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ABSTRACT

The concentration, size and composition of atmospheric aerosols determines their
impact on health and climate. These parameters are highly variable and inherently
linked with source, seasonality and geographical location. In this study, a suite of
instruments was deployed to quantitatively investigate the properties of ambient
carbonaceous aerosol at six unique locations around Ireland. Source apportionment
analysis was performed for the identification of dominant sources contributing to the

ambient carbonaceous aerosol in each environment.

This work serves to highlight the spatial and temporal variability of ambient
carbonaceous aerosol in Ireland. Aethalometer data exhibited significant spatial
variability of black carbon (BC). The lowest concentrations were recorded at regional
background sites, while the highest concentrations were recorded in populous, urban
settings. The aethalometer source apportionment model was used to demonstrate
spatial variability of contributions from dominant sources. The temporal variability of
carbonaceous aerosol was explored through data collected during long-term
monitoring campaigns in Dublin and Enniscorthy. Strong seasonal variation in
equivalent black carbon (eBC) was evident, particularly in locations strongly
influenced by solid fuel burning for residential heating. Furthermore, approximately
40% and 72% of total eBC measured during winter at University College Dublin and
Enniscorthy, respectively, was attributed to solid fuel combustion. Strong diurnal
trends were observed in each location, however the absolute concentration was
seasonally dependent. A pronounced evening peak, attributed to solid fuel combustion
emissions, was observed at the majority of sampling sites during the winter months.
Urban areas also had a morning peak consistent with rush hour and was attributed to
the influence of traffic-related emissions.

Novel data collected at several unique environments as part of three individual long-
term monitoring campaigns, demonstrated the ubiquitous nature of carbonaceous
aerosol, particularly BC, in Ireland and the associated impact on local air quality.
Despite the negative implications on human health, air quality and climate, BC is not
regulated or routinely monitored in Ireland. This research outlines the potential
benefits of establishing an extensive, national BC monitoring network, including the

collection of real-time data to inform vital air pollution mitigation policies.
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1.1 ATMOSPHERIC AEROSOLS

The suspension of a solid or liquid particle in a gas can be defined as an aerosol
(Finlayson-Pitts & Pitts, 2000). The suspension of such particles in the atmosphere are,
therefore, referred to as atmospheric aerosols. Particle diameters generally range
between ~0.002 um and 100 um, however particles in the 0.002 um to 10 um size
range are most important with regard to atmospheric chemistry and physics
(Finlayson-Pitts & Pitts, 2000). Larger particles, comparable in size to fine drizzle or
sand, do not remain suspended over lengthy time periods.

Aerosols play an important role in the energy balance of the Earth, the hydrological
cycle, atmospheric circulation and the abundance of greenhouse and trace gases
(Poschl, 2005). They also have a strong influence on the health of the human
population, causing or exacerbating noncommunicable diseases. Particle
concentration, size and chemical composition determine the degree of impact on health
and climate. Such parameters are highly variable and are inherently linked with

seasonality and geographical location.

1.1.1 Sources and Chemical Composition

Aerosols have both natural and anthropogenic origins. They can be released directly
into the atmosphere, as primary emissions, or formed in the atmosphere as secondary
aerosols by chemical or physical processes (Prather et al., 2008; Péschl, 2005; Tomasi
et al., 2017). Sources of natural emissions include sea spray, volcanic eruptions,
biological materials, wildfires and wind-driven suspension of soil and mineral dust
(Poschl, 2005). Natural emissions account for ~98% of particle emissions on a global
scale. In terms of total mass, sea spray and mineral dust contribute 84% and 13%,
respectively (Viana et al., 2014). Anthropogenic aerosols are composed of numerous
organic and inorganic species and usually fall into the sub-micrometre to micrometre
size range (Ramanathan et al., 2001). Aerosols derived from anthropogenic activity
are usually concentrated in urban environments. Sources include traffic (exhaust
emissions, road surface abrasion, brake and tyre wear, particle resuspension from
paved roads), industrial activities (power plants, construction) and emissions

associated with housing (cooking, domestic heating). Sources of anthropogenic



emissions in rural areas are typically associated with domestic heating (solid fuel
combustion) and agricultural activities (Calvo et al., 2013).

Once in the atmosphere, aerosols are subject to physical (e.g., nucleation,
condensation) and chemical (e.g., oxidation) transformation and transportation (Figure
1.1). Efficient removal processes, including sedimentation and precipitation, are
responsible for residence times of days to weeks, which are much shorter than lifetimes
of the main greenhouse gases (Bellouin et al., 2020). The oxidation of primary emitted
volatile organic compounds (VOCSs) by hydroxyl radicals, nitrate radicals and ozone
results in the formation of secondary organic aerosols (SOA). Biogenic VOCs, such
as isoprene, terpenes and sesquiterpenes, are well known natural SOA precursors.
Anthropogenic precursors include aromatic compounds emitted by fuel combustion,
which leads to significant SOA formation in urban areas (Baltensperger et al., 2005;
Moise et al., 2015). Given that precursors can undergo numerous degradation
processes, the range of possible oxidised products, which may or may not further
influence SOA formation, is vast (Hallquist et al., 2009). There is significant
uncertainty associated with SOA formation, and thus, its effects on climate and total
radiative forcing.

It is widely accepted that both natural and anthropogenic atmospheric aerosols have a
strong impact on climate and human health (P6schl, 2005). Evaluation of chemical
composition reveals information about dominant sources, which is of great importance
for the development of efficient strategies to counteract adverse effects of atmospheric

aerosols.



Secondary Formation O OO
/ Cloud Processing ‘\\
. ®
. ° '..‘ ® .. . ®
-0, ‘o ®
PR L Physical & Chemical Aging o, 0.
L] . o ®
Natural Anthropogenic Dry Wet
Primary Emission Deposition

Figure 1.1 Schematic of the atmospheric cycling of aerosols. Adapted from
Pdschl (2005).

1.1.2 Carbonaceous Aerosols

Carbonaceous aerosol refers to the fraction of total aerosol containing carbon,
consisting predominantly of organic carbon; in which the carbon is bonded to other
elements, and black carbon; a light absorbing species produced by the incomplete
combustion of biomass and fossil fuels. Black carbon (BC) is similar, but not identical,
to elemental carbon (IPCC, 2013; Streets et al., 2004).

There is significant ambiguity in the definition of black carbon. An authoritative
review of the topic cites a lack of agreement on terminology that accounts for each of
the specific properties, definitions, measurement methods and related uncertainties
associated with the species, and therefore, recommends that discrimination be based
on method of measurement (Petzold et al., 2013). BC plays an important role in the
Earth’s climate system by absorbing solar radiation, influencing cloud processes and
accelerating the melting of snow and ice. The open burning of forests and savannahs
are a major global source of atmospheric BC. Anthropogenic sources (diesel engines,
industry, residential heating) contribute a significant additional portion (Bond et al.,
2013; Briggs & Long, 2016). The dominant sources of BC and the associated
emissions are subject to considerable temporal and regional variability. For example,
it is estimated that 60-80% of the BC emissions in Asia and Africa can be attributed to

solid fuel combustion in residential settings, while in contrast, 70% of the observed



BC in Europe, North America and Latin America is attributed to emissions from diesel
engines (Bond et al., 2013).

Brown carbon (BrC) refers to the fraction of organic aerosol with significant light-
absorbing properties. The BrC absorption spectrum demonstrates strong wavelength
dependence, with increasingly efficient absorption at lower wavelengths, tending
towards the ultraviolet region. The absorption efficiency and spectral dependence of
BrC varies with origin (Andreae & Gelencsér, 2006; Feng et al., 2013). Forest fires,
biomass burning, domestic solid fuel combustion and biogenic emissions (fungi, plant
debris, humic matter) contribute a significant portion of primary BrC. Secondary BrC
is attributed to the formation of high molecular weight light-absorbing compounds in
atmospheric multi-phase reactions, involving gas-phase, particulate and cloud droplet
components (Laskin et al., 2015). Knowledge of the mechanisms and atmospheric
transformations associated with BrC is limited, thus increasing the uncertainty in

quantifying the effect of BrC.

Organic carbon (OC) contributes significantly to ambient particulate matter
concentrations. It is derived from a variety of natural (sea-spray, biogenic emissions)
and anthropogenic sources (combustion processes, resuspension of abrasion products,
refineries, paints) (Contini et al., 2018; Kuhlbusch et al., 2009; Stockwell et al., 2021).
OC can originate from primary sources, through combustion processes or biogenic
emissions, or secondary sources, following atmospheric processes, such as the
oxidation of biogenic or volatile organic compounds (VOC), which lead to the
formation of secondary organic aerosols (SOA). Such processes result in changes to
the composition and properties of the organic fraction. Elemental carbon, on the other
hand, usually originates exclusively from the incomplete combustion of carbon-
containing fuels (Liu et al., 2018). This includes biomass-burning, industrial processes

and emissions from diesel engines.

In recent years there has been increased scientific interest in the sources, composition,
properties, atmospheric processes and transformations associated with carbonaceous
aerosols. Improved knowledge in this area is needed to assess, and ultimately reduce

the potential negative impact on climate and human health.



