in the UK.

Winter concentrations in both London (2023) and Birmingham (2022) were generally higher
than those observed in summer, particularly for light alkanes and combustion tracers,
including propane, n- butane, iso-butane, ethene, and acetylene, all of which are primarily
associated with natural gas leakage, vehicle exhaust, and fuel evaporation. Their elevated
winter levels are a direct result of both decreased photochemical removal and higher
emissions during stagnant weather. In contrast, OVOCs, particularly acetone and
acetaldehyde, had elevated levels in summer, indicating the significant role of secondary
photochemical production during this season. However, ethanol showed weaker seasonality
due to the combined contribution from both vehicular emissions and fuel evaporation
throughout the year. Generally, VOCs levels had higher levels during the studied seasons in
London, mirroring the city’s greater anthropogenic emission intensity, mainly from traffic

related sources, solvent use, and natural gas fugitives.

Another distinct difference in the VOC profiles of these cities was noted, with London having
elevated percentages of ethanol, iso-pentane, and toluene, compared with Birmingham,
indicating a greater impact of solvent usage and evaporative sources. However, more distinct
source separation was observed in Birmingham, with OVOCs clustering into one group, while

hydrocarbons were more tightly clustered around combustion and evaporative sources.

Moreover, a comparison of the diurnal patterns in both cities showed that the variation of
London VOCs was significantly influenced by boundary-layer dynamics and photochemistry

leading to clearer daytime declines and increased secondary production of OVOCs during the
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summer season. Conversely, the patterns observed in Birmingham were steadier. In summer,
London showed sharp daytime declines and enhanced secondary OVOC formation under
intense photochemistry. While Birmingham showed steadier daytime cycles and clear
evening peaks specifically, during the same season, pointing to stronger nighttime
accumulation. However, in winter, both cities had elevated levels of combustion and natural
gas tracers, emphasising the impact of these sources on the winter VOCs concentrations, with
sharper rush-hour peaks in London, and more gradual morning rise in Birmingham, reflecting

differences in traffic intensity and boundary-layer dynamics.

All highlight the necessity for location-specific procedures: stricter regulation of solvent and
evaporative emissions in London, and targeted management of combustion emissions in

Birmingham.

172



Chapter 4

4 The Effects of UK Lockdown Measures on VOC Concentrations at

London Marylebone Road, and Eltham Sites
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4.1 Introduction

London, the capital of the United Kingdom, is one of the most diverse and dynamic capitals in
the world, with a population of over 8.9 million in 2019, in which working-age individuals
account for about 67.4% (National statistics, 2021). The population of the capital is projected
to reach around 9.6 million in 2035, reflecting the steady increase in population since the
beginning of the 1990s (Trust for London, 2022). Inner London, where boroughs like the City
of London Westminster Southwark and Camden are located and host about 40% of the total
population of Greater London (Office for National Statistics, 2022), represents the urban core
of London. This is where the majority of London's financial and business activities, extensive
busy transport network, and large-scale construction works come together, leading to the rise
in concentration of air pollutants, mainly particulate matter (PM) and nitrogen oxides (NOy),
as a result of the significant residential, commercial, transport and construction activities

(Mayor OF London, 2019).

In contrast, boroughs like Croydon, Richmond, Enfield, Bromley and 15 other boroughs out of
the total 33 London local authorities are located in outer London, where the population
density is about 4,000 residents per square kilometre compared to 10,660 residents in inner
London (Centre for London, 2023), in addition to more green areas, leading to less transport
congestion and consequently lower air pollution emissions. London’s traffic emissions are the
key source of air pollution accounting for almost 50% of total nitrogen oxides (Transport for
London, 2020). Drivers in London lost on average 156 hours due to traffic congestion in 2021,

hence the city was ranked the world’s most congested city (INRIX, 2022).

In order to reduce the traffic related air pollution in London the Ultra Low Emission Zone
(ULEZ) was introduced in central London in April 2019 and then expanded to cover all London
local authorities in August 2023. It operates 24 hours per day in every single day of the week
all around the year, apart from Christmas Day, discouraging those who drive noncompliant
emission vehicles from using the roads in London. Its operation has led to a significant
decrease in nitrogen dioxide levels which have decreased by about 53% in central London,

24% in inner London, and 21% in outer London (Mayor of London, 2023).

The air pollution reduction efforts, including the introduction of ULEZ in London in addition

to many other air pollution reduction regulations, were crucial to tackling London’s air
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pollution issues. However, the unprecedented situation of the COVID-19 pandemic and its
threat to mankind's life and lifestyle globally had a considerable impact on daily activities,
consequently, reducing the anthropogenic emissions, especially the traffic-related ones, to a
level that had never been achieved by any policy-driven interventions (Miyah et al., 2022). By
11t March 2020, there were almost twenty thousand cases of covid-19 reported worldwide
and nearly four thousand and three hundred lives were lost due to its rapid spread (WHO,
2020). The World Health Organisation (WHO) subsequently advised governments to take
serious measures to prevent the fast transmission of the virus, such as testing, isolating,
tracing, and treating their citizens (WHO, 2020). In the UK, the first two cases were confirmed
in York on January 29, 2020, and the first death was recorded on February 28, 2020. By
March 16, the total number of confirmed positive cases of Covid-19 reached about 1500,
along with 55 resultant deaths (Office for National Statistics, 2020). In response to this
rocketing increase in Covid-19 cases, social venues such as pubs, restaurants and cinemas
were ordered to close on March 20th, and then full lockdown measures were taken on March
23 2020 (Aspinall, 2022). These measures had a substantial impact on everyday life,
especially on road traffic activities, limiting people’s movement and travel to various degrees;
the traffic flow dropped by 40% in April 2020 compared to pre-lockdown levels (SRN, 2020).
Considering the traffic flow levels in 2019 as a reference, the traffic volumes in April 2020
dropped by 63%, May and June 2020 levels fell by 49% and 31%, respectively (Department of
transport, 2021). The first lockdown ended on 14t August 2020 before a second lockdown
was introduced in November 2020, during which traffic flows dropped by 27%. Bus miles
travelled recorded the highest decrease, among all types of road traffic methods, followed by
cars decreasing almost by 32% and 25% respectively in 2020, while the travelled distance by
lorries and vans were only reduced by 5.7% and 9.1% respectively (Department of transport,

2021).

Many studies have been conducted to evaluate the impact of the serious drop in the industrial
and transportation sectors on various air pollutants levels across the globe, mainly particulate
matter (PM1o & PMys5), NOx, NO2 and ground-level Ozone. In contrast, there is a lack of
evaluating and understanding the effects of that drop on the non-methane hydrocarbons’
ambient concentrations and species variation. Importantly, the land transport sector is one

of the primary emission sources of VOCs in urban areas (C. Song et al., 2019), mainly due to
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incomplete fuel combustion in vehicle engines (Arslan, 2020), where gasoline fuelled vehicles
are the largest contributor to these emissions including exhaust emissions, fuel evaporations,
and unburned fuel (David & William, 2009). The most abundant VOCs from this sector are C2
to C5 alkanes and aromatics; almost 40% of tailpipe VOCs emissions from gasoline-powered
light-duty vehicles are aromatics, and 30% are alkanes. For light-duty diesel vehicles, alkanes
dominate by about 70% of these emissions with aromatics accounting for less than 20%
(Arslan, 2020). These VOCs play a vital role in the formation of secondary organic aerosol

and/or tropospheric Ozone (Ou et al., 2015).

Hence the need to study and analyse the effects of the lockdown measures, mainly the
massive drop in the land transport sector activities, on the measured VOC concentrations in
different urban environments (The London Marylebone Road urban traffic site, and London
Eltham suburban background monitoring site) from various angles. This includes examining
the influence of meteorological conditions on the ambient VOC concentrations using machine
learning techniques that analysed the partial dependence of VOC concentrations on
individual meteorological variables over a five-year period (2015-2019) in order to explore
their vital influence. Additionally, we investigated the impact of COVID-19 lockdown
measures on VOC concentrations by comparing the VOC concentrations during lockdown
periods against the predicted concentrations following the general trend - observed over the
last five years before the pandemic. We then assessed post-lockdown VOC levels by
comparing them with their projected concentrations as per their general trend. Finally, we
utilized Random Forest models that considered the variation in VOC concentrations based on
various explanatory variables (meteorological, seasonal, temporal, and long-term trend) to
predict the concentration of VOCs in a business-as-usual scenario to precisely determine the

actual impact of UK lockdown measures on VOC levels.

4.2 Methodology and Data

4.2.1 Sites information

4.2.1.1 London Marylebone Road
London Marylebone Road monitoring station, which was installed in June 1997, is an urban
traffic monitoring site, UK-AIR ID: UKA0O315, EU Site ID: GB0682A, Latitude/Longitude:

51.522530, -0.154611 with 35 metres altitude. The station is part of the automatic
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hydrocarbon monitoring network; it monitors 29 VOC species in addition to various air
pollutants (Ozone, Nitric oxide, Nitrogen dioxide, Nitrogen oxides as nitrogen dioxide, Sulphur
dioxide, Carbon monoxide, PM1o, PM; 5, Particle Concentrations and Numbers, Heavy Metals,
and Polycyclic Aromatic Hydrocarbons (PAHSs)) in addition to the following meteorological
parameters: Modelled Wind Direction, Modelled Wind Speed, and Modelled Temperature.
The station is located on the southern side of A501 road, 1 metre away from a bus lane; this
road is generally congested as it is the main route to central London, heading north-east to
south-west, serving about 90,000 vehicles on a daily basis (Road traffic statistics, 2019). The
surrounding tall buildings, which include education, residential, markets, and tourist
attractions buildings, form a relatively wide street canyon environment, nearly a width of 40
metres (Department for environment, 2008). These tall buildings on both sides of the road
weaken the dispersion process of the emitted traffic pollutants by reducing the fresh air flow
which traps the air pollution close to the emission sources (Buccolieri et al., 2018), Not only
the street canyon environment that formed by the five-story buildings which surround the
monitoring site limits both dilution and dispersion processes of the ground-level emitted
pollutants, leading to high near-road pollutant concentrations (Park et al., 2004), but also the
existence of the trees within this environment which reduces the velocity of the wind at the
street level leading to more concentrated traffic pollutants (Vardoulakis et al., 2003), hence,
Marylebone Road experiences some of the highest concentrations of traffic related pollutants

in London (London Air, 2015).