1.2 ENVIRONMENTAL AND HEALTH IMPACTS OF ATMOSPHERIC AEROSOLS

1.2.1 Climate Effects

Radiative forcing, as defined by the Intergovernmental Panel on Climate Change
(IPCC), is “a measure of the influence a factor has in altering the balance of incoming
and outgoing energy in the Earth-atmosphere system and is an index of the importance
of the factor as a potential climate change mechanism” (IPCC, 2007a). Positive
radiative forcing (i.e. a value larger than zero) has a near-surface warming effect, while
negative forcing has a cooling effect (IPCC, 2014). Atmospheric aerosols contribute
to both positive and negative radiative forcing, depending on type. A significant
fraction of the atmospheric aerosol exerts a dominant cooling effect due to cloud
adjustments. This is offset by the warming contribution due to absorption of solar
radiation by species such as black carbon (IPCC, 2014). The overall aerosol radiative
forcing between 1750 (pre-industrial era) and 2011 is estimated as -0.9 W m (range:
-1.9t0-0.1 W m™) (IPCC, 2014). Thus, a considerable portion of the positive radiative
forcing of well-mixed greenhouse gases has been counteracted by the negative
radiative forcing of the global mean total aerosol. There are, however, large
uncertainties associated with aerosol-driven climate change (Haerter et al., 2009;
Lohmann et al., 2010; Stevens, 2015), owing to variability in chemical composition
and the diverse temporal and spatial distribution in comparison to greenhouse gases
(Bellouin et al., 2020).

The climate effects of atmospheric aerosols can be categorised as direct and indirect
effects. The direct effect is associated with the absorption or scattering of solar
radiation, in addition to radiation emitted from, or reflected by, the Earth’s surface.
Indirect effects are related to the modification of cloud properties (Haywood &
Boucher, 2000). Both are influenced by the chemical and physical properties of the
aerosol particles (Baltensperger & Prévot, 2008). Aerosols contribute the largest

uncertainty to the total radiative forcing estimate (IPCC, 2013).

1.2.1.1 Direct Effects

The direct radiative effect refers to the ability of aerosols to scatter and absorb solar

radiation, in addition to radiation emitted from, or reflected by, the Earth’s surface.
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The efficiency at which this occurs is dependent on the wavelength of radiation, the
distribution of aerosol particle size, shape and refractive index, each of which is
determined by chemical composition and mixing state (Bellouin et al., 2020). Dust,
nitrate, sulfate, and primary and secondary organic aerosols are estimated to contribute
to negative radiative forcing by scattering solar radiation, leading to a net cooling
effect on the atmosphere (IPCC, 2013, 2021). Conversely, absorption of radiation by
black carbon causes positive radiative forcing of +0.11 [-0.20 to +0.42] W m giving
rise to a warming effect (IPCC, 2021). A decrease in solar radiation reaching the
ground influences the surface air temperature and the planetary boundary layer height
(Jung et al., 2019).

(a)Effective radiative forcing, 1750 to 2019 (b) Change in GSAT, 1750 to 2019
ik
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Figure 1.2 Contribution to effective radiative forcing (a) and global mean surface air temperature
(GSAT) change (b) from component emissions between 1750 and 2019 (IPCC, 2021).



1.2.1.2 Indirect Effects

The indirect effect refers to the influence of aerosols on cloud microphysics; changing
the radiative properties, frequency and lifetimes of clouds. Specifically, the ability of
aerosols to act as cloud condensation nuclei (CCN) or ice nuclei (IN). The net positive
or negative radiative forcing of a cloud is determined by its physical properties and the
CCN population (IPCC, 2013).

The ability of atmospheric particles to act as CCN is dependent on the hydrophilicity
of the particle. Increased aerosol concentration forms clouds containing smaller, more
numerous water droplets. This induces negative radiative forcing due to increased
cloud albedo (Goosse et al. 2008-2010; Levy et al., 2013). Variation in particle type
and distribution influences precipitation efficiency. Smaller cloud particles reduce
precipitation efficiency, thus prolonging cloud lifetime. Solar absorption by particles
containing black carbon, may cause evaporation of cloud droplets by increasing the

surrounding air temperature. This is known as a semi-direct effect (Rao & Dey, 2020).
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Figure 1.3 Radiative mechanisms. Adapted from IPCC (2007b).

1.2.2 Health Effects

According to the World Health Organization (WHO), ambient air pollution is one of
the greatest environmental risks to health (World Health Organization, 2019). A report
published by the WHO in 2019 stated that 90% of the world’s population inhabit areas

8



where the air is deemed unhealthy to breathe. The report attributes 4.2 million deaths
to poor ambient air quality annually (World Health Organization, 2019). Numerous
studies have been conducted to demonstrate the positive association between both
short- and long-term exposure to particulate matter and increased morbidity and
mortality due to respiratory and cardiovascular diseases (Dockery et al., 1993;
Fajersztajn et al., 2017; Jakubiak-Lasocka et al., 2014; Lelieveld et al., 2015; Orellano
et al., 2020; Pope & Dockery, 2006; Pope Il et al., 2002; Sanyal et al., 2018). In 2016,
heart disease, stroke and respiratory-related illnesses accounted for 38%, 20% and
43% of the 4.2 million deaths attributed to air pollution, respectively (World Health
Organization, 2019). According to the World Cancer Report (2020), air pollution is
one of the most important contributors to environmental cancer burden in human
populations, causing an estimated 350,167 deaths from lung cancer in 2017 (Wild et
al., 2020).
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Figure 1.4 Number of deaths attributed to ambient air pollution in 2016 (World Health Organization,
2021b).

Particulate matter (PM) can enter the human respiratory system via inhalation. The
extent to which the particles can penetrate the human respiratory tract is dependent on
particle size. Larger particles (5 — 30 um) are generally removed in the upper

respiratory tract via deposition in the nasopharyngeal region. Smaller particles (1 — 5



um) are often deposited in the tracheobronchial region. However, sub-micron (< 1 um)
and ultrafine particles (< 100 nm) can penetrate further into the respiratory system
potentially as far as the gas-exchange alveolar region (Bakand et al., 2012; Finlayson-
Pitts & Pitts, 2000; Praphawatvet et al., 2020). By crossing the air-blood tissue barrier,
these particles can enter the blood and lymphatic circulatory system and reach any
organ in the body (Kreyling et al., 2006; Oberdorster et al., 2005). This includes the
potential to reach organs such as the brain. A number of studies have previously
documented the adverse impact exposure to ambient particulate matter has on
cognitive function (Ailshire & Crimmins, 2014; Crinnion, 2017; Shehab & Pope,
2019). In recent years, there is strong evidence for increased risk of Alzheimer’s
disease, in addition to other forms of dementia, as a result of exposure to air pollution
(Kilian & Kitazawa, 2018; Moulton & Yang, 2012; Oudin, 2020).

Although conclusive evidence is limited, exposure to particulate matter and other
pollutants during pregnancy, has been associated with pre-term births and low birth
weights (Apte et al., 2018; Brauer et al., 2008; Liu et al., 2019; Pedersen et al., 2013).
One study showed that a 5 ug m= increase in PM_s exposure during pregnancy was
associated with increased risk of low birth weight at term (Apte et al., 2018), while
another observed ambient black carbon particles derived from combustion processes
on the foetal side of the placenta (Bové et al., 2019). It is hypothesised that the particles
are able to translocate from the mothers lungs to the placenta. A report published by
the WHO documented the health implications for children exposed to ambient air
pollution, included low birth weight, reduced lung function, impaired mental and
motor development, childhood cancers and an increased risk of heart disease, diabetes
and stroke in later life (WHO Regional Office for Europe, 2019).
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Figure 1.5 Schematic of the potential deposition sites for particles of diameter less than
100 nm which can enter the bloodstream and be transported throughout the human body,
accumulating in various organs (Kreyling et al., 2010).

1.2.3 Air Quality Legislation

Regulation and legislation with regard to air pollution effectively limits the climate
and human health effects. Health based legislation for particulate matter is based on
particle size; PMyo (PM with a diameter of 10 um or less) and PM2s (PM with a
diameter of 2.5 um or less). The European Union sets limits for particulate matter
pollution for member states in the Clean Air for Europe directive (CAFE — Directive
2008/50/EC). The directive limits PM1o mass to annual and 24-hour mean values of
40 ng m and 50 pg m3, and an annual mean concentration of 20 pg m for PMzs, as
of January 2020.
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Maintaining currency with new evidence in terms of the negative health implications
associated with ambient air quality is crucial to policy makers. As new evidence
emerges, air quality guidelines require updating. In 2016, a comprehensive, systematic
review of globally conducted studies was undertaken by the WHO in order to update
the air quality guidelines originally published in 2005. The aim of the review was to
provide evidence, particularly quantitative data, describing the relationship between
long-term exposure to PM and mortality (Chen & Hoek, 2020). PICO is a common
question frame employed in health sciences research, composed of four elements;
population/patient/problem, intervention, comparison and outcome. An adapted
version of this conventional question frame was used for the study; PECOS. The
intervention (I) component was replaced with exposure (E) corresponding to the
concentration of the pollutant of interest, and S was introduced to define the study
design of included evidence. The question aimed to estimate the increase in risk of
health outcome (O) to any population (P) per unit increase (C) of exposure to ambient
concentration of a given air pollutant (E), observed in relevant studies. In brief, ‘what
is the lowest concentration that produces a measurable increase in risk?’(World Health
Organization, 2021d). As a result of this study, the WHO updated the recommended
guideline limits for both PM1o and PM2s mass, in addition to ozone (Os3), nitrogen
dioxide (NO2) and sulfur dioxide (SO2), in September 2021. In order to account for
both short-term and long-term exposure to particulate pollution, 24-hour and annual
mean guideline limits have been recommended. For PMyg, the WHO recommends
concentration limits of 15 pg m= and 45 pg m* for annual and 24-hour means,
respectively. Stringent limits of 5 ug m* and 15 ug m have been recommended for
annual and 24-hour mean values for more damaging PM2s particles (World Health
Organization, 2021c). Recommended levels of certain components of PM, including
BC and ultrafine particles, could not be presented due to the lack of ‘clear quatitative
evidence on independent health effects’, but were, instead, included by means of

statement of good practice (World Health Organization, 2021d).

In Ireland, the Air Pollution Act 1987 directs local authorities to implement measures
considered necessary to limit or prevent air pollution in their relevant zones. The
Marketing, Sale and Distribution of Fuels Regulations (1990) prohibited the sale and
distribution of bituminous coal in Dublin, initially. It resulted in a significant reduction

in black smoke concentration and is associated with improvements in the health of the
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population and decrease in premature deaths caused by air pollution (Clancy et al.,
2002; Goodman et al., 2009). This regulation has since been extended to cities and
towns with populations greater than 10,000. In September 2021, the government
announced strict standards for domestic solid fuel to be enforced nationwide by the
2022 heating season. This will include a nationwide ban on burning bituminous coals,
limits for the smoke emission rate by manufactured solid fuels and peat briquettes, as
well as upper limits for the moisture content of wood (Department of the Environment,

Climate and Communications, 2021).
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1.3 HISTORICAL DEVELOPMENT OF RESEARCH INTO CARBONACEOUS

AEROSOL

High variability of chemical composition, size, morphology and phase contribute to
the large uncertainty associated with measurement and analysis of atmospheric
aerosols. A greater understanding of such parameters, in addition to related effects on
climate and human health, is vital for the development of effective, and efficient,
mitigation strategies. A combined approach is required in order to accurately evaluate
the effects that aerosols have on the atmospheric system. This includes (i) field
measurements of ambient aerosol; (ii) laboratory studies of the chemical and physical
properties of aerosols and their atmospheric processes, and (iii) model analysis that
accounts for gas-phase and heterogeneous chemistry, optical properties and

photochemical processes (Prather et al., 2008).

There are a number of challenges associated with off-line characterisation and
measurement techniques; namely low time resolution, limited capture of real-time
changes to ambient conditions and sampling artefacts, both positive and negative.
Evaporation of semi-volatile species, reactions between collected particles and gases,
and adsorption of gases on filters and/or previously collected particles can occur
(Finlayson-Pitts & Pitts, 2000; Lee et al., 2005; Prather et al., 2008; Wilson et al.,
2002). This can lead to distorted results, which are not representative of the actual
aerosol. These limitations have incentivised the development of reliable and robust on-

line techniques for the real-time measurement of atmospheric aerosol.

Smoke and haze associated with anthropogenic activity was exacerbated by the
industrial revolution and intensified significantly in the increasingly populous urban
centres. In the nineteenth century, characterisation of atmospheric particles began with
studies of optical effects of suspended particles and experiments on colour from
particle scattering (Hidy, 2019). John Switzer Owens, an Irish physician and
environmental engineer hailing from Enniscorthy Co. Wexford, is credited with
significant advances in scientific instrumentation used to quantify air pollution during
the twentieth century. The deposit guage (Owens, 1926), a device that captured soot
falling from the sky, was developed by the Committee for the Investigation of
Atmospheric Pollution, of which Owens was a member. The instrument was deployed

at various locations as part of one of the earliest large-scale monitoring networks in
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the UK to evaluate the spatial trends in air pollution (Fuller, 2019; Mosley, 2009). As
the field progressed, ‘Black Smoke’ (BS) measurements, based on the degree of optical
reflectance, were used for the quantification of air pollution caused by particulate
matter. The method was calibrated for domestic coal smoke. It was standardised in the
1960s by the Organisation for Economic Co-operation and Development (OECD) and
monitoring networks were deployed for the systematic measurement of the species, as
well as sulfur dioxide (Department for Environment, Food & Rural Affairs; Quincey,
2007). Increasing interest in the numerous sources of airborne particles, and their
relationship with morbidity and mortality, led to the use of PM2s and PMyo in the mid-
1990s as the accepted measure of particulate matter by academics and regulatory
authorities, to encompass the total mass concentration of particles within specific size
fractions (Heal & Beverland, 2017).

Particulate matter concentration instrumentation is based on measurement principles,
which include gravimetric, optical, microbalance and electrical charge. Gravimetric
methods determine the PM mass concentration by weighing the filter, before and after
sampling. This is typically an off-line technique (Amaral et al., 2015) used to give
average daily concentrations of PM. Tapered element oscillating microbalance
(TEOM) and beta attenuation monitors (BAM) also incorporate filter measurements,
but can operate on a continuous basis to provide hourly values of mass concentration
(Solomon & Sioutas, 2008). Real-time optical measurements of mass concentration
are based on the principles of light extinction, absorption and scattering by particles.
Such methods provide quantitative information on mass concentration but provide no

indication of aerosol composition.

Numerous studies worldwide have reported higher levels of PM mass concentration in
winter in comparison with summer months. This is largely attributed to increased
biomass burning during the winter heating season (Cheng et al., 2013; Diapouli et al.,
2017; Healy et al., 2017; Jeong et al., 2008; Park et al., 2018; Reisen et al., 2013;
Saarikoski et al., 2008; Saffari et al., 2013; Yttri et al., 2007; Yttri et al., 2019). In
addition, several studies have reported the influence of long range transportation of
emissions (ApSimon et al., 2001; Begum et al., 2010; Coz et al., 2009; Healy et al.,
2017; Karaca et al., 2009; Salvador et al., 2007; Wang et al., 2015; Zhang et al., 2018).
PM mass concentrations vary across Europe. Despite higher mean concentrations in

southern Europe, compared to northwest and central regions (Cavalli et al., 2016; Yttri
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et al., 2019), similar spatial trends are observed in each region (Glasius et al., 2018;
Putaud et al., 2010). In general, levels gradually increase in moving from rural
background monitoring sites to kerbside sites in urban settings. Correspondingly, the
majority of annual and daily limit exceedances occur in urban and kerbside locations
(Putaud et al., 2010). Strong diurnal patterns have also been documented, particularly
in cities influenced by high volumes of traffic. These trends are often dependent on
dominant sources, combined with variation in seasons, meteorological conditions and
boundary layer height. Large contributions from fossil fuels are often observed from
06:00 - 10:00, consistent with morning rush hour traffic, while biomass burning related
emissions dominate in the eveningtime (Mousavi et al., 2018; Peralta et al., 2019;
Rattigan et al., 2013).

Carbonaceous aerosol represents a significant portion of ambient aerosol; accounting
for between 20 and 70% of the total ambient aerosol mass (Cesari et al., 2018; Contini
et al., 2018; Jafar & Harrison, 2020; Karanasiou et al., 2015; Ni et al., 2018; Yttri et
al., 2009; Yttri et al., 2011). Carbonaceous aerosols can be emitted by both natural and
anthropogenic sources, including solid fuel combustion, such as wood and coal
burning for residential heating, and fossil fuel combustion, often associated with road
traffic. Biogenic, marine biogenic and emissions from forest fires also contribute to
carbonaceous aerosol. Total carbon is the term traditionally used to describe the sum
of all carbon contained in particles. Total carbon (TC) can be divided into organic
carbon (OC) and black carbon (BC) or elemental carbon (EC) fractions (Fuzzi et al.,
2006). Discrimination between BC and EC is based on method of measurement. Light
absorbing carbonaceous aerosol, which includes black and brown carbon, can affect
atmospheric radiative forcing, reduce the albedo of snow and ice and, ultimately, has
considerable impact on climate (Liu et al., 2020). Brown clouds, most commonly
occurring in Asia, are comprised of both light absorbing and light scattering aerosols
and can also contribute to atmospheric solar heating and the cooling of the Earth’s
surface (Gustafsson et al., 2009; Ramanathan et al., 2007). Numerous adverse health
effects, such as heart disease, stroke and respiratory related illnesses, have previously
been linked with exposure to elevated concentrations of particulate matter and poor air
quality (World Health Organization, 2019). Following widespread recognition of the

negative implications on climate and human health linked with carbonaceous aerosol,
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the development of modern analytical techniques capable of identification and
quantification of carbonaceous fractions of total PM mass became essential.

Quantification of the carbonaceous content of atmospheric aerosols is based on
thermal and thermal-optical methods, allowing for determination of total carbon
content and the discrimination of elemental (EC) and organic carbon (OC). In
conventional thermal methods, filter samples are subjected to increasing temperatures
under pure oxygen. Quantification is possible through conversion of evolved
carbonaceous vapours to CO2 by an MnO: catalyst, followed by detection of CO> by
anon-dispersive infrared (NDIR) detector. A significant limitation associated with this
method is the evolution of pyrolytic carbon (PC), caused by the charring of organic
matter, at higher temperatures, leading to an overestimation of EC (Kuhlbusch et al.,
2009). The incorporation of a laser to continuously monitor the filter transmittance in
thermal-optical methods corrected for the PC formed during analysis (Birch & Cary,
1996; Huntzicker et al., 1982). Thermal-optical analysis is widely used for
discrimination of elemental and organic carbon. This technique involves desorption of
OC from a filter at increasing temperatures under an inert pure-helium atmosphere,
followed by desorption of EC under an oxidising atmosphere (Wu et al., 2016).
Numerous variations of the analytical technique have been published, incorporating
modified temperature ramps, residence time and optical measurements (Cavalli et al.,
2010; Chow et al., 2007; Chow et al., 1993; NIOSH, 1996; Quincey et al., 2009;
Schauer et al., 2003). This analytical technique was initially applied to urban aerosols,

particularly targeting diesel soot (Andreae & Gelencsér, 2006).