The concentrations of traffic-related pollutants are known to peak directly at the roadside
and then decay gradually up to a distance of 500 metres from the traffic emissions sources
(Hagler et al., 2011). Therefore, London Marylebone Road monitoring site is ideally located to

directly monitor traffic related emissions.
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Figure 4-1 London Marylebone Road monitoring site. (a) Google Earth overview (b) 3D view
including nearby streets and traffic count sites. (Buccolieri et al., 2018).
Traffic count locations are for contextual reference only and were not utilised in this study.

4.2.1.2 London Eltham monitoring station

London Eltham monitoring station is a suburban background monitoring site, UK-AIR ID:
UKAO00230, EU Site ID: GBO586A, Latitude/Longitude: 51.452580, 0.070766, with 60 meters
altitude. The station is part of the automatic hydrocarbon monitoring network; it monitors 29

VOCs species in addition to many different air pollutants. The station is located on the ground
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level of an environmental centre about 25 meters to the north of the A210 Bexley Road, the
surrounding environment is relatively flat including open areas of grass, a golf course, trees,
and residential housing. The monitoring process of most VOCs has started in October 1993
(DFRA, 2022). The traffic annual average daily flow (AADF), based on 2018 statistics, is nearly
13,500 vehicles (Department of transport, 2023). London Eltham monitoring station is about
17.5 km to the southeast of Marylebone Road monitoring station. Although it is quite far from

industrial and road traffic emissions, compared to the London Marylebone Road site which is

directly influenced by the traffic emissions, we can still consider it to fall within an urban area.

Figure 4-2 London Eltham Suburban monitoring site. Google Earth overview.

4.2.2 Data and Meteorological Variables Collection

The hourly VOC data were collected using an automated Perkin Elmer Gas chromatograph
and obtained from the UK automatic hydrocarbon monitoring network, operated by DEFRA.
Only ratified data were used in this study which unfortunately did not include 1,3-butadiene,
a major traffic-related tailpipe emitted VOC in urban areas (Lewis et al., 2020d), for the period
of this study as it was not ratified due to instrument issues. VOCs time series screening was
conducted to identify and filter potential data quality issues, including extended periods of
missing or invalid measurements. This screening was performed through visual inspection of

high-resolution time series plots (hourly and daily averages), facilitating the identification of
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long periods of missing data, and any instrument response issues, as presented in Figure 4-3
and Figure 4-4. As a result of this process, isoprene was excluded from further analysis due to
substantial data gaps, particularly between 2015 and 2019 as shown in Figure 4-3, which
would affect the quality and comparability of temporal and statistical analyses. The exclusion
of species with insufficient temporal coverage is consistent with best practices in VOC source
apportionment and time series analysis, where high data capture is vital for reliable and

accurate analysis (Brown et al., 2015; Hopke, 2016).

Hourly meteorological data were obtained from London Heathrow airport meteorological
station, the nearest available meteorological station to the studied site; Meteostat: 03772,
coordinates: 51.4833, -0.45, 24 metres elevation (Metostat, 2022), and were downloaded
from the national centre for environmental information(NOAA) (NOAA, 2022) VOC and
meteorological data, including boundary layer height data from the Climate Data Store (CDS)
(Climate Data Store, 2022) were combined in order to examine the role of these variables (air
temperature, wind speed, wind direction, boundary layer height, relative humidity,
atmospheric pressure, cloud cover, and the height of the cloud) on the variation of VOCs

levels.

Although the distance between the London Marylebone Road monitoring station and London
Heathrow airport meteorological station is relatively far (20 km), weather stations within a
few kilometres from each other, due to the uniform weather conditions in the UK, generally
generate comparable meteorological data (Arciszewska & McClatchey, 2001). In this context,
the meteorological data that were obtained from Heathrow Airport meteorological station
can be used confidently in this study. However, both local topography and microscale
environment impact the meteorological variables’ effects, mainly the wind speed, on the
dispersion process of the locally emitted pollutants (Raj & Sharma, 2017). It is worth
mentioning that VOC concentrations, especially for those with relatively short lifetimes, in
urban areas are mainly driven by local traffic emissions (Yuan et al., 2012), this is thought to
be particularly true for the Marylebone Road data due to the street canyon effect. While in
suburban environments, in addition to the vehicular VOCs emission, various localised sources
contribute to their ambient levels (S. Zheng et al., 2019). This study has mainly focused on the
VOCs concentration changes and the percentage of these changes compared to the mean

VOCs levels in previous years.
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Table 4-1 and Table 4-2 present the measured mean VOC species concentrations for the pre-
lockdown period (2019), the lockdown period (2020), and the percentage changes in mean

concentrations between these periods at the Marylebone Road and Eltham sites.

Table 4-1 Measured mean VOCs species, pre lockdowns period 2019, lockdown period 2020 and the

percentage changes of measured mean concentrations between these periods at London Marylebone

Road.
VOCs Pre-LC1 LC1, 2020 LC1 2019 Pre-LC2 LC2 2020 LC2
2019 Mean Con VS 2020 2019 2019VS
Mean Con +/-SD Change (%) | Mean Con Mean Con 2020
+/-SD (ug/m3) +/-SD +/-SD change
(ug/m’) (ug/m’) (ug/m’) (%)

Ethane 7.51+2.19 | 7.57+3.11 | 0.63 11.3545.13 | 11.56+7.10 | 1.8
Propane 439+1.80 |3.54+1.90 | -19.31 7.18+2.67 | 7.25+4.83 0.9
Iso-Butane 196+0.77 | 1.49+0.78 | -23.60 3.17+1.25 | 2.85+1.95 -10.3
n-Butane 3.50+1.42 | 2.52+1.33 | -27.70 5.61+2.18 | 4.88+3.44 -13
Iso-Octane 0.33+0.13 | 0.19+0.07 | -41.96 0.39+0.14 | 0.41+0.20 6.0
n-Octane 0.17+0.11 | 0.12+0.04 | -31.42 0.25+0.08 | 0.20+0.09 -16.9
Iso-Pentane 2.14+0.94 | 1.40+0.75 | -34.20 2.22+0.77 | 2.14+1.31 -3.8
n-Pentane 0.89+0.37 | 0.64+0.32 | -28.39 1.05+0.35 | 1.00+0.60 -4.4
n-Heptane 0.34+0.21 | 0.18+0.06 | -46.87 0.46 +0.18 | 0.38 +0.22 -16.9
n-Hexane 0.27+0.11 | 0.26+0.22 | -4.52 0.37+0.15 | 0.36+0.21 -2.4
Ethene 1.73+0.63 | 1.04+£0.39 | -39.58 2.80+0.90 | 2.38+1.48 -14.9
Propene 0.75+0.26 | 0.80+0.35 | 7.85 1.23+0.36 | 1.28 £ 0.66 4.2
cis-2-Butene 0.07+0.02 | 0.08+0.02 | 12.85 0.09+0.02 | 0.10+0.03 1.0
trans-2-Butene | 0.11+0.03 | 0.09+0.03 | -15.21 0.16 £0.05 | 0.12+0.04 -28.1
trans-2-Pentene | 0.06 £+ 0.04 | 0.06 £ 0.02 | 3.37 0.14+0.04 | 0.08 £0.05 -40.2
1-Butene 0.21+0.05 | 0.21+0.06 | 4.17 0.29+0.06 | 0.26+0.12 -9.6
1-Pentene 0.05+0.02 | 0.06+0.02 | 10.28 0.10+0.03 | 0.07+0.03 -27.8
2Methylpentane | 0.42 +0.27 | 0.35+0.18 | -17.65 0.46 +0.18 | 0.60 +0.38 28.9
Ethyne 0.74+0.28 | 0.57+0.13 | -22.20 1.32+0.42 | 1.00+0.49 -24.3
Benzene 0.65+0.20 | 0.56+0.17 | -14.20 0.95+0.29 | 0.99 +0.57 4.7
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VOCs Pre-LC1 LC1, 2020 LC1 2019 Pre-LC2 LC2 2020 Lc2
2019 Mean Con VS 2020 2019 2019VS
Mean Con
Mean Con +/-SD Change (%) | Mean Con 2020
+/-SD (ug/m3) +/-SD +/-SD change
'm? 'm? %
(ug/m°) (ug/m°) (ug/m?) (%)
Ethylbenzene 0.42+0.18 | 0.29+0.12 | -29.10 0.50+0.20 | 0.72+£0.45 42
m/p-Xylene 1.37+0.61 | 0.95+0.40 | -29.68 1.78+0.73 | 2.33+1.46 31.1
o-Xylene 0.55+0.23 | 0.40+0.16 | -25.77 0.72+0.29 | 0.89+0.57 22.2
Toluene 2.16+1.15 | 1.36+0.53 | -36.34 2.59+095 | 2.74+1.55 5.9
1,2,4-TMB 0.46+0.21 | 0.45+0.17 | -2.21 0.62+0.24 | 0.75+0.23 20.6
1,3,5-TMB 0.16 £0.07 | 0.13+£0.04 | -17.64 0.27 £0.06 | 0.23+£0.08 -14.3

Con= Concertation, LC1= first lockdown, LC2= second lockdown, Red change(%) values indicate changes that are

not statistically significant (p > 0.05).

Table 4-2 Measured mean VOCs species, pre lockdowns period 2019, lockdown period 2020 and the
percentage changes of measured mean concentrations between these periods at Eltham site.