The distinction between ‘elemental carbon’ and ‘organic carbon’ is not based on
molecular structure, but on differences in optical absorption of particles during thermal
desorption (Spada & Hyslop, 2018). Accurate distinction of elemental and carbon
content can reveal the influence of local sources and long range transportation. EC is
produced exclusively during the incomplete combustion of carbon-containing fuels,
including fossil fuels and biomass. OC may be primary, as a product of combustion or
biogenic emissions, or secondary, as a consequence of atmospheric processes (Jones
& Harrison, 2005; Szidat et al., 2009). EC in urban aerosol samples tends to evolve at
significantly higher temperatures (550 — 700 °C) compared with aged samples and
samples from remote locations (450 — 550 °C) in thermal-optical analyses (Andreae &

Gelencsér, 2006). The OC/EC ratio can be used as an indication of dominant fuel types
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contributing to the aerosol composition, including biomass burning, coal combustion
and vehicle emissions. The ratio estimation is highly dependent on combustion
conditions and methods of sampling analysis (Cheng et al., 2011; Ni et al., 2018;
Simpson et al., 2007).

Traditionally, filter-based measurements were used to determine the carbonaceous
content of ambient aerosol. Such methods can be time consuming and analysis is often
carried out off-line, following sample collection. Continuous on-line monitoring of
ambient carbonaceous aerosol at high time-resolution can be achieved using the Semi-
Continuous OCEC Field Analyzer developed by Sunset Laboratory Inc.

‘Black smoke’ measurements were based on the relationship between the surface
particle concentration and reflectance of dark particles within PM, now characterised
as black carbon (Heal & Quincey, 2012). The principles of this method are similar to
the optical, on-line measurements of black carbon are made using the aethalometer,
first developed by Hansen et al. (1984). Both methods rely on the optical properties of
sampled particles to determine concentration. Previous publications have
demonstrated approaches to deriving a relationship between the methods (Heal &
Quincey, 2012; Quincey, 2007). The principle of operation of the aethalometer was
based on the continuous measurement of attenuation of light (530 nm) transmitted
through a filter as ambient particles were deposited. The current model (AE33, Magee
Scientific) features light of seven wavelengths between 370 nm and 950 nm; from the
near-UV to near-IR, which are passed through a sample spot of ambient particles
collected on an automatically advancing filter tape. The BC concentration is
determined by the rate of change of attenuation of light transmitted through the filter,
in addition to a pre-selected mass absorption cross section (MAC) value. As a
consequence of the incoporation of seven wavelengths, the AE33 aethalometer also
has the capacity to carry out source apportionment analysis, evaluating the origins of
sampled BC. This analysis is based on the differences in absorption efficiency of
particles. Development of this fully automated instrument allowed for collection of
detailed description of carbonaceous aerosol composition in real-time, at relatively low

cost and has proven to be less labour intensive than previous methods.

The dominant sources of black carbon in European cities are traffic-related and

biomass burning emissions (Kutzner et al., 2018). The substantial contribution of
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wood burning emissions to PM mass concentration, particularly during the winter
heating period, is widely recognised across Europe (Favez et al., 2009; Helin et al.,
2018; Herich et al., 2011; Maenhaut et al., 2016; Martinsson et al., 2017; Perrino et
al., 2019; Titos et al., 2017; Zhang et al., 2020) and is responsible for frequent
exceedances of air quality limits set out by the EU (Crilley et al., 2015). High time-
resolution achieved by the aethalometer facilitates detailed diurnal and temporal
analysis of carbonaceous aerosol and related contributing sources. Studies have noted
higher than expected levels of emissions attributed to biomass burning at the
weekends, in comparison to weekdays, suggestive of ‘recreational’ domestic wood
burning. This ‘weekend phenomenon’ has been observed in London (Fuller et al.,
2014; Jafar & Harrison, 2020) and in Paris (Favez et al., 2009). In each case, the
increase in brown carbon (BrC) containing species at weekends is associated with a

high prevalence of domestic wood burning.

The most recent addition to the suite of instruments capable of on-line speciation of
carbonaceous aerosol with a high time resolution is the Total Carbon Analyzer (TCA-
08, Magee Scientific). Determination of total carbon concentration is performed by
flash heating the collected sample to 940 °C. The integration of concurrent optical
measurements of equivalent black carbon (eBC) allows for the determination of
equivalent organic carbon (eOC) content present in the sample. The eBC
concentration, measured by the aethalometer, is converted to equivalent elemental
carbon (eEC) using a proportionality factor (b), thus allowing for accurate
quantification of eOC, described in Eqgn. 1.1 and Eqn. 1.2 (Rigler et al., 2020).

eEC =b-eBC Egn. 1.1

e0C =TC —eEC Eqn. 1.2

By using ambient air as the analytical carrier gas, the requirement of speciality gas
supplies is eliminated, simplifying installation. Continuous operation at a high time-
resolution allows for reliable capture of real-time changes in aerosol composition,

providing a detailed insight into the major contributors and their relative contributions,
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while avoiding the labour-intensive filter preparation and analysis associated with
conventional analytical techniques.

As a field combination, the multi-wavelength aethalometer and the Total Carbon
Analyzer is quite a robust arrangement. The combination of these instruments provides
a detailed description of the ambient carbonaceous aerosol in real-time, possibly
rendering the conventional thermal-optical method of measuring elemental and
organic carbon content obsolete. By employing this method the absolute
concentrations of eEC, eOC and TC are obtained. However, in contrast to thermal-
optical methods of measurement, the relative volatilities of each fraction of the
sampled aerosol observed in thermograms, which can be used to inform a description
of the aerosol composition, are not obtained in TCA analysis. Despite widespread
recognition of the major role played by black carbon as a positive radiative forcing
agent in the atmosphere (Bond & Bergstrom, 2006; IPCC, 2013), it is not a regulated
pollutant under U.S., EU or Irish legislation. With the aforementioned combination, it
would be possible to routinely monitor ambient levels of BC, while also satisfying the

required monitoring of OC and EC.

Complimentary techniques, such as the off-line quantification of levoglucosan, an
anhydrosugar commonly used as a biomass burning tracer, and employment of
instruments such as an aerosol chemical speciation monitor (ACSM), can provide
detailed evidence of contributions to ambient aerosol. Levoglucosan measurements
offer an indication of the contribution of wood burning to total solid fuel combustion
emissions. Levoglucosan quantification can also be applied in the validation of
analysis, such as the aethalometer model, particularly when dominant sources

identified in the environment are wood burning and traffic-related emissions.
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1.4 STUDIES OF CARBONACEOUS AEROSOL IN IRELAND

Several studies have been conducted across lIreland to evaluate the ambient
atmospheric aerosol in a number of unique environments (Buckley, 2019; Ceburnis et
al., 2006; Dall'Osto et al., 2013; Healy et al., 2010; Kourtchev et al., 2011; Lin, 2019;
Ovadnevaite et al., 2021; Wenger et al., 2020). Spatial and temporal trends have been
identified, with a focus on identification of dominant sources in recent years.
Characterisation of the aerosol aids the identification of dominant sources; essential
for the development of air pollution mitigation legislation.

Linetal. (2018) reported the dominance of emissions related to peat and wood burning
in a mainly residential area of Dublin, collectively accounting for 61 — 72% of organic
aerosol measured in the eveningtime, despite the use of solid fuel as a heat source in
only a small portion of households (< 13%). It is estimated that total elimination of
wood combustion would result in a 52 - 70% reduction in PMy mass concentration.
These findings reflect results obtained during a measurement campaign in Galway city
where the largest contribution to total ambient organic aerosol was from peat burning
(39%), despite the relatively low usage of peat as a primary domestic heating method
(Lin et al., 2017). Ovadnevaite et al. (2021) conducted further research into the
characterisation of the dominant pollutants influencing air quality in Ireland in the pilot
network AEROSOURCE. The study concluded that under polluted conditions,
carbonaceous species (e.g. organic matter, black carbon) are dominant, accounting for
between 60% and 90% of PM1. The authors noted the seasonal variability of emissions
from solid fuel burning. Contributions to the total organic aerosol (OA) from coal, peat
and wood were greater in winter than in autumn or spring, while the portion of OA
attributed to peat and wood were below limits of detection during the summer months.
The aerosol composition varied with location; organic matter was the major
component of the PM; concentration in the residential area of Dublin (> 60%), while

black carbon contributed > 50% at a kerbside location in the city centre.

The strong influence of anthropogenic activity on air quality in cities is well
documented, however little consideration is given to similar effects experienced by
less populated or rural areas. Recently, a comprehensive study (Source Apportionment
of Particulate Matter in Urban and Rural Residential Areas of Ireland) conducted by

Wenger et al. (2020) reported the significant impact of anthropogenic emissions on
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poor air quality in small rural towns in Ireland, predominantly caused by solid fuel
combustion for residential heating (Wenger et al., 2020). The SAPPHIRE project
consisted of measurement campaigns carried out in the three small towns; Birr, Co.
Offaly, Enniscorthy, Co. Wexford and Killarney, Co. Kerry, to determine the chemical
composition and the major sources of ambient fine particulate matter (PM.s). At the
time legislation was in place to ban the marketing, sale and distribution of bituminous
coal in urban areas with populations greater than 15,000, therefore excluding the
aforementioned towns. Source apportionment analysis was used to quantify the
contribution of residential solid fuel combustion to ambient PM pollution, as well as
the amounts contributed by different fuel types (coal, peat and wood). A strong diurnal
trend was observed during the wintertime field campaigns; concentrations of PMas
during evening hours were significantly higher than those observed during the day.
Average PM_ s concentrations of 29.2 ug m=3, 15.3 ug m2and 7.9 pg m= were recorded
in Enniscorthy (January — February 2015), Killarney (November — December 2014)
and Birr (November 2015 — January 2016), respectively. Source apportionment
analysis indicated solid fuel combustion as the dominant source of pollution at each
location, accounting for 82%, 72% and 60% of total PM2s in Enniscorthy, Killarney
and Birr, respectively (Buckley, 2019; Wenger et al., 2020).

Expansion of the nationwide monitoring network, coordinated by the Environmental
Protection Agency (EPA), has resulted in increased availability of local PM
measurements in real-time, and has heightened awareness of high levels of PM in rural
towns, particularly during the winter season. The average hourly PM2s concentration
measured across several sampling sites in Dublin was 11.05 ug m= during winter 2019.
In contrast, concurrent mean hourly concentrations of 22.72 pg m, 23.05 pg m,
24.55 ug m= and 27.04 png m= were recorded in the rural towns of Macroom, Co. Cork,
Tralee, Co. Kerry, Enniscorthy, Co. Wexford and Ennis, Co. Clare, respectively,
highlighting the increased levels of PM experienced in areas outside large cities (EPA,
2020).
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1.5 OVERVIEW

1.5.1 Aims of Research

The overall aims of this study can be summarised as follows:

e Quantify the ambient carbonaceous aerosol at several unique environments
around Ireland and identify diurnal, weekday and seasonal patterns in
equivalent black carbon.

e Determine the contributions of solid fuel combustion and traffic-related
emissions to total equivalent black carbon concentrations and assess the
performance of the aethalometer model for the multi-fuel environment in
Ireland.

e Compare numerous methods of carbonaceous aerosol measurement and
identify the advantages and disadvantages associated with each of the
techniques for use in the long-term real-time monitoring of ambient levels of
carbonaceous aerosols.

e Provide a consolidated study of spatial and temporal variability of ambient
carbonaceous aerosol, and associated sources, in Ireland. This information will
extend existing knowledge in the area and inform policies for the targeted
reduction of air pollution in an effort to minimise the adverse effects on human

health and climate.

1.5.2 Overview of Thesis

Chapter 1 presents an introduction to atmospheric aerosols, focussing specifically on
carbonaceous aerosols; sources, chemical composition and the effects of such aerosols
on the planet and human health. Several on-line and off-line methods for the

measurement of carbonaceous aerosols are also discussed.

Chapter 2 provides an overview of the principles of operation of the instruments
deployed for the research described in this thesis. In addition, the off-line analysis
techniques are described.

Chapter 3 provides details of the intensive monitoring campaign that took place

between December 2017 and February 2018 at four unique locations in Ireland, which
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coincided with the European-wide EMEP/ACTRIS/COLOSSAL intensive
measurement period. Source apportionment analysis was performed on real-time
equivalent black carbon data collected by the multi-wavelength aethalometer. The
results were compared with off-line measurements of elemental and organic carbon
concentration and the biomass burning tracer levoglucosan in order to validate the

results produced by the aethalometer model.

Chapter 4 provides details of a twelve month measurement campaign at a designated
urban roadside site in the centre of Dublin city. The results are used to evaluate the
influence of seasonal variation on ambient carbonaceous aerosol concentration at

contrasting locations in Dublin; urban background and roadside sites.

Chapter 5 provides details of a measurement campaign that took place in the small
town of Enniscorthy, Co. Wexford. The seasonal variability of ambient carbonaceous
aerosol is investigated and compared with similar measurements recorded five years
previously during the SAPPHIRE campaign. This chapter also evaluates the
performance of the newly developed ‘TC-BC’ method employed by the Total Carbon

Analyzer in a mixed fuel environment.

Chapter 6 investigates the impact of anthropogenic interventions on ambient aerosol
concentrations and composition in the context of the COVID-19 pandemic. The
introduction of various restrictions on mobility and social interaction on the basis of
public health advice, resulted in a reduction in traffic and thus a shift in contributions

to ambient atmospheric aerosol.

Chapter 7 presents a summary of the work presented in the thesis with perspectives,

scope for future research and implications for policy making and legislation.
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2.1 SAMPLING SITES

The locations included in this body of research (Figure 2.1) were selected with the aim
of advancing the research by further evaluating the spatial and temporal variability of
ambient carbonaceous aerosol by focusing on contrasting environments in Ireland,
including remote, coastal, residential and urban environments. A summary of the
instruments deployed on-site during each measurement campaign is provided in Table
2.1, Table 2.2 and Table 2.3.

2.1.1 Regional and Urban Background Sites

Four sites across Ireland were selected for an intensive measurement campaign from
December 2017 to February 2018. Carnsore Point, Co. Wexford (CP), Mace Head, Co.
Galway (MHD) and Malin Head, Co. Donegal (MLN) were designated as regional
background sites, while the monitoring site on the campus of University College
Dublin (UCD) was categorised as an urban background site. Site selection allowed for
the assessment of spatial variability associated with the composition and
concentrations of ambient carbonaceous aerosols during the wintertime, in several
unique regional and urban background environments. Dominant sources contributing
to total wintertime carbonaceous aerosol were determined using on- and off-line
instrumentation deployed at each site (Table 2.1). The data collected throughout this
campaign was incorporated into a European-wide intensive measurement campaign,
established to test and validate the multi-wavelength aethalometer source

apportionment approach in background environments (Fagerli et al., 2019).

The Carnsore Point, Mace Head and Malin Head sites were located on the south-
eastern, western and northern coasts of Ireland, respectively. These remote sites were
sparsely populated and lacked obvious significant anthropogenic local sources. The
coastal location of each of the regional background sampling sites undoubtedly
influenced the aerosol composition. The UCD sampling site was situated on the
campus of University College Dublin, in a predominantly residential area of Dublin,
approximately 4 km from the city centre. A busy arterial route from the city centre
(R138) passed 500 m to the east of the site.
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2.1.2 Urban Roadside in Dublin City

A 12-month field campaign was conducted at a monitoring site on Pearse Street,
located in Dublin city centre, beginning August 2018. This inner city location was
designated as an ‘urban roadside site’. In contrast to the data collected in regional and
urban background environments, this measurement campaign provided insights into
the seasonal variation of carbonaceous aerosol in an urban environment, dominanted
by traffic-related emissions. The extent to which traffic emissions influenced the

ambient aerosol was evaluated on-line by a multi-wavelength aethalometer.

2.1.3 Small Town in Rural Ireland

Enniscorthy, Co. Wexford, a small town in the south-east of Ireland, was selected as a
sampling location to compliment the data previously collected in contrasting
environments. The inclusion of this site broadened the spatial representation of
monitoring locations used in this research and serves to provide a more complete

picture of ambient carbonaceous aerosol across the range of environments in Ireland.

The ban on the marketing, sale and distribution of bituminous coal was due to be
extended nationwide for the 2019 - 2020 heating season. At the outset, the campaign
was designed as a continuation of the research carried out by Buckley (2019) and
Wenger et al. (2020) in Enniscorthy in 2015 to include seasonally representative
measurements and to evaluate the impact of the proposed bituminous coal ban.
However, the ban was delayed by the government following threats of legal action by
the coal industry. The ban ultimately came into effect for the 2020 - 2021 heating

season and measurements during the initial months were captured.

Although the coal ban was not implemented when expected, the instruments were
deployed in December 2019 and captured data from the 2019 — 2020 winter heating
season. Sampling continued throughout 2020. The onset of the COVID-19 pandemic
in Ireland in February 2020 provided an unprecedented measurement opportunity.
Instrumentation remained on site until January 2021, capturing the effects of public
health measures of varying severity which altered the behaviour and mobility of the

population.
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and rural town (yellow) campaigns.

28



Table 2.1 Summary of instrumentation on site during wintertime intensive measurement campaign at background locations.

Instrument Model Dates of Operation Time Basis  Sampling Period  Flow Rate
L min*

Carnsore Point

Aethalometer AE33-504-00377 01/12/2017 — 04/03/2018 60 s Continuous 5

Ambient Air Sampler DIGITEL DHA-80 29/01/2018 — 03/03/2018 24 hr 00:00 — 23:59 500
Mace Head

Aethalometer AE33-505-00500 21/12/2017 — 04/03/2018 60s Continuous 5

Ambient Air Sampler DIGITEL DHA-80 06/12/2017 — 25/02/2018 24 hr 08:00 — 07:59 500
Malin Head

Aethalometer AE33-S05-00461 01/12/2017 — 04/03/2018 60 s Continuous 5

Ambient Air Sampler DIGITEL DHA-80 18/01/2018 — 04/03/2018 24 hr 00:00 — 23:59 500
University College Dublin

Aethalometer AE33-502-00246 01/12/2017 — 04/03/2018 60 s Continuous 4

Ambient Air Sampler Partisol 2025i 21/12/2018 — 25/02/2018 48 hr/24 hr 08:00 — 07:59 16.7
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Table 2.2 Summary of instrumentation on site during the urban roadside campaign.

Instrument Model Dates of Operation Time Basis  Sampling Period  Flow Rate
L min*
Pearse Street, Dublin
Aethalometer AE33-502-00246 01/09/2018 — 06/01/2019" 60 s Continuous 2
25/01/2019 — 07/04/2019° 60 s Continuous 2
21/05/2019 — 31/08/2019 60s Continuous 2
Ambient Air Sampler DIGITEL DHA-80 01/02/2019 — 06/03/2019 12 hr 00:00 = 1759 500
18:00 — 07:59
Total Carbon Analyzer TCA-08-S00-00127 22/05/2019 — 21/08/2019 1hr Continuous 16.7

* Aethalometer was removed from the site for an intercomparison study conducted at TROPOS (Cuesta-Mosquera et al., 2020).
T Aethalometer was removed from site for a study conducted by C-CAPS, NUIG.
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Table 2.3 Summary of instrumentation on site during the measurement campaign in a small, rural town.