VOCs Pre-LC1 LC1,2020 | LC12019 Pre-LC2 LC2 2020 LC2
2019 Mean Con VS 2020 2019 Mean Con 2019VS
Mean Con +/-SD Change Mean Con +/-SD 2020
+/-SD (ng/m?) (%) +/-SD (ng/m®) | change (%)
(ng/m?) (ng/m°)
Ethane 486+2.13 | 423+1.55|-12.8 6.13+2.67 | 6.33+4.42 | 3.4
Propane 242+138 |218+1.12 | -10.0 3.75+£1.91 | 3.98+3.18 | 5.9
Iso-Butane 1.32+094 | 1.03+£0.60 | -21.9 2.21+1.31|2.30+£2.08 | 4.0
n-Butane 233+1.48 | 2.05+1.39 | -11.9 413+2.46 | 4.21+381 | 2.0
Iso-Octane 0.07 £0.06 | 0.04+0.03 | -45.2 0.12+0.09 | 0.25+0.20 | 117.2
n-Octane 0.05+0.03 | 0.05+0.03 | -7.7 0.06 £0.04 | 0.11+0.06 | 89.3
Iso-Pentane 1.16+0.91 | 0.96 £0.80 | -17.5 1.47+1.02 | 1.86+2.40 | 26.8
n-Pentane 0.58+0.46 | 0.47+0.36 | -17.9 0.73+£0.43 | 091+1.13 | 25.1
n-Heptane 0.11+0.07 | 0.17+£0.06 | 54.1 0.15+0.08 | 0.27+0.17 | 79.9
n-Hexane 0.24+£0.25 | 0.29+0.33 | 22.0 0.28+0.16 | 0.32+0.29 | 16.7
2-Methylpentane | 0.23+0.16 | 0.25+0.18 | 9.2 0.39+0.21 | 0.46+0.41 | 17.3
Ethene 0.66 £0.43 | 0.53+0.25 | -20.0 1.40+0.68 | 1.66 £1.41 | 18.6
Propene 0.35+0.22 | 0.30+0.08 | -14.8 0.49+0.23 | 0.79+0.70 | 59.4
cis-2-Butene 0.04+£0.02 | 0.03+0.01 | -30.4 0.07£0.03 | 0.08 £ 0.07 | 16.0
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VOCs Pre-LC1 LC1,2020 | LC12019 Pre-LC2 LC2 2020 LC2
2019 Mean Con VS 2020 2019 Mean Con 2019VS
Mean Con +/-SD Change Mean Con +/-SD 2020
+/-SD (ng/m?) (%) +/-SD (ug/m3) | change (%)
(ng/m?) (ng/m?)
trans-2-Butene | 0.06 +0.02 | 0.03+£0.02 | -41.4 0.08 £0.05 | 0.09+0.08 | 9.2
trans-2-Pentene | 0.03+0.02 | 0.03+0.02 | 7.6 0.07£0.05 | 0.08 +0.08 | 11.3
1-Butene 0.08£0.03 | 0.08 £0.02 | -3.2 0.12+0.05 | 0.16 £0.12 | 36.6
1-Pentene 0.04+£0.02 | 0.03+0.01 | -16.6 0.05+0.02 | 0.06 £0.05 | 25.8
Ethyne 0.39+£0.20 | 0.30+0.12 | -23.1 0.52+0.20 | 0.68+0.42 | 31.0
Benzene 0.33+£0.20 | 0.30+0.18 | -10.2 0.54+£0.24 | 0.74+£0.53 | 37.2
Ethylbenzene 0.15+0.09 | 0.14+0.06 | -7.7 0.26+0.13 | 0.31+0.24 | 19.5
m/p-Xylene 0.39+0.26 | 0.30+0.15 | -23.8 0.74+0.41 | 090+0.78 | 22.4
o-Xylene 0.18+0.11 | 0.12+0.07 | -30.8 0.29+0.15|0.39+0.32 | 344
Toluene 0.65+0.36 | 0.49+0.27 | -25.7 1.17+0.61 | 1.29+£0.98 | 10.7
1,2,4-TMB 0.12+0.08 | 0.09 £ 0.06 | -18.7 0.23+£0.12 | 0.33+£0.30 | 38.9
1,3,5-TMB 0.05+0.03 | 0.04+0.02 | -19.7 0.07£0.03 | 0.12+0.10 | 67.5
1,3-Butadiene 0.04+0.01 | 0.04+0.01 | 0.2 0.09+0.03 | 0.11+0.08 | 21.6

Con= Concertation, LC1= first lockdown, LC2= second lockdown, Red change(%) values indicate changes that are

not statistically significant (p = 0.05).
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Daily Mean Time Series of Isoprene, Ethane,

and Ethene at Marylebone Road (2015-2020)
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Figure 4-3 Daily mean time series of selected VOC species (isoprene, ethane, and ethene) measured
at the Marylebone Road monitoring site between 2015 and 2020. Data are presented as daily
averages with a 75% data capture threshold.
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Daily Mean Time Series of Propane, Propene, and Toluene at Eltham (2015-2020)
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Figure 4-4 Daily mean time series of selected VOC species (propane, propene, and toluene)
measured at the Eltham monitoring site between 2015 and 2020. Data are presented as daily
averages with a 75% data capture threshold.
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4.2.3 Data processing

The concentration arithmetic mean of each measured VOC was calculated for each UK
lockdown period based on the VOCs’ daily average, where VOCs daily means were calculated
with a 75% data capture threshold . This means that at least 75% of the data in each day
should be available and ratified, otherwise, the VOC mean concentration of that day will be
ignored and not used in calculating the VOC arithmetic mean during any time scale. The
arithmetic means of VOCs concentrations of each UK lockdown interval (first lockdown 23"
March 2020 to 23™ June 2020, second lockdown 5" November 2020 to 2™ December 2020),
were then compared with the arithmetic mean VOC concentration at the same period
between 2015 and 2019 to evaluate the historical change in VOCs concentrations due to UK
lockdown measures. In addition to the arithmetic mean, the standard deviation (SD) of daily VOC
concentrations was calculated for each period to characterise the natural of VOCs data, in order to
evaluate whether the observed differences between lockdown and baseline conditions exceed the
natural temporal scatter (Singh et al., 2023). Moreover, the statistical significance of the observed
changes was evaluated using hypothesis testing, with a significance level of p < 0.05. Percentage
change (%) values associated with p > 0.05 were classified as statistically non-significant, indicating
that the observed differences fall within the natural variability of the dataset, hence, differences
associated with p < 0.05 provide statistical evidence of lockdown-related effects (Calik & Cetin

Dogruparmak, 2024; do Nascimento et al., 2022).

Only those hourly average VOC concentrations associated with valid meteorological variables
were used in evaluating the relationship between the meteorological conditions and the VOC
levels. However, the highest daily 1% of values (99t percentile) for each VOC was excluded

to avoid the undesirable influence of outliers on the model outcomes.

4.2.4 Trend analysis

A comparison between mean VOC concentrations during the two lockdown periods and their
mean concentration over the previous five years minimises the probability of concentration
changes due to the meteorological condition variation rather than the emission changes
(Grange et al., 2021). However, it does not consider, or at least underestimates, the effects
of the general trend in these concentrations particularly for measured pollutants at the
Marylebone Road monitoring site, where these pollutants are expected to generally have a

uniform decreasing trend as this site is highly influenced by traffic emissions that have been
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strictly reduced by legislation since the late nineties of the last century (Lewis et al., 2020;
Vaughan et al., 2017), leading to a steady downward trend in their levels over the last three

decades.

However, this simplified analysis assumes that these uniform and linear trends will continue
in the absence of any unexpected disruptions and based on various logical factors. These
include the increased use of the electrical cars, the reduction in the number of old highly
emitted vehicles on road, and the expansion of the ULEZ (Mayor of London, 2023).
Furthermore, the shift toward more reliance on clean (heat pumps) and renewable energy
sources (wind and solar sources) as the main heat and power provider (Mayor of London,
2025), which reduces fossil fuel combustion-related VOCs emissions. Finally, the continuous
improvement of industrial pollution control and fugitive emissions technologies that reduce

VOCs emissions from these sources.

In this study, we calculated the observed trend in individual VOCs, by examining their mean
concentrations of the lockdown intervals over the last five years (the same period that was
used when evaluating the historical changes in VOCs levels due to lockdown measures). We
then assessed the timeframe required for the VOCs general trend to naturally reach the same
VOC concentrations that were observed during the lockdown periods. We also assessed the
mean concentration of each VOC in the following two years after the lockdown to evaluate
post-lockdown recovery and to determine whether VOC concentrations returned to their
normal declining trend, to assess if lockdown restrictions had a short term effect of VOCs
levels, or if the VOCs lockdown levels were retained which may indicate to a shift in VOCs

emission prior to lockdown measures.

4.2.5 Meteorological variables’ effects on the VOCs levels over the last five years

The influence of meteorological conditions on air pollutant levels should not be
underestimated, as they often have a more significant impact than pollution control efforts
in many cases (Anh et al., 1997). From this perspective, it is essential to analyse the role of
meteorological variables in the variation of VOC concentrations. This influence cannot be
handled as one unit as we are dealing with almost 29 different species emitted from various
sources, where the meteorological variables can affect the levels of each of these VOCs

differently through their transportation, transformation, dispersion, and deposition. A
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random forest model (RF), a non-parametric machine learning-based model (Breiman, 2001)
(Tong et al., 2003), was used to explain how VOCs concentrations partially depend on
different variables (air temperature, wind direction, relative humidity, wind speed, and
boundary layer height). These variables were considered the explanatory ones (predictor

variables).

Unlike other machine learning methods, such as kernel or artificial neural networks, the
learning procedure of the RF can be explicated, tested, and interpreted (Kotsiantis, 2013). In
RF, the observation data splits into pairs of homologous sets creating “pure” nodes by utilizing
a bilateral recursive algorithm for classification. Then the purity of the nodes can be
accomplished by repeating the splitting process, which is the core of the recursive algorithm.
Each split creates a branch/node, and all splits accumulatively form the tree. The greedy
nature of this recurrent algorithm aims to maximize node purity at each split, leading to a
large tree where only a pair of observations is evaluated as a result of the last split (Biau et
al., 2008). This called a “singleton node” which can lead to overfitting issue, where models
will infrequently introduce to novel data that was not used in the training process. However,
the RF minimises this issue by growing various single decision trees out of the training
observations by bootstrap aggregation process known as bagging. Bagging is the random
selection of observations with replacement from the training data as well as the selection of
explanatory factors (Bbeiman, 1996). This process generates “in-bag” samples for training
each tree and leaves out a portion known as out-of-bag data (OOB). While each tree is trained
only on its respective in-bag sample, the OOB data serves as an internal validation set to
estimate the forest's generalization error (Caruana, 2006). All of the individual trees (learner)
outputs generated from the bagged observations by the RF model contribute to the
prediction results. Hence, hundreds of trees, trained on different sub-groups out of the
training group, together constitute a forest. Each tree has its own prediction, and combined
predictions contribute to a sole prediction utilizing the mean predictions. This regression
algorithm tackles the RF’s training set overfitting issue, normalising the predictive models and

making RF one of the most reliable ML methods (Caruana, 2006).

Using RF method, we analysed the effect and the importance of the explanatory variables on
the levels of four VOCs: ethane, ethene, i-pentane, and toluene, between 2015 and 2019

using the programming language R (rmweather package, version 0.2.4). The partial
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dependence analysis explains the relationships between variables, allowing the importance

of each predictor variable to be specified (Grange et al., 2018).

4.2.6 Business as usual scenario

In order to evaluate the actual influence of the lockdown measures on VOC concentrations,
one first of all needs to eliminate the contribution of meteorological conditions in order to
calculate a Business-as-usual (BAU) scenario (what VOC concentrations would have been if
lockdowns had not occurred). VOC concentrations were projected by RF models. These
models were trained over a pre-lockdown period of five years from 01/01/2015 to
31/01/2020; this extended training period enabled the model to analyse and capture the
variation in VOC concentrations based on the variation in the explanatory variables, and the
trained model was then used to predict BAU VOC concentrations during the lockdown

periods.