Instrument Model Dates of Operation Time Basis  Sampling Period  Flow Rate
L min*
Enniscorthy
Aethalometer AE33-502-00246 01/12/2019 — 20/01/2021 60 s Continuous 5
15:00 — 22:59
Ambient Air Sampler DIGITEL DHA-80 03/02/2020 — 23/02/2020 8 hr 23:00 - 06:59 500
07:00 — 14:59
Fine Dust Measurement Fidas 200 01/12/2019 — 20/01/2021 1hr Continuous 5
SO, Analyzer Teledyne API T100 17/01/2020 — 20/01/2021 60 s Continuous 0.65
Total Carbon Analyzer TCA-08-S00-00127 01/12/2019 — 20/01/2021 1hr Continuous 16.7
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2.2 FIELD INSTRUMENTATION

2.2.1 Ambient Air Sampling by Filter Collection

Ambient air samples were collected at each monitoring site on quartz fibre filter, using
either a high volume air sampler (DHA-80, DIGITEL Elektronik GmbH) or a
sequential air sampler (Partisol 2025i, Thermo scientific). Filter samples were
subsequently analysed off-line.

2.2.1.1 High Volume Air Sampler

A high volume air sampler (DHA-80, DIGITEL Elektronik GmbH) was used for the
continuous and autonomous collection of ambient PM2s samples on a pre-set time
basis. The sampler was fitted with a PM2s pre-separator to allow for collection of
particles of < 2.5 um on quartz fibre filters (d = 150 mm), a constant flow rate of 500

L mint. A schematic diagram of the air sampler is shown in Figure 2.2.

Ambient air is sampled through the PM2 s inlet (1), which is designed so that particles
with an aerodynamic diameter less than 2.5 um follow the air flow and are collected
on a filter, while those with acrodynamic diameters greater than 2.5 um are accelerated
to impact on the grease-trap platform. Using a sampling tube, the ambient air is drawn
vertically from top to bottom by a blower (6) through the filter which is placed in the
flow chamber (2). In order to guarantee uniform loading of the exposed filter, the upper
part of the flow chamber (2) operates like a diffuser with a regular cross section. After
the filter, the quantity of transported air is measured and the flow rate is maintained by
a buoyancy floater suspended in parallel in a by-pass air stream, which is coupled with
a photo-sensor (5a) which optically detects the position of the float (DIGITEL
Elektronik GmbH, 2009).
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Figure 2.2 Schematic of DHA-80 high volume air sampler. Adapted from user manual (DIGITEL
Elektronik GmbH, 2009).

2.2.1.2 Sequential Air Sampler

A sequential air sampler (Partisol 2025i, Thermo Scientific) was used for the
continuous collection of PM2s ambient air samples (Figure 2.3). A built-in pump
provides the vacuum required to draw the ambient air stream through the sample inlet
and through a 47 mm pre-treated filter (PALL Life Sciences, Pallflex®, Tissuquartz).
A constant flow rate of 16.7 L min was maintained throughout the sampling period,
using an active, volumetric flow-control system which incorporated a mass flow
controller, as well as sensors for measuring ambient temperature and pressure. The
quartz fibre filters were contained in reusable cassettes and filter exchange was
performed using pneumatic pressure from the sample pump at pre-set time intervals.
During this automatic process, a filter cassette was loaded from the supply magazine
into the sampling position, while the completed sample was simultaneously transferred
to the storage magazine.A field blank was placed in the storage tube before sampling
began to assess whether or not sample contamination could be eliminated. The quartz

fibre filter designated as ‘field blank’ did not undergo sampling in the instrument.
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Figure 2.3 Schematic of Partisol 2025i sequential air sampler (Thermo Scientific, 2015).

2.2.1.3 Filter Preparation

Quartz fibre filters (PALL Life Sciences, Pallflex®, Tissuquartz) with diameters of
150 mm and 47 mm were used for sample collection in the high volume air sampler
(DHA-80, DIGITEL Elektronik GmbH) and the sequential air sampler (Partisol-2025i,
Thermo Scientific), respectively. Prior to sampling, the filters were baked in an oven
(Carbolite Furnace, Barloworld Scientific) at 850 °C for 3 hours to remove any
possible contaminants (European Committee for Standardization, 2017). After baking,
the filters were cooled and then wrapped individually in aluminium foil and stored in
a sealed desiccator before transportation to the sampling location.

Following sampling, the filters were removed from the instrument, were again
wrapped individually in aluminium foil and placed in a sealed plastic bag to avoid

contamination and stored in a freezer at -20 °C for future analysis.

2.2.1.4 Field Blanks

Field blanks were treated as described in Section 2.2.1.3. The quartz fibre filters

underwent heat treatment and were stored and transported to and from the field in the
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same manner as the samples. The field blank was placed in a filter cartridge which was
inserted in the lower compartment of the high volume air sampler for the duration of
the sampling period. The purpose of the blanks was to monitor for sample
contamination by adsorption of volatile compounds from the gas-phase during
preparation, transport and analysis. To identify the presence of contaminants, analyses

were carried out on field blanks in the same manner as the samples.
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2.2.2 Characterisation by Optical Absorption

A multi-wavelength, dual-spot aethalometer (AE33, Magee Scientific) was used for
the measurement of black carbon. The AE33 collects aerosol particles by continuously
drawing aerosol-laden ambient air through a spot on the filter tape and subsequently
measures the attenuation of light at seven wavelengths which range from near-infrared
to the near-ultraviolet regions (370, 470, 520, 590, 660, 880, 950 nm). The instrument
measures the transmission of light through a portion of exposed filter tape, and
compares it to the transmission through an unloaded spot as a reference area. At low
attenuation values, the relationship between attenuation and BC loading is linear. Due
to filter saturation, this relationship becomes non-linear at higher values of attenuation,
resulting in the underestimation of BC absorption and subsequently the
underestimation of eBC concentration (Cuesta-Mosquera et al., 2020; Drinovec et al.,
2015). In order to eliminate non-linearities associated with filter based measurements,
the aethalometer simultaneously obtains measurements from two sample spots with

different rates of accumulation of ambient sample (Drinovec et al., 2015).

The front of the instrument is comprised of two mounts for the filter tape, the optical
chamber and the by-pass filter (Figure 2.4). The by-pass filter is utilised during the
‘Clean Air Test’ to remove particles from the ambient air stream. The filter tape is
made of glass fibres coated with polytetrafluoroethylene (PTFE). The tape material
can influence two parameters; optical enhancement factor, C, and tape tangential
leakage factor, Z. Numerous additional parameters can be adjusted in the ‘General’
section of the ‘Operations’ tab, such as the time base, flow rate, date and time and the
maximum attenuation prior to tape advance. A flow diagram of the aethalometer is

shown in Figure 2.5.

The aethalometer was regularly maintained as recommended by the manufacturer.
Such procedures included checking the sample inlet flow and line tubing, inspecting
the optical chamber, flow verification and calibration, and Clean Air, Leakage and ND
Optical Filter tests. In addition, the filter tape roll was replaced as necessary. All
maintenance procedures strictly adhered to, and were executed periodically as per the

user manual (Magee Scientific, 2016).

Inspection and cleaning of the sample inlet, line tubing and optical chamber ensured

that the functionality of the instrument was not impaired by obstruction. By removing
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any dust or contamination found in the optical chamber, a clear optical path was
guaranteed. Verification and calibration of flow and leakage was necessary to ensure
that the instrument was running under optimal conditions at the flow rate defined by
the user. These procedures were carried out using an external standard flow-meter and
the Flow Calibration Pad, supplied as a standard accessory of the instrument. The
Clean Air test was performed to verify the stability and performance of the AE33 under
dynamic air flow conditions, by removing particles from the ambient air stream as it
was drawn through a by-pass cartridge filter, and allowing particle-free air to flow
through the analytical system. The Clean Air test was performed manually every 6
months, while the ‘Auto Clean Air’ test was scheduled to run on a weekly basis on
Saturday at 12:00. The ‘Neutral Density Optical Filter’ test was employed to evaluate
the performance of the optical system of the instrument. Four optical elements,
comprised of inserts containing Neutral Density glass, were used in the method to
assess the response of the optical detectors to varying light intensities from optical
sources. If the measured attenuation value of the Neutral Glass element at each
wavelength differs by more than 10% from the calibration carried out at the time of

manufacturing, the test fails.

The AE33 aethalometer (AE33-S02-00246) used to collect data and perform source
apportionment analysis presented in this thesis was included in an intercomparison
study of 23 instruments, which aimed to ‘determine the unit-to-unit variabilities and
their tendancies throughout the spectral range covered by the AE33’ (Cuesta-
Mosquera et al., 2020). Initial average variability in the measurement of eBC mass
concentration reported by the instruments was -2.0% and 0.4% for synthetically
generated soot and nigrosin, respectively, prior to calibration of the instruments.
Following standardised mainentance, divergence between instruments was -1.0% and
0.5%, respectively. The aethalometer used to perform measurement and analysis
presented in this thesis, performed well during the intercomparison study; obtaining
adjusted r? values >0.97 (ranging from 0.973 to 1) prior to maintenance, indicative of
accurate performance in comparison to the measurement of eBC mass concentration
by the reference instrument used. Instrument performance improved further following
calibration (r? > 0.976).
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2.2.2.1 Calculation of Mass Concentration

A schematic of the measurement of light attenuation is shown in Figure 2.6. The
attenuation of light is calculated using the intensity of light passing through both the
sample and reference spots on the filter tape using the following equation:

I
ATN =100-1In (1_0> Eqn. 2.1
pe

Where Ix corresponds to the light intensity passing through either sample spot 1 (1) or
2 (I2), and lo corresponds to the light intensity as it passes through the reference spot
(Sandradewi, Prévot, Weingartner et al., 2008). The calculated attenuation (ATN) is
used to derive an attenuation coefficient (batn):

. (AATN
b — § ( /100) Eqn. 2.2
atn FmAt

where S is the spot area, AATN is the change in attenuation over time period, t, and Fin
is the flow. This flow can be calculated using the measured flow, Fout, and the leakage

factor, ¢, which is defined by the user.

Fin = Foue - (1= Q) Eqn. 2.3

The absorption coefficient, bans, can be calculated using the attenuation coefficient and
the multiple scattering parameter, C (Weingartner et al., 2003), which is based on the

filter material and pre-defined by the user.

S

atn
babs — Eqgn. 24

a
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With the incorporation of the mass absorption cross section, aair, Which has values set
by the manufacturer for each wavelength (Table 2.4), the absorption coefficient can be

accurately converted to the equivalent black carbon (eBC) mass concentration:

eBC = Zavs Eqn. 2.5

Oqir

The mass absorption cross section (MAC) value relates the absorption efficiency of a
particle per unit mass (Bond & Bergstrom, 2006; Knox et al., 2009). Uncoated, freshly
emitted BC has a MAC value of 7.5 + 1.2 m? g at 550 nm (Bond & Bergstrom, 2006).
In conjunction with the multiple scattering parameter, the MAC values (Table 2.4) are
employed by the AE33 aethalometer to evaluate eBC concentration (Drinovec et al.,
2015).

‘ | ) - ’:: Reference, I,
4’.: - - .,’:: Sensing, I,
Y - - .,’:: Sensing, I,

Figure 2.6 Schematic of measurement of light attenuation. Adapted from Magee Scientific (2016).

The “filter loading’ effect is accounted for in the aethalometer by using a ‘real-time
loading effect compensation algorithm based on a two parallel spot measurement of
optical absorption’ (Drinovec et al., 2015). Briefly, by making two simultaneous
measurements, BC1 and BC2, at different degrees of loading, ATN1 and ATN2
respectively, it is possible to eliminate the loading effect. From the two linear

equations below, the loading compensation parameter, k, can be calculated:
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BC1=BC-{1—-k.ATN1} Eqn. 2.6

BC2 = BC {1 — k.ATN2} Eqn. 2.7

The AE33 provides the value of BC extrapolated back to ‘zero loading’ by combining
the data according to the above equations. It also provides real-time data on the
‘loading compensation parameter’, Kk, providing insights into the nature and

composition of sampled aerosol.

A final calculation for the equivalent black carbon mass concentration can be obtained

by combining the above equations:

_(AATN
eBC = S ( /100) Egn. 2.8
Fi(1—= Q)04 C-(1—k.ATN,) - At
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Table 2.4 Wavelengths and corresponding mass absorption cross section values employed in

calculations.
Channel Wavelength Mass absorption cross section, o,;,
(hm) (m*g*)

1 370 18.47

2 470 14.54

3 520 13.14

4 590 11.58

5 660 10.35

6 880 7.77

7 950 7.19
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2.2.2.2 Source Apportionment Analysis

Software developed by the manufacturer is installed on the AE33 aethalometer. This
software controls the instrument, provides an accessible interface for the user to
control operations and allows for the storage of numerous data parameters. During
sampling, the instrument saves parameters to internal memory, which can later be
exported as ‘.dat’ files. The principal parameters exported in the ‘.dat’ format are the
attenuation measurements for the three spots, the calculated equivalent black carbon
mass concentration value for each of the spots and the filter loading correction
parameter, k. A new data file is automatically created each day. Additionally, a log file
is created each day in order to record any adjustments made by the user to the

operational parameters and to document changes in the status of the instrument.

The instrument performs basic source apportionment analysis on the measured
equivalent black carbon mass concentration, based on wavelength dependent
absorption efficiency. This model is a linear regression of carbonaceous material with
respect to the absorption coefficients at various wavelengths of particles originating
from distinct sources (Sandradewi, Prévét, Szidat et al., 2008). The analysis employs
absorption Angstrom exponent (AAE) or alpha (a) values to differentiate between
various sources of equivalent black carbon; biomass burning (eBCh,) and fossil fuel
related (eBCsx) emissions. This exponent can be used to describe the spectral
dependence of absorption, where bass is the absorption coefficient and A is the

wavelength:

Daps % A% Eqn. 2.9

It follows that the o value is the exponential slope of the regression model for
absorption as a function of wavelength (Grange et al., 2020; Moosmdiller et al., 2011).
Previous studies (Sandradewi, Prévot, Weingartner et al. (2008) and references
therein) have shown that the organic components present in wood smoke tend to
absorb strongly in the UV region, while traffic-related emissions result in strong IR
absorption, closer to a wavelength of 880 nm. The default values of as = 1 and oy = 2

for fossil fuel related and biomass burning related emissions, respectively, are used in

44



the on-line analysis. This source apportionment approach will be referred to as the
aethalometer model hereafter.

A range of values associated with traffic and wood burning have been quoted in the
literature, often ranging between 0.9 — 1.1 and 1.6 — 2.5, respectively (Aas et al., 2017,
Buckley, 2019; Crilley et al., 2015). Sandradewi, Prévot, Szidat et al. (2008) proposed
values of 1.10 and 1.86 for traffic and wood burning respectively following a study in
an Alpine valley during the winter months, where wood smoke and traffic emissions
were the only two sources contributing to ambient PM1. More recently, Zotter et al.
(2017) recommended the use of 0.9 and 1.68 as the best combination of AAE values

for traffic-related and wood burning emissions, respectively.

babs(4‘70 nm)ff _ (470>_aff Eqn. 2.10
baps(950 nm) ;s \950 o
babs(470 Tlm)bb _ (470>_abb Eqn 211
baps(950 nm),,  \950

baps(470 nm) = bgps (470 nM) 5 + bgps (470 nm)y, Eqn. 2.12

baps(950 nm) = baps(950 nm) ¢ + baps(950 nM)pp Eqn. 2.13

In the above equations, bans(A) corresponds to the absorption coefficient, A corresponds
to the wavelength, bass(A)# corresponds to the fossil fuel fraction and babs(A)bo
corresponds to the biomass burning fraction of the absorption coefficient. The portion

of biomass burning, BB(%), is calculated as:

baps(950 nm)y,,

Eqgn. 2.14
baps(950 nm)

BB(%) =

and the biomass burning and fossil fuel related black carbon fractions are calculated

as.
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BCbb = BB " BC

Eqn. 2.15

Egn. 2.16
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2.2.3 Total Carbon Content of Ambient Aerosol

A newly developed instrument, the Total Carbon Analyzer (TCA-08, Magee
Scientific) (Rigler et al., 2020) was deployed for the on-line measurement of total,
organic and elemental carbon present in ambient aerosol in Pearse Street, Dublin city
(May — October 2019) and Enniscorthy, Co. Wexford (December 2019 — January
2021).

This instrument employs thermal methods for the determination of ambient total
carbon (TC) concentration. A schematic diagram of the instrument is shown in Figure
2.7. Ambient aerosol is collected on a quartz fibre filter enclosed in a stainless-steel
chamber at a flow rate of 16.7 L min™ for a specific sampling period, which is user-
defined. To allow for continuous sample collection and thermal analysis, the
instrument is comprised of two identical channels. Alternation between these two
channels is controlled by a system of ball valves. As one channel collects ambient
sample on a spot area of 4.9 cm?, the opposite channel proceeds with thermal analysis
of the sample collected during the previous sampling period. The analysis duration is
17 minutes. During this time, high powered electrical elements, located above and
below the filter, heat the sample almost instantaneously to 940 °C. Due to this ‘flash
heating’, the carbonaceous material is combusted efficiently to CO2. The amount of
CO2 produced is large in comparison to the internal volume of the system. A pulse of
short duration, but with a well-defined amplitude over the baseline, is created in the
analytical air flow (Rigler et al., 2020). The CO. signal is measured using an absolute,
non-dispersive infrared (NDIR) gas analyser (LI1-840A CO2/H20 Analyzer, LI-COR
Inc., 2016). The concentration of CO> over the baseline is accurately measured and

integrated to allow determination of the total carbon content of the collected sample.
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Figure 2.7 Schematic diagram of the TCA-08. Adapted from Rigler et al. (2020).

The use of ambient air as the analytical carrier gas is extremely advantageous as it

avoids the need for high-purity compressed gas to be present on site. The air flow of

0.5 L min™ is filtered and buffered in an internal volume of 10 L, to account for the

ambient fluctuation of CO,. Before flowing through the quartz fibre filter, the air

stream flows through an activated charcoal denuder, which traps and removes any

organic gases which would otherwise be absorbed by the filter. Over time, the

efficiency of the denuder decreases as the surfaces become occupied by the organic

species. The efficiency of the denuder, Ep, is assessed using the configuration shown

in Figure 2.8.

Ep = [%Z TCen — TCF‘*D'”I 100 Eqn. 2.17
n

TCgp
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In Eqgn. 2.17, TCr+p,n is the n-th Total Carbon measurement in chamber 1, where the
sample airflow passes through the filter above the divider and denuder and TCr is the
n-th Total Carbon measurement in chamber 2, where the sample airflow passes
through the filter above the divider only (Magee Scientific, 2018).

(a) | (b)

Inline —

quartz '

filter —
Denuder

Denuder

Figure 2.8 TCA-08 setup when (a) performing a denuder efficiency test and (b) sampling
(Rigler et al., 2020).

Performing the denuder efficiency test was just one aspect of the quality assurance
strategy incoporated into the use of this instrument. Other routine maintenance,
calibration and verification procedures employed included quartz filter changes,
leakage tests, flow verification and calibration, cleaning procedure, zero verification
and carbon calibration. Maintenance activities were carried out in line with procedure

and schedule specified in the user manual (Magee Scientific, 2018).