We then compared the actual and predicted VOC concentrations to calculate the changes in
VOC levels which could be attributed to the lockdown measures. The models’ performance
was statistically examined and validated over one month; 01/02/2020 to 28/02/2020, the last
month before the formal lockdown measures were enforced, by comparing the predicted
against the observed VOCs daily mean concentrations. Only VOC species whose daily mean
predicted and measured concentrations achieved an R? > 0.5 were used to predict the BAU
levels during the two lockdown periods, this ensured that predicted levels could be compared

confidently with measured ones.

The meteorological explanatory variables (wind speed, wind direction, boundary layer height,
relative humidity, atmospheric pressure, and air temperature), included in the model inputs
were chosen based on their importance to the variation in VOCs concentrations, while

variables with negligible influence during the five-year period were excluded.

Additionally, the hour of the day, the day of the week, the seasonal term (Julian day, ranging
from 1 to 365), and the trend term (Unix time, providing a continuous and absolute measure

of time since 1 January 1970 [UTC]). were included in this analysis.
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4.3 Results and Discussions, Marylebone Road

4.3.1 VOCs Historical Change

Table 4-3 illustrates how VOC concentrations were radically affected by the UK’s first
lockdown measures at Marylebone Road. There was a substantial drop in total VOCs
concentrations by 8.74 pg/m3, which is equal to a 25.6% reduction. The majority of VOCs
species has recorded a considerable reduction in their levels, compared to their mean

concentrations of the same period over the last five years, varying between 9.3% and 58%.

Alkanes, those mainly emitted from traffic-related sources, both exhaust and evaporative
emissions (i/n-pentane, i/n-octane, and n-heptane) (B. Li et al., 2017) were reduced by about
40% to 60%. Isopentane observed the highest reduction level in what concerns the absolute
change at 1.33 pg/m?3 accounting for a 48.9% decrease in its level, while 2-methyl pentane, a
VOC tracer for gasoline-powered exhaust emissions (Ho, Lee, Ho, Blake, Cheng, Li, Ho, et al.,
2009) recorded the highest reduction percentage among all VOCs at 58% corresponding to a

0.48 pug/m?3drop in its absolute concentration.

Aromatics, the most abundant tailpipe VOCs emission from gasoline-powered vehicles
(Arslan, 2020), varied between a 28.5% to 41.6% reduction, close but did not reach the
reduction percentages of the traffic-related alkanes. This could be due to the contribution of
other combustion and/or solvent sources to the aromatic levels, as non-methane
hydrocarbons emissions from the solvent production and use sector have become the most
critical VOCs source recently in the UK (Ricardo Energy & Environment, 2020). Alkenes
showed lower reductions than traffic-related alkanes, ranging between 9.3% to almost 36%

decrease.

Alkanes emitted from natural gas (NG) related sources; propane and i/n butane (CRS Reports,
2020) were reduced by only by 19.5% to 32% which was relatively low when compared with

the reduction levels in other alkanes.

Ethane, cis- and trans-2-butene, all are non-traffic related VOCs, were the only species that
showed increases in concentration during the first lockdown period. Ethane is emitted mainly
from the distribution, production, and consumption of natural gas (Franco et al., 2016), while

butenes could be emitted from biogenic sources (L. Li et al., 2015). Although cis-2-butene
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concentration increased by 60 %, its absolute change was only 0.03 pg/m3. Similarly, a 0.01

ng/m? increase in trans-2-butene levels corresponds to a 15% increase in its concentration.

Both alkenes and aromatics species have high consideration in the ozone potential formation
(OPF) due to their key role in the propagation of radicals and their reactivity with OH
(Pinthong, Thepanondh, Kultan, et al., 2022). Alkenes rapidly oxidise by OH forming peroxy
radicals (RO,) eventually forming ozone throughout NOx cycle (Atkinson & Arey, 2003). While
aromatics produce ozone precursors such as ketones and aldehydes due their oxidation
process via OH radicals producing oxygenated VOCs (Calvert et al., 2002). The maximum
incremental reactivity (MIR) value that directly related to species reactivity, explain the
importance of the species in the ozone photochemical formation. propene (an alkene) has an
MIR value of about 11.5, toluene (an aromatic) has an MIR value around 4, while propane

(alkane) MIR value is only about 0.5 (Zou et al., 2021).

The results show that the first lockdown measures have had a significant impact on the VOCs
levels at the road traffic site due to the significant drop in the land transport activities. All
observed changes during the first lockdown were statistically significant (p < 0.05), indicating
that the reductions exceeded the natural variability of the dataset and reflect a robust

response to emission changes.

The second lockdown measures in the UK, as shown in Table 4-4, had less obvious effects on
the total (sum) VOCs mean concentration at the urban traffic site dropping only by 0.86 pg/m3
compared to their total mean concentration during the same period over the last five years,
which is equal to a 1.86% reduction. The total reduction in VOCs levels, however, was
weakened by the increase of the highly weighted NG-related VOCs, ethane, and propane,

where the absolute increase of these two species equalled 2.14 pg/m3.

There was a moderate reduction in traffic-related alkane concentrations ranging between 9%
and 40%. As was the case in the first lockdown, iso pentane recorded the highest absolute
reduction in its mean concentration by 0.75 pg/m3. While 2-methyl pentane again recorded
the highest proportional reduction of 42.6%. These findings highlight the decline in land
transport activities, as these two VOCs are associated with traffic-related evaporative and

exhaust emissions, respectively.
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The drop in alkene levels was relatively similar to the alkanes case, ranging between 14% and
37%. A relatively small reduction in the mean concentration of aromatics was observed as
well. Some aromatics (ethylbenzene, m-p xylene, and o-xylene) observed modest increase in
their levels. Similarly, few alkenes such as propene and cis/trans-2-Butene showed increases
in their mean concentrations. However, changes in iso-octane, propene, trans-2-butene,
trans-2-pentene, and o-xylene during the second lockdown were statistically insignificant (p
> 0.05), suggesting that these variations fall within the natural variability of the dataset and

should be interpreted with caution.

The observed increase in the concentrations of ethane and propane during the second
lockdown could be due to the enforced lockdown measures resulted in an increased number
of individuals working from home, leading to heightened heating demands across residential
areas. Additionally, the long atmospheric lifetimes of both ethane and propane compared to
other VOCs could contribute to their elevated levels. This extended atmospheric persistence
facilitates their transportation over wider geographical areas, amplifying the influence of
domestic sources.

Table 4-3 Percentage and Absolute Change in VOCs Concentrations Due to 2020 First

Lockdown Measures Compared to Their Mean Concentrations of the Same Period Between
2015 to 2019 at Marylebone Road.

First Lockdown Absolute Change
Period First Lockdown (ug/m?)
VoG 2015-2019 2020 Mean Con Change (%)
Mean Con +/-SD +/-SD (ug/m?3)
(ug/m?)
Ethane 7.41+2.62 7.57+3.11 0.15 2.09
Propane 4.40+1.82 3.54+1.90 -0.86 -19.52
Iso-Butane 2.08+1.14 1.49+0.78 -0.58 -28.11
n-Butane 3.72+2.03 2.52+1.33 -1.19 -32.09
Iso-Octane 0.36+0.18 0.19 +0.07 -0.17 -46.68
n-Octane 0.21+0.13 0.12+0.04 -0.09 -43.53
Iso-Pentane 2.73+1.72 1.40+0.75 -1.33 -48.87
n-Pentane 1.08 £0.58 0.64£0.32 -0.45 -41.25
n-Heptane 0.38+0.28 0.18 +0.06 -0.2 -52.07
n-Hexane 0.35+£0.19 0.26 £0.22 -0.09 -25.01
2-Methylpentane | 0.83 £ 0.55 0.35+0.18 -0.48 -58.32
Ethene 1.83+£0.75 1.04 +£0.39 -0.79 -42.95
Propene 0.89+0.33 0.80+0.35 -0.08 -9.49
cis-2-Butene 0.05 +0.05 0.08 +0.02 0.03 59.83
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trans-2-Butene 0.08 £ 0.07 0.09+0.03 0.01 14.91

trans-2-Pentene 0.09 £ 0.07 0.06 £ 0.02 -0.03 -36.68
1-Butene 0.24+0.11 0.21+£0.06 -0.02 -10.24
1-Pentene 0.08 £ 0.05 0.06 £0.02 -0.02 -27.15
Ethyne 0.76 £0.34 0.57+0.13 -0.19 -24.58
Benzene 0.78£0.31 0.56£0.17 -0.22 -28.61
Ethylbenzene 0.46+£0.23 0.29+0.12 -0.17 -36.15
m/p-Xylene 1.61+1.01 0.95+0.40 -0.66 -40.84
o-Xylene 0.59+£0.30 0.40+0.16 -0.19 -32.26
Toluene 235+1.14 1.36 £0.53 -0.99 -42.13
1,2,4- TMB 0.56£0.46 0.45+0.17 -0.11 -19.64
1,3,5-TMB 0.22+0.15 0.13+0.04 -0.08 -38.45
Total VOCs 34.14+4.79 25.40+£4.15 -8.74 -25.6

Red change(%) values indicate changes that are not statistically significant (p = 0.05).

Table 4-4 Percentage and Absolute Change in VOCs Concentrations Due to 2020 Second
Lockdown Measures Compared to Their Mean Concentrations of the Same Period Between

2015 to 2019 at Marylebone Road.