By employing the ‘Quartz filter change procedure’, the instrument automatically
checked for leakage and conditioned filters prior to the first sampling period. Regular
changing of the filters was recommened to avoid degradation of the filter. The Leakage
Test assessed the leakage in chamber flow lines, cartridge filter and CO2 detector.
Determined values below 0.5% were deemed acceptable. Flow verification and
calibration was performed using an external flow-meter. The Cleaning Procedure
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consisted of running one thermal analysis cycle in order to clean the filter in either
Chamber 1 or Chamber 2, as defined by the user. The Zero Verification test was
performed to evaluate the reported TC mass on a ‘clean’ filter, by executing one
thermal analysis cycle in the preferred chamber. TC mass values below 0.5 ng were
acceptable. Carbon calibration was performed by comparing the TC mass content of a
dry ambient filter reported by the TCA-08 Offline Procedure and that reported by a
calibrated OCEC instrument. The slope of the linear fit was indicative of the Carbon

Calibration value.

2.2.3.1 TC-BC’ Method

Conventional methods of determining the organic and elemental carbon fractions of
total measured carbon rely on the volatility of various components of the material,
under inert and oxidising atmospheres. However, this recently developed method
combines the thermal measurements of total carbon from the TCA-08 with the optical
measurements of black carbon from the multi-wavelength AE33 aethalometer (Rigler
et al., 2020). The equivalent organic carbon (eOC) portion of the carbonaceous

material is defined as:

e0C = TC — eEC Eqgn. 2.18

where measured black carbon factored by the determined proportionality parameter,
b, is used to determine the equivalent elemental carbon fraction (eEC);

eEC=b-eBC Eqn. 2.19

The proportionality parameter b relates the optical measurement of BC and the thermal
measurement of EC. As the thermal separation of organic and elemental carbon

fractions tend to vary between locations, the b parameter is site-specific, and is also
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largely dependent on the thermal protocol used to determine the EC fraction in
traditional OC/EC analytical methods. The default value for b is 1.

2.2.3.2 Calculation of Proportionality Parameter

According to Rigler et al. (2020) using an orthogonal regression model without an
intercept, the linear relationship between EC and BC is described by slope, s. The
proportionality parameter b can then be determined (Eqn. 2.20). Unlike the ordinary
least squares model which assumes uncertainty applies to only one parameter, the
orthogonal regression model minimises the orthogonal distance between the data point
and the regression line, taking the uncertainty of both plotted variables into account.

Eqn. 2.20

“| =

2.2.3.3 Off-line Analysis of Filter Samples

Ambient aerosol filter samples previously collected by the high volume air sampler
can be analysed by the Total Carbon Analyzer in the off-line mode. It is important to
have a clean chamber prior to the thermal analysis and new quartz fibre filters must be
inserted. The flow chamber should be cleaned by the ‘Cleaning Procedure’, followed
by the ‘Zero Verification” where one thermal analysis cycle is performed. The mass of
total carbon (ng) is determined by completing one full analysis cycle. It is then possible
to determine the total carbon concentration (ng cm) of the filter sample, by entering

the punch area prior to starting the analysis.
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2.3  OFF-LINE ANALYSIS

2.3.1 Determination of Elemental and Organic Carbon Content

The carbonaceous content of ambient samples collected by the high volume air
sampler was determined using an OCEC laboratory instrument (Model 5L, Sunset
Laboratory Inc.), employing the EUSAAR_2 protocol (Cavalli et al., 2010).

In this technique, a 1.5 cm? punch is taken from the previously exposed filter and
placed in the quartz oven. The oven is first purged with helium and the oven
temperature is increased according to the temperature ramp set out in the protocol
(Table 2.5). During this temperature ramp, the organic compounds and pyrolysis
products are thermally desorbed under an inert atmosphere into the oxidising
manganese dioxide (MnO-) oven. As the carbonaceous material flows through the
oxidising MnO2 oven, it is quantitatively converted to carbon dioxide (CO2) gas.
Subsequently, the CO> gas is carried out of the oven in the helium stream and
combined with hydrogen gas. This mixture is finally quantitatively converted to
methane as it flows through a heated nickel catalyst, before being measured using a
flame ionisation detector (FID). Detailed flow diagrams of the OCEC instrument are
shown in Figure 2.9 and Figure 2.10.

The oven is then cooled, and following a switch to an oxidising helium/oxygen carrier
gas mixture, the procedure is repeated under an oxidising atmosphere where the
elemental carbon is desorbed and enters the oxidising MnO2 oven. The elemental

carbon is detected in the same way as the organic carbon, as evolved COx.

Elemental carbon, exclusively of primary origin, found in ambient air samples is
predominantly derived from the incomplete combustion of fossil fuels (Karanasiou et
al., 2020). During the initial temperature ramp of this thermal-optical process, charring
of the organic carbon can occur, resulting in the formation of elemental carbon on the
filter during analysis. This charring is dependent on several factors, including the
amount and nature of organic components present and the temperature protocol
employed in analysis (Cavalli et al., 2010; Chow et al., 2004; Karanasiou et al., 2015;
Sunset Laboratory Inc.). This charring of organic carbon gives rise to an artificially
low measurement of organic carbon and an artificially high measurement of elemental

carbon. This pyrolysis-induced artefact must be accounted for.

52



Ared light laser is incorporated into the design of the instrument and based on the high
light absorbance characteristic of elemental carbon, the pyrolysis-induced artefact may
be corrected. The laser passes into the chamber and through the filter as it rests on the
sample platform in the oven. The initial transmittance is measured, and as the
carbonaceous material is desorbed, the laser transmittance is continuously monitored
and decreases with the charring of organic carbon. Under the oxidising atmosphere,
when all the elemental carbon has been oxidised off the fibre filter, the laser signal
returns to the original background level. Following the analysis, the FID data is
reviewed with an overlay of the laser absorbance data. The ‘split point’ is identified as
the point at which the laser transmittance during the oxidising phase equals the initial
laser transmittance of the sample pre-analysis. The detection of elemental carbon
before this point is categorised as pyrolysed carbon or charred organic carbon. It is,

therefore, subtracted from the elemental carbon area and is assigned as organic carbon.
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Table 2.5 The EUSAAR_2 protocol as described by Cavalli et al. (2010).

Step Temperature Duration
°C S

He 1l 200 120

He 2 300 150

He 3 450 180

He 4 650 180
He/O: 1 500 120
He/O, 2 550 120
He/O, 3 700 70

He/O; 4 850 80
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2.3.2 Determination of Ambient Anhydrosugar Concentration

Levoglucosan (1,6-anhydro-B-p-glucopyranose) is produced from the pyrolysis of
cellulose and hemicellulose. Therefore, it can be used as a tracer for biomass burning-
derived aerosols. Its isomers; mannosan and galactosan, are also used for the same

purpose, although they are often present in much lower concentrations.

Levoglucosan, mannosan and galactosan concentrations were measured using high-
performance anion-exchange chromatography coupled with pulsed amperometric
detection (HPAEC-PAD) as described by linuma et al. (2009). This highly selective
and sensitive method is convenient for the analysis of levoglucosan in comparison to
GC-MS, which is often used. GC-MS analysis of these anhydrosugars can be difficult,
due to the polarity of the compounds and the tedious and expensive sample preparation
required (Engling et al., 2006; Sullivan et al., 2011). lon exchange chromatography is
a separation technique based on net surface charge. In anion exchange
chromatography, a positively charged ion exchange resin is used to separate molecules

with a negative surface charge.

The analysis was carried out at the Institute for Tropospheric Research (TROPQS),
Leipzig, Germany. Sample preparation consisted of the extraction of a portion of each
quartz fibre filter (1.0 cm?) in 1 mL ultra-pure (UP) water on a shaker at 420 min for
120 minutes. The extract was filtered through a syringe filter (0.45 um) to remove any

impurities that may have been present.

(

B o u)— 400

Column l
Solvent Supply

Pulsed

Autosampler Injection
P ) Amperometric

Detection

l

Data Processing

Figure 2.11 Schematic of general ion exchange chromatography system.

57



Analysis was performed using a Dionex ICS-3000 system. Aqueous extracts of filter
samples were separated at room temperature on a Dionex CarboPac MAL column (4
x 250 mm) with a CarboPac MA1 guard column (4 x 50 mm). UP water and 1.0 M
sodium hydroxide (NaOH) were used as eluents A and B, respectively, for the
separation at a flow rate of 0.4 mL min’. Detection and quantification of the target
compound is based on the current generated by the oxidation of the compound at the
surface of a gold electrode following application of positive potential (Dionex
Technical Note 21).

Analysis of each sample lasted 65 minutes. The autosampler allowed for the
continuous analysis of all samples. Six stock solutions containing 11 standards were
analysed in conjunction with ambient samples for validation purposes and to evaluate
the efficiency of the method. Values ranged from 99% (levoglucosan) to 105%
(galactosan). Following pulsed amperometric detection, chromatograms were
generated and automatically integrated by the installed software (Dionex Chromeleon
Software). It was possible to assess and confirm each chromatogram manually. Finally,
a data file, including sample names and the detected concentration (mg L?) of
levoglucosan, mannosan and galactosan, as well as a number of other saccharidic

tracers, was produced.
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2.4 DATA MODELLING

A variety of data modelling techniques were employed to enhance data analysis and
the interpretation of results, namely Back Trajectory Analysis, Positive Matrix

Factorization and meteorological normalisation, as outlined below.

2.4.1 Back Trajectory Analysis

Back trajectory analysis was performed using the Hybrid Single-Particle Langranian
Integrated Trajectory (HYSPLIT) model (Draxler & Hess, 1998; Stein et al., 2015) to
determine the origin of air masses