Second Absolute Change
Second 3
Lockdown Period (ng/m°)
VOCs Lockdown Change (%)
2015-2019 2020 Mean Con
Mean Con +/-SD +/-5D (pg/m?)
(kg/m°)

Ethane 10.43+5.97 11.56 £ 7.10 1.34 12.80
Propane 6.57£3.36 7.251+4.83 0.79 12.15
Iso-Butane 3.14+1.60 2.85+1.95 -0.29 -9.29
n-Butane 5.40+2.50 4.88+3.44 -0.52 -9.67
Iso-Octane 0.42+0.21 0.41+0.20 0.01 -0.64
n-Octane 0.24+£0.18 0.20+£0.09 -0.04 -15.68
Iso-Pentane 2.88+1.43 214 +1.31 -0.75 -25.89
n-Pentane 1.30+0.58 1.00 £ 0.60 -0.28 -22.99
n-Heptane 0.48 £0.25 0.38£0.22 -0.08 -20.55
n-Hexane 0.43+0.23 0.36+0.21 -0.07 -16.71
2-Methylpentane | 1.04 £ 0.84 0.60 £ 0.38 -0.44 -42.61
Ethene 2.96+1.28 2.38+1.48 -0.57 -19.38
Propene 1.27£0.36 1.28 £ 0.66 0.02 1.22
cis-2-Butene 0.08 £0.04 0.10+0.03 0.02 20.3
trans-2-Butene 0.12 £0.08 0.12+0.04 0.00 -0.75
trans-2-Pentene 0.13+0.09 0.08 £ 0.05 -0.05 -38.83
1-Butene 0.32+0.16 0.26+0.12 -0.05 -17.36
1-Pentene 0.08 £0.04 0.07+£0.03 -0.01 -16.28
Ethyne 1.24+£0.52 1.00 £ 0.49 -0.24 -19.46
Benzene 1.11+0.48 0.99 £ 0.57 -0.12 -10.58
Ethylbenzene 0.65+0.34 0.72+0.45 0.07 11.05
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m/p-Xylene 2.11+1.12 2.33+1.46 0.22 10.61
o-Xylene 0.86+0.44 0.89+0.57 0.03 3.05
Toluene 3.11+1.61 2.74+1.55 -0.37 -11.86
1,2,4-TMB 0.81+0.43 0.75+0.23 -0.06 -7.2
1,3,5-TMB 0.31+0.15 0.23+0.08 -0.07 -23.83
Total VOCs 47.49 £ 8.53 46.63 £ 8.09 -0.86 -1.86

Red change(%) values indicate changes that are not statistically significant (p = 0.05).

4.3.2 Trend analysis

The trend analysis results show that the measured mean concentration of ethene, a VOC
mainly emitted from diesel- and petrol-powered vehicle tailpipes (Morgott, 2015), declined
significantly during the first lockdown period. When projected against the long-term trend
(2015-2019), this reduction corresponds to concentration levels that would not have been
expected until 2038, as shown in Figure 4-5, reflecting the massive drop in traffic activities.
Surprisingly, during the equivalent lockdown period in 2021, there was a considerable
increase in observed mean ethene concentration, exceeding the corresponding five-year
baseline. This increase was driven by 11 unusual high concentrations measurements ranging
between 4 pg/m3 and about 10 pg/m3, indicating episodic pollution events, which could be
due to short-term traffic congestion, low dispersion conditions, or potential analyser data
quality/sensitivity issue. This was confirmed by the median ethene concentration in 2021, as
it remained marginally lower than the long-term trend, indicating that the overall distribution
was not significantly shifted and that the elevated mean was disproportionately influenced
by these extreme values. Conversely, ethene levels in 2022 displayed a marginal decline,

deviating slightly from the prevailing trend.

The mean concentration of iso-pentane during the first lockdown in 2020 was forecasted to
occur in 2025. Similarly, the mean concentration of toluene was projected to occur in 2024.
Both toluene and iso-pentane levels in 2021 and 2022 returned to normal, following their
general downward trends. Cis/trans-2-butene, the only alkenes that showed an increase in
their levels during the first lockdown had very scattered distribution between 2015 and 2019,

which explains why the trend analysis was not applicable to them.

Ethane showed a slight upward trend, primarily driven by a lower mean concentration
observed in 2015, which explains the slight increase in its mean concentration during the first

lockdown, However, it is worth noting that the ethane concentration in both 2018 and 2019
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was nearly comparable to that observed during the lockdown. Notably, the mean
concentrations of ethane in 2021 and 2022 declined, deviating from the previously

established trend.

Hence, we can recognise the importance of the historical trend analysis in evaluating the
impact of the Lockdown measures on the VOCs levels. The observed decrease in Ethene level
during the first lockdown, associated with a 42.7% reduction, was predicted to occur almost
after 20 years following its general downward trend. In contrast, 48.5%, and 41.6% drop in
iso-Pentane and Toluene levels was equal only to five and four years, respectively, of their
expected gradual decrease following their general backward trend. A 28.5% drop in benzene
concentration was a normal result of its general downward trend suggesting that benzene
was not significantly affected by the lockdown measures. Ethylbenzene mean concentration
during the first lockdown was reduced by 35.2%, which was originally projected to occur in

2024 if the UK’s first lockdown measures had not been implemented.

On the other hand, the trend analysis of the second lockdown has confirmed the weak
correlation between the VOCs concentrations and the second lockdown implemented
measures. Among analysed VOCs species, only ethene observed a decline greater than
expected during the second lockdown period following its general backword trend. The 2020
ethene level was originally forecasted to take place in 2029, indicating a rapid reduction.
However, ethene’s mean concentrations over the last five years exhibited only slight

variability compared to the first lockdown ones.

Following their general backward trends, iso pentane, and toluene were projected to have
relatively lower mean concentrations during the second lockdown period rather than what
were actually observed, likely influenced by a few elevated daily mean values during the

lockdown. Similarly, benzene levels were affected in the same way.

In contrast, the high increase in ethane level, by 1.34 ug/m?3, during this lockdown, was a

normal result of its historical forward trend.

This finding emphasises the difference in VOCs response to the lockdown interventions and
highlight the importance of considering the historical trend analysis in differentiating

between normal air pollutants variability and external measures related ones.
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Figure 4-5 Marylebone Road , First Lockdown Trend analysis, Boxplots present daily means VOCs

distributions, Red colour 2020 lockdown1, Coloured dots are VOCs mean concentrations, Solid blue
line is the VOC historical trend, Doted blue line is lockdown1 mean concentrations level.
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Figure 4-6 Marylebone Road, Second Lockdown Trend analysis, Boxplots present daily means VOCs
distributions, Red colour 2020 lockdown?2, Coloured dots are VOCs mean concentrations, Solid blue
line is the VOC historical trend, Doted blue line is lockdown2 mean concentrations level.
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4.3.3 Meteorological variables’ effects on the VOCs levels

The results of the random forest analysis at London Marylebone Road revealed that air
temperature was the most important variable in explaining the variation in iso-pentane and
toluene levels, followed by the seasonal term (Julian day). For toluene, the seasonal term and
wind direction contributed roughly equally to explaining its variability, whereas for iso-
pentane the seasonal term had substantially greater weight than wind direction. For ethene,
the seasonal term was the most crucial variable in predicting its concentrations, followed by
the wind direction, and the boundary layer height Figure 4-7. The most heavily weighted
variable in explaining the variation in Ethane levels during these five years was the boundary
layer height, obtained from the ERA5 reanalysis for the monitoring site area (Hersbach et al.,
2026), followed by air temperature and Julian day, with these two variables showing relatively

similar importance.

Apart from ethane, where the cloud height variable was more important than the weekday
in explaining the variation of its concentrations, the cloud cover, and the height of the cloud
above the ground level had negligible importance to the levels of studied VOCs. Therefore,
these two variables were excluded when predicting BAU concentrations in the next section.
The importance of the rest of the tested variables varied between these VOCs. Although air
temperature had a critical impact on some VOCs, it did not have the same type of effects on
all of them. Iso Pentane concentrations recorded the lowest levels between -5 to 10 °C and
then had a positive correlation with air temperature, hitting a top at 35 °C Figure 4-8. This was
expected, as iso-pentane is mainly emitted from evaporative traffic-related sources. In
contrast, ethane levels peaked at the lowest recorded temperature, having a reverse
proportion with the air temperature between -5 and 15 and then levelled off. The nature of
this relationship is due to the increase of NG (the primary atmospheric source of ethane)
consumption, production, and distribution processes during the cold seasons. Ethene
concentrations, a vehicle exhaust pollutant, peaked at -5°C under stable atmospheric
conditions, where the convective vertical mixing is negligible. Ethen levels then showed a
steady inverse relationship with temperature until reaching their lowest levels at 5 °C,
followed by a gradual positive correlation between 10 to 30 °C. This positive correlation was
unexpected but may be explained by the street canyon effects at this location. The

relationship between the toluene levels and the air temperature was similar to the Ethene
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between -5 to 5°C. However, there was a sharp increase in Toluene concentrations starting
from 10°C, where these concentrations peaked at 30°C and then levelled off. The contribution
of two key sources to the toluene levels at this site can explain this pattern; 1- traffic
emissions, those levels increase under low air temperature (stable atmospheric conditions),
and 2- the solvent sources, where the emissions increase by the increase of the air

temperature.

The wind speed, despite its importance level, had a consistent effect across the four VOCs, all
of them showed a negative correlation with wind speed up to 10 m/s, after which
concentrations levelled off or gradually decreased, indicating the dominance of local emission
sources. Similarly, the wind direction had the same impact on these VOCs concentrations;
although the monitoring site is located on the southern side of the road, the highest
concentrations were recorded when the wind blew between the East and SWW directions,
which can be a result of the complexity of the street canyon environment where the
pollutants are subjected to leeward accumulation and other complex flow dynamics (Grange

& Carslaw, 2019).
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Figure 4-7 Variables importance to VOCs levels at Marylebone Road (2015-2019) . Predictor
variables: day of year (day_julian), day of the week (weekday), timestamp (date_unix), wind
direction (wd), wind speed (ws), boundary layer height (blh), air temperature (air_temp),
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Figure 4-8 Partial dependent plots showing the relationship between selected VOCs concentrations
and key meteorological variables at the Marylebone Road site (2015-2019). Y-axis represents the
modelled VOC concentration (ug m3), and X-axis shows the range of each predictor variable.
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4.3.4 Business as usual scenario

In general, the model in the validation stage overpredicted the VOCs daily mean
concentrations. During the validation month, the mean concentrations of the most abundant
measured VOCs, including ethene, iso-pentane, toluene, benzene, ethane, propane, propene,
ethyne, n-butane, iso-butane, n-pentane, m+p-xylene, and 2-methyl pentane, exhibited a
tendency to be higher than the actual measurements. The magnitude of overestimation
ranged from 0.01 to 0.75 pg/m3, which represents a range of 0.17 to 18.4 per cent at 95%
confidence intervals. This overpredicting trend in the model’s performance could be due to
two substantial reasons. The first one, is related to the variability of the meteorological
variables, as February 2020 had the highest mean and median wind speed distribution
compared to the whole training period as shown in Figure 4-9. The second one is the drop in
social and industrial activities in February, even before the enforcement of the lockdown,
leading to a reduction in the observed concentrations. We considered these two reasons were
only applicable during the validation period, and they were not applicable during the
prediction period. Therefore, these offsets were not corrected for the predicted VOCs daily

mean concentrations.

Monthly wind Speed Distribution Comparison (2015-2019) VS 2020
Diark Blue Boxplat[2015-2019), Green Boxplot 2020

Wind Speed (m/s)
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Figure 4-9 Comparison of Monthly Wind Speed Distribution from Heathrow airport
(2015-2019) VS 2020, Dark Blue Boxplot (2015-2019), Green Boxplot 2020.
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Figure 4-10 presents comparison between the measured (relative to the five-year baseline
2015-2019) and modelled BAU percentage changes in VOC concentrations at the Marylebone
Road site during the UK lockdown periods (LC1) and (LC2). While Figure 4-11 presents the
corresponding absolute changes in VOC concentrations (ug m3), allowing direct comparison

between observed reductions and those expected under non-lockdown conditions.

The first lockdown measures had a stronger impact on natural gas-related VOCs levels
following the BAU scenario output than what was calculated using the historical change
method. The measured ethane mean concentration during the first lockdown was higher than
its mean over the last five years by 0.15 pg/m? which represents a 2% increase during LC1,
however, the predicted mean concentration of ethane during LC1 was higher than what was

measured by 0.74 ug/m?3 indicating that ethane levels actually dropped by 9.3% during LC1.

Similarly, the reduction effects of LC1 on propane, and butane were relatively higher following
the BAU scenario output than what was calculated using the historical change method. As per
the BAU scenario propane, among all modelled VOCs levels, recorded the highest reduction
in its mean concentration, dropping by 1.35 pg/m3 (-28.8%) during this lockdown, followed
by n-butane, which dropped by 1.32 ug/m? (-34.4%).

In contrast, iso-pentane, which recorded the highest drop in its concentrations during LC1 by
1.32 pg/m?3 following the historical change method, was reduced by only 0.95 pg/m?3 in the
predicted BAU scenario. The model predicted a slightly lower reduction in aromatics
(benzene, mp-xylene, and toluene) during this lockdown dropping by 27.3%, 36.8% and
36.5%, compared with the historical method, where reductions were 28.5%, 40.2%, and

41.6%.

On the other hand, the modelled ethene mean concentration was higher than the measured
one by 0.82 pg/m?3 recording the highest percentage reduction of 45.2% during LC1, while
measured 2-methyl pentane concentration dropped by 39.7% compared to its modelled one,
these two VOCs were reduced by 42.7% and 58% respectively, following the historical change

method.

Similar to LC1, the model outcomes predicted a higher reduction in natural gas-related VOCs
levels compared to the historical change method. Ethane and propane mean LC2

concentrations were higher than their historical levels by 12.8% and 12.1%, respectively.
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However, the model results showed only 2.1% and 2.3% increases in these levels under the

BAU scenario. Butane followed a similar trend as well.

In contrast, LC2 iso-pentane concentrations dropped by only 0.29 pug/m3 (-12.4%) compared
with the BAU scenario, while they dropped by 0.7 pg/m? (-24.3%) compared with the mean
concentrations for the LC2 period over the last five years. On the other hand, the models
predicted a reduction in ethene LC2 mean concentrations similar to that obtained with the

historical method as shown in Figure 4-10, and Figure 4-11

The BAU results emphasize that the first lockdown had a greater effect in reducing VOC
concentrations than the second lockdown, reflecting the stricter measures during LC1, when
there was an almost complete pause in anthropogenic emissions, especially from traffic and
industry. In contrast, LC2 involved only a partial economic pause and less strict measures,

resulting in a more moderate drop in VOC concentrations.

The differences in the observed VOC reduction levels between the BAU model and the
historical change analysis highlight the importance of conducting multiple analytical
approaches when evaluating air pollution intervention strategies. The higher reductions in
natural-gas-related VOCs following the BAU output suggest that energy consumption
patterns were more affected by lockdown measures than previously estimated, whereas
aromatic VOCs and iso-pentane experienced greater variability, mainly due to contributions

from various non-traffic-related sources such as solvent use and industry.
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The effects of the UK lockdown (LC1 and LC2) on VOC concentrations at the London

Marylebone Road site: measured vs. modelled (BAU) % changes
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Figure 4-10 UK lockdown periods (LC1/LC2) measured versus modelled percentage changes in VOC
concentrations at the Marylebone Road site. Measured changes are based on observed
concentrations compared to the five-year baseline (2015-2019), while BAU changes are derived
from Random Forest (RF) model predictions simulating business-as-usual conditions.
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Figure 4-11 UK lockdown periods (LC1/LC2) measured versus modelled absolute changes in VOC
concentrations at the Marylebone Road site. Measured changes are based on observed
concentrations compared to the five-year baseline (2015-2019), while BAU changes are derived
from Random Forest (RF) model predictions simulating business-as-usual conditions.
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4.4 Results and Discussion, Eltham Site

The absolute and relative changes in VOC concentration at the London Eltham site during
lockdown measures are presented in Table 4-5, the results show that the reduction in total
VOCs concentrations was 8.51%. This drop was mainly driven by decreases in the highly
weighted alkanes (ethane, propane, n-butane), where ethane levels fell by 0.28 pg/m3
corresponding to a 6.2% drop. Similarly, the NG-related alkanes experienced a uniform weak
reduction ranging between 4.9% to 8.2%. Given that natural gas consumption during the
lockdown was expected to remain constant, this slight decrease could be mainly due to
normal variations in background emissions or weather conditions variability rather than a
lockdown-related effect. This emphasises the complexity of assessing VOC trends, as not all

changes in VOCs concentrations resulted by emissions shift.

In what concerns the other alkanes, n-heptane and n-hexane levels were significantly higher
than their averages over the past five years, while the average concentration of iso-octane,
mainly associated with traffic emissions (Lan et al., 2014), plummeted by almost 60%. The
rest of the alkanes recorded an average decrease of around 15%. On the other hand, the
majority of aromatics recorded a considerable percentage drop between 18.5% to 39.4%,
while alkenes showed uneven decrease. This illustrates that reactive VOCs, those have a vital
impact on atmospheric chemistry through ozone production (Derwent- et al., 1998), are more
vulnerable to human activity despite their lower concentrations. One important policy-
related conclusion from this difference is that emission sources that are aimed for improving

air quality might not be the same as those are crucial to carbon reduction and net-zero target.

During the second lockdown, there was a general increase almost in all species at the London
Eltham site as shown in Table 4-6, consequently the total VOCs mean concertation increased
by 18.2% compared to the reference period (2015 to 2019). In general, the second lockdown
measures did not have any decreasing impact on the VOCs levels at the suburban site. In the
contrast almost all species levels were increased, which could be due to number of factors.
Firstly, the meteorological conditions had lower dispersion effects on air pollutants, both
vertically by lower ambient temperature and spatially by slower wind speed during this
lockdown, encouraging the accumulation of emitted VOCs. Secondly, human activities

including the mobility were higher than the first lockdown under COVID-safe protocols that
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enabled the partial reopening (Acosta-Ramirez & Higham, 2022). This also explains the lower

impact of second lockdown on VOCs levels at London Marylebone Road.

Table 4-5 Percentage and Absolute Change in VOCs Concentrations Due to 2020 First Lockdown
Measures Compared to Their Mean Concentrations of the Same Period Between 2015 to 2019 at

Eltham Site.

First Lockdown
Period First Lockdown
Absolute Change
VOCs 2015-2019 2020 Mean Con ; Change (%)
Mean Con +/-SD +/-SD (ug/m?3) (hg/m)
(ng/m?)
Ethane 451+1.72 4.23+1.55 -0.28 -6.16
Propane 2.33+1.18 2.18+1.12 -0.14 -6.1
Iso-Butane 1.12+0.70 1.03+0.60 -0.09 -8.24
n-Butane 2.16 £1.27 2.05+1.39 -0.11 -4.95
Iso-Octane 0.10 £ 0.06 0.04 £ 0.03 -0.06 -60.41
n-Octane 0.06 £ 0.03 0.05 £ 0.03 -0.01 -15.49
Iso-Pentane 1.13+0.81 0.96 +0.80 -0.18 -15.52
n-Pentane 0.56 +0.42 0.47 +0.36 -0.09 -15.95
n-Heptane 0.12 +0.06 0.17 £ 0.06 0.06 49.63
n-Hexane 0.18+0.19 0.29+0.33 0.11 61.3
2-Methylpentane | 0.27 +0.20 0.25+0.18 -0.02 -6.22
Ethene 0.55+0.31 0.53+0.25 -0.02 -3.22
Propene 0.30+0.15 0.30£0.08 -0.01 -2.44
cis-2-Butene 0.06 +0.05 0.03+0.01 -0.03 -50.38
trans-2-Butene 0.05 +0.02 0.03 +0.02 -0.02 -30.48
trans-2-Pentene 0.04 +0.02 0.03 +0.02 0 -5.86
1-Butene 0.08 £ 0.05 0.08 £0.02 0 4.5
1-Pentene 0.04 +£0.02 0.03+0.01 -0.01 -19.72
Ethyne 0.33+0.18 0.30+0.12 -0.04 -10.54
Benzene 0.37+0.18 0.30+0.18 -0.07 -18.5
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First Lockdown

Period First Lockdown
Absolute Change
VOCs 2015-2019 2020 Mean Con Change (%)
(ng/m?)
Mean Con +/-SD +/-SD (ug/m?3)

(ng/m?)
Ethylbenzene 0.15+£0.08 0.14 £ 0.06 -0.01 -3.79
m/p-Xylene 0.38+0.23 0.30+0.15 -0.08 -21.16
o-Xylene 0.17 £0.09 0.12 +£+0.07 -0.04 -24.88
Toluene 0.65+0.34 0.49+0.27 -0.17 -25.55
1,2,4-TMB 0.15+0.10 0.09 £ 0.06 -0.05 -35.98
1,3,5- TMB 0.06 +£0.03 0.04 +£0.02 -0.02 -39.41
1,3-Butadiene 0.04 +£0.03 0.04 +0.01 0.00 -2.53
Total VOCs 15.96 + 3.07 14.61+ 2.88 -1.36 -8.51

Red change(%) values indicate changes that are not statistically significant (p = 0.05).

Table 4-6 Percentage and Absolute Change in VOCs Concentrations Due to 2020 Second Lockdown
Measures Compared to Their Mean Concentrations of the Same Period Between 2015 to 2019 at

Eltham Site.
Second
Second
Lockdown Period
Lockdown Absolute Change
VOCs 2015-2019 Change (%)
2020 Mean Con (ng/m3)
Mean Con +/-SD
, +/-SD (ug/m?)
(ng/m?3)
Ethane 5.89+3.78 6.33+4.42 0.44 7.39
Propane 3.59+2.48 3.98+3.18 0.39 10.71
Iso-Butane 1.92 +1.63 2.30+2.08 0.38 18.95
n-Butane 3.48 +2.86 4.21 +3.81 0.73 20.37
Iso-Octane 0.14+0.13 0.25+0.20 0.11 73.94
n-Octane 0.07 £ 0.05 0.11 £ 0.06 0.04 58.7
Iso-Pentane 1.41+1.19 1.86 +2.40 0.45 30.87
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Second

Second
Lockdown Period
Lockdown Absolute Change
VOCs 2015-2019 Change (%)
2020 Mean Con (ug/m3)
Mean Con +/-SD
+/-SD (png/m?)
(ug/m?)

n-Pentane 0.73+£0.59 0.91+1.13 0.18 24.15
n-Heptane 0.18+0.15 0.27+0.17 0.09 50.74
n-Hexane 0.23+0.21 0.32+0.29 0.09 35.14
2-Methylpentane | 0.42 + 0.45 0.46 £ 0.41 0.04 8.46
Ethene 1.25+1.01 1.66+1.41 0.41 32.46
Propene 0.51+0.35 0.79+£0.70 0.28 55.49
cis-2-Butene 0.09+0.11 0.08 £0.07 -0.01 -9.14
trans-2-Butene 0.07 £ 0.06 0.09 £ 0.08 0.02 20.13
trans-2-Pentene 0.06 +0.05 0.08 +0.08 0.02 28.69
1-Butene 0.15 +0.09 0.16 +0.12 0.01 4.68
1-Pentene 0.04 £ 0.03 0.06 £ 0.05 0.02 33.35
Ethyne 0.51+0.39 0.68 £ 0.42 0.17 32.26
Benzene 0.62 +0.36 0.74 +0.53 0.12 18.82
Ethylbenzene 0.25+0.21 0.31+0.24 0.06 21.37
m/p-Xylene 0.73+0.68 0.90+0.78 0.17 22.69
o0-Xylene 0.3+£0.26 0.39+0.32 0.09 27.77
Toluene 1.12+0.94 1.29 +0.98 0.17 14.44
1,2,4-TMB 0.29+0.27 0.33+0.30 0.04 13.11
1,3,5- TMB 0.11+0.09 0.12+0.10 0.02 15.89
1,3-Butadiene 0.09 £ 0.06 0.11+0.08 0.02 18.78
Total VOCs 24.25+6.02 28.79+8.16 4.53 18.20

Red change(%) values indicate changes that are not statistically significant (p > 0.05).
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Regarding the trend analysis at this site, iso-octane, although the data were relatively
scattered as shown in Figure 4-12, had a general downward trend at the Eltham site,
especially during the last three pre lockdown years, where first lockdown concentration
appeared to be in-line with that trend. Interestingly, the variability of the iso-octane
concentrations during the first lockdown was lower than in all previous (and subsequent)
years, reflecting a significant in iso-octane emissions, primarily gasoline evaporation and
vehicle exhaust (Lan et al., 2014). During the first lockdown period, the mean iso-octane
concentration reduced by 60%, compared to its projected concentration based on the
reference period trend (2015 to 2019). Using the reference period trend as a guide and
assuming no other changes in emission, lockdown mean concentration was not predicted to

occur until 2029.

On the other hand, even with its slight upward trend over the past five years, the increase in
mean concentration of n-heptane during the first lockdown by 49.6% was dramatically sharp
and was not projected to occur even by 2045, this increase in atmospheric n-heptane was
unexpected, considering its primary emissions sources that include fuel evaporation and
handling, vehicle exhaust, and emissions from petroleum refining and petrochemical
processes (DEFRA, 2020; L. Zhang et al., 2021), occurred during a period of reduced traffic
volumes and fuel consumption due to lockdown measures. However, the mean concentration
in 2021 during the same period aligned with the predicted trend, and the 2022 mean

concentration was even lower than what was projected.

In the contrast, benzene first lockdown mean concentration that dropped by 18.5% was
completely projected by its trend over the past five years and did not affect by the lockdown
measures at this site. Similarly, the benzene mean concentration in 2021 followed the

predicted trend, while the 2022 benzene mean concentration was even lower.

In what concern the second lockdown, the 18.8% raise in benzene mean concentrations was
against benzene general backward trend, as illustrated in Figure 4-13, however, post
lockdown 2021 and 2022 levels went back to follow the normal benzene trend at this site.
This was exactly the same as in n- heptane case, as second lockdown mean concentration
increased by 50% against the general trend, while post lockdown years levels back to follow
their normal downward trend. However, the slight increase in ethane mean concentration
during lockdown 2 was as predicted by its general trend for the same period over the past
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five years. it worth mentioning that ethane mean concentration for the same period in 2019
and 2021 was remarkably close to the 2020 lockdown one, while 2022 levels dropped

significantly compared with these years.

The results of the Random Forest (RF) model unveiled the key role of wind speed (WS) in
predicting the analysed VOC concentrations (Ethane, Ethene, iso Pentane and Toluene),
especially for ethane, at the London Eltham site, which is located in an open environment
with almost no obstructions to wind movement. However, the most important variable for
these species was the Julian day (day of year), indicating clear seasonal emission patterns. WS
was the second most important variable for toluene, iso-pentane, and ethene, following the
seasonal term directly. Eltham's wind direction was found to have less impact than at the
Marylebone Road site, this is consistent with the lack of street canyon effects at this site,

which explained the importance of WD at Marylebone Road.

At this suburban background location, there was strong negative correlation between VOC
levels and WS, which indicates the dominance of local emissions rather than transported
emissions. On the other hand, a negative correlation between ethane and ethene levels and
air temperature was observed, up to about 10 °C, after which concentrations stabilised.
Generally, VOC levels were higher under calm winds blowing from east and west directions,

where nearby residential areas are located.

Finally, The Eltham site comparison presented in Figure 4-14, revealed that the modelled
business as usual (BAU) scenario’s results were considerably different to the historical change
ones. The historical changes explained in 4.3.1 did not match the RF models' prediction of a
significantly higher drop in VOC levels during both lockdowns at Eltham site. This is mainly
due to the strong influence of meteorological conditions on VOC concentrations at Eltham,
compared with Marylebone Road, which is directly influenced by traffic emissions. Hence, the
actual effect of the lockdown measures on VOC levels at Eltham site is accurately unveiled

when this influence was scaled through the business-as-usual scenario.
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Figure 4-12 Eltham site, First Lockdown Trend analysis, Boxplots present daily means VOCs
distributions, Red colour 2020 lockdown1, Coloured dots are VOCs mean concentrations, Solid blue
line is the VOC historical trend, Doted blue line is lockdown1 mean concentrations level.
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Measured Vs Modelled BAU Percentage Changesin VOC
Concentrations at the Eltham Site
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Figure 4-14 Measured versus modelled percentage changes in VOC concentrations at the Eltham
suburban background site during the first (LC1) and second (LC2) UK lockdown periods. Measured
changes are based on observed concentrations compared to the five-year baseline (2015-2019),
while BAU changes are derived from Random Forest (RF) model predictions simulating business-as-
usual conditions.

4.5 Conclusion

This study provides a comprehensive assessment of the impact of the UK's COVID-19
lockdown measures on VOCs concentrations at two different monitoring environments in
London: Marylebone Road (urban traffic site) and Eltham (suburban background site).
Utilising various analytical approaches, including historical comparisons, trend analysis,
meteorological normalisation via Random Forest (RF) modelling, and business-as-usual (BAU)
scenario forecasts, the findings present a thorough assessment of VOCs levels in response to

the significant emission reductions during the pandemic.

At Marylebone Road, where local VOC concentrations are dominated by the adjacent traffic
emissions, most VOC levels during the first lockdown, particularly traffic-related alkanes, and
aromatics, observed a significant reduction, confirming the strong association between
vehicular activity and ambient VOC concentrations in the urban settings. This was confirmed
by the considerable reductions in iso-pentane and 2-methylpentane levels, reflecting
significant emissions reduction from their main sources, gasoline evaporative and exhaust
emissions. In contrast, non-traffic related alkanes (ethane, propane, and butanes) showed

marginal changes, which could be due to the increased demand on domestic energy during
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the lockdown period. However, the second lockdown, generally, had less significant impact

on VOC levels at this site, as restriction measures were less strict.

At Eltham, a suburban area with more diversified and distributed VOC emission sources, the
first lockdown measures slightly decreased the overall VOCs levels, while some species,
particularly n-hexane and n-heptane, increased. Unexpectedly, the second lockdown was
associated with increases in most VOC species, highlighting the importance of non-traffic

sources and the vital weather impact on VOCs levels in suburban environments.

The trend analysis showed that the reduction in VOCs levels during the first lockdown at
Marylebone Road, particularly for ethene, was greater than the projected levels based on
their historical trends over the pre-lockdown five years, while the reduction in other VOCs
levels, like benzene, was consistent with their normal backward trend. At Eltham, some
changes, such as the sharp rise in n-heptane, deviated from expected trends, suggesting that
emissions from non-traffic sources and the influence of complex meteorological conditions

played a vital role at this site.

Meteorological normalisation using Random Forest models was crucial for revealing the
actual effects of lockdown measures, independent of weather variability. Wind speed,
seasonal variations, and temperature were important predictors of VOC levels, with a more
noticeable meteorological impact at Eltham due to its open suburban environment. On the
other hand, VOCs levels were more sensitive to wind direction at Marylebone Road because
of the street canyon environment. BAU predictions revealed that meteorology masked a

substantial reduction in VOCs mean concentrations, especially at Eltham.

The observed reductions in VOC concentrations alongside the changes in nitrogen oxides
(NOx) due to significant reduction in anthropogenic activities , provide an important insight
into urban atmospheric chemistry during the lockdown period. A recent study by Prof Lee
from the University of York reported substantial decreases in NOx across the UK due to
reduced traffic activity. However, ozone concentrations were found to increase across UK
monitoring sites, with largest increase recorded at urban traffic sites (+48%) compared to
(+11%) at urban backgrounds environments (Lee et al., 2020). This is consistent with VOC-
limited (Nox-saturated) chemical regime in urban settings, where reduction in NOx levels

reduce NO titration of ozone and enhance the net Oz formation as detailed in section 1.4.1.
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At Marylebone Road, the significant reduction in NO emissions likely reduced ozone titration,
resulting in higher Os concentrations. Similarly, at Eltham, increases in ozone can be
attributed to lower NOx levels combined with less consistent reductions in VOCs

concentrations.

Evaluating VOC changes due to lockdown effects is more direct at Marylebone Road, located
adjacent to direct traffic emissions, where VOCs levels are predominantly correlated with
fresh traffic emissions. In the contrast, at Eltham, various geographically scattered emission
sources contribute to VOCs level, including domestic combustion, fuel handling, and light
industry, in addition to land transport-related emissions. The emission from these sources can
be impacted by various weather conditions and photochemical reactions that occur during
VOCs transport from the emission source to the monitoring site. Therefore, identifying the
effects of lockdown measures out of the fluctuations caused by meteorological and
photochemical factors cannot be confidently achieved only by comparing VOC levels,

especially at Eltham.

Overall, the findings confirm the necessity of traffic emission regulations but also emphasise
the need for more comprehensive strategies addressing non-traffic emission sources,
particularly residential and energy-related VOC emissions. The integration of monitoring,
trend analysis, and machine learning analysis proved to be crucial for understanding

intervention effectiveness under real-world conditions.
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Chapter 5

5 Conclusion
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5.1 Overview and key findings.

We aimed in this project to investigate the sources, temporal variability, and policy-relevant
impacts of VOCs on urban atmospheres in the UK, employing receptor modelling, inter-city
comparative analysis, and an evaluation of a natural experiment (the COVID-19 lockdown) to
provide a thorough assessment of VOCs levels responses to lockdown measures at roadside

and urban background locations.

The research was organised into three primary chapters. First, a comprehensive source
apportionment analysis for London was conducted using the EPA PMF 5.0 model, providing
robust source profiles for a wide variety of emission sources. Second, a comparative analysis
of seasonal and diurnal variability in London and Birmingham was undertaken, providing new
insights into spatial heterogeneity. Third, the exceptional reduction in anthropogenic
emissions during the 2020 lockdowns was investigated using data from a roadside
(Marylebone Road) and an urban background site (Eltham), providing unique evidence on the

sensitivity of VOC concentrations to sudden emission reductions.

All together, these chapters provide an integrated picture of urban VOC sources, emphasising
the relative importance of traffic, solvent, fuel evaporative, and secondary sources, and
demonstrating that, while traffic restrictions can deliver measurable improvements, other

sources must also be addressed to achieve sustainable reduction.

The application of the US EPA PMF 5.0 model to the measured VOCs at the London Honor Oak
Park urban background site provided a robust seven-factor solution, revealing the key sources
of VOCs emissions in London: Regional Transport and Background Alkanes, Secondary
Atmospheric Oxidation, Traffic Fuel Evaporation, Vehicular Combustion, Paint and Solvent,
Industrial, and Commercial and Residential Fuel Combustion. Traffic related emissions, both
fuel evaporative and tailpipe emissions, continued to be major VOCs source in urban
atmosphere, accounting for 27% of the total VOCs mixing ratio, with fuel evaporative having
grater VOCs emissions than vehicular combustion. Additionally, regional alkanes accounted
for the largest proportion (28%) of total VOCs mixing ratio, however, due to the low reactivity
of their components, they had marginal importance in secondary atmospheric pollutant
formation, which includes Ozone Formation Potential (OFP) and Secondary Organic Aerosol

Potential (SOAP). In contrast, paint and solvent emissions which accounted only for 9% of the
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total VOCs mixing ratio, less than one third of regional alkanes contribution, had, due to their
highly reactive compounds (aromatic VOCs), by far the greatest secondary organic aerosol
potential. They were also the most significant contributors to atmospheric ozone formation.
Secondary atmospheric oxidation source (acetone and acetaldehyde), accounted for 18% of
the total VOCs mixing ratio, was the second highest source in OFP, which underscored the
importance of photochemical processes, followed by vehicular combustion and traffic fuel
evaporative sources. However, considering traffic related emissions as a single source would

make it has the highest OFP among all sources.

A detailed comparison of London and Birmingham VOC species revealed both similarities and
considerable differences. Both cites almost shared the ten most abundant VOCs species,
those accounted for about 90% of the total observed VOCs mixing ratio, with ethane, ethanol,
and acetone being the most three abundant VOCs species. However, there was a significant
proportional increase in ethanol, iso-pentane, and toluene levels in London compared with
Birmingham, indicating stronger contributions from solvent and evaporative emission
sources. By contrast, combustion-related VOCs (ethene, and acetylene) were more prominent
in Birmingham’s VOCs profile, ranking higher than in London, in association with enhanced
evening peaks. Generally, winter combustion tracers, in both cities, increased further,
reflecting elevated VOCs emissions from combustion sources under weaker degradation and
dispersion conditions. On the other hand, oxygenated VOCs contributed most to total VOCs
levels, in summer, emphasising the importance of atmospheric secondary formation under
improved photochemical conditions. Furthermore, diurnal patterns demonstrated the site-
specific behaviours of VOCs species. In London VOCs levels showed sharp declines after the
morning peaks followed by afternoon rises, reflecting the influence of photochemistry and
boundary-layer dynamics. Birmingham, on the other hand, exhibited steadier patterns with

evening enhancements driven by stronger nighttime accumulation.

The 2020 COVID-19 lockdown measures provided a unique natural experiment for assessing
the impact of restricted human activity, primarily traffic, on VOC levels. At Marylebone Road,
the first lockdown measures substantially decreased traffic-related VOCs, primarily alkanes
and aromatics. On the other hand, non-traffic VOCs (ethane, propane, and butanes) only
exhibited slight variations in their levels, reflecting increased residential heating demand

during the same period. However, the second lockdown had weaker effects on VOC levels,
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due to less strict lockdown measures. The results at Eltham were conflicting, where certain
traffic related VOCs showed a slight decrease in their levels, others, namely, n-hexane and n-
heptane, showed a considerable increase, emphasising the key importance of non-traffic and
dispersed sources, compared with traffic-dominated sites. Trend and meteorological-
normalisation analyses confirmed that declines in key traffic related species at Marylebone
Road exceeded their general trends, confirming the direct impact of reduced traffic activity,
while at Eltham, background influences and meteorological conditions masked the actual
scale of change. The BAU scenario projection indicated that meteorological factors masked
substantial reductions, especially at Eltham, underscoring the need for statistical methods to

differentiate intervention impacts from natural variability.

5.2 Implications for Air Quality and Policy

The findings of this work show that UK urban VOC policies must consider the evolving urban
VOCs sources in addition to vehicle tailpipe emissions. While vehicle exhaust controls have
successfully reduced many combustion-related pollutants, the less strictly regulated sources,
namely fuel evaporative losses, and solvent-related sources, have become more important
than tailpipe emissions in contributing to total VOCs levels. These sources also play vital roles

in the atmospheric formation of ozone and secondary organic aerosols.

The clear seasonal and spatial variation in VOCs sources and levels between London and
Birmingham underscores the need for tailored VOCs mitigation strategies that consider the
sources diversity in different urban areas, which could be underestimated in National-scale
policies. London VOCs management plans should aim to reduce solvents and evaporative
emissions more strictly, on the other hand, Birmingham strategies have to additionally
address combustion and regional background sources. Consequently, aligning interventions

to local VOCs sources will enhance their effectiveness and efficiency.

Additionally, traffic-focus measures’ advantages and limitations were revealed by the
lockdown analysis. While roadside VOCs concentrations were significantly reduced under
limited mobility conditions, background concentrations remained relatively unaffected, and
some compounds even increased, which emphasise that transport measures alone are
insufficient to achieve comprehensive improvement in urban areas. However, targeted

mobility measures, including expansion of Ultra Low Emission Zones, promotion of active
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travel, and electrification of the fleet, remain vital interventions that should be coupled with

broader package of measures.

Finally, our study revealed the key role of oxygenated and secondary VOCs in urban
environments, indicating the vital need to integrate atmospheric chemistry considerations
into air quality strategies, as reducing precursor and solvent-related emissions will not only
decrease the primary VOC concentration but also efficiently limit secondary pollutant

formation and, therefore, enhance public health benefits.

Overall, the findings illustrate the necessity of addressing VOCs emissions from
transportation, solvent usage, fuel evaporative losses, and residential energy consumption.
Additionally, secondary formation processes and localised variations between urban areas
should be consider. Collectively, providing a comprehensive multi-source VOCs management
strategies, which will provide co-benefits for air quality, climate objectives, and the protection

of public health in the UK.

5.3 Limitations and Future Work

Although this research provides a comprehensive analysis of VOC sources and variability in

UK urban environments, a few limitations should be acknowledged.

Firstly, our analysis was constrained by the species measured by the GC-FID system. While
extensive, the current suite does not capture the full range of VOCs relevant to ozone and
SOA formation. Ideally, measuring more oxygenated compounds, higher aldehydes, and

biogenic species would improve both source apportionment and reactivity assessment.

Secondly, the receptor modelling results are fully dependent on the input dataset. While the
main purpose of the London and Birmingham Supersites is to provide high resolution long-
term data in order to characterise urban background conditions and they are not intended
to capture street-level or industrial hot-spots, Birmingham supersite location in proximity to
medical schools and the Queen Elizabeth Hospital complex, contributes to elevated acetone

levels that may not reflect the wider urban background.

Moreover, the lockdown analysis was influenced by meteorological variability and the unique

anthropogenic conditions of the COVID-19 pandemic. While meteorological normalisation
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accounted for weather variability, the unique nature of the lockdown should be considered,

and hence the results should be interpreted as indicative rather than applicable.

Future research should aim to expand the VOC library within routine monitoring. This can be
achieved through the integration of gas chromatography coupled with mass spectrometry
(GC-MS) in addition to the existing GC-FID systems, which will improve VOCs identification
through molecular fragmentation patterns while maintaining robust quantification.
Additionally, speciation of complex and co-eluting compounds, mainly oxygenated VOCs and
biogenic species that are not fully resolved by FID alone, would be enhanced by utilising a MS.
Moreover, the deployment of advanced real-time mass spectrometry techniques, such as
proton-transfer-reaction time-of-flight mass spectrometry (PTR-TOF-MS), would further
improve temporal resolution and reduce uncertainties in the quantification of key compounds

such as isoprene and benzene.

Analyses should also be extended to other UK key cities in order to build a more
representative national VOC profile. Further work should also combine the atmospheric
science and health by linking VOC source apportionment with exposure models and
epidemiological studies. Finally, upcoming interventions including ULEZ development and
fleet electrification should be used as real-world experiments to evaluate VOC source

responsiveness under evolving urban conditions.
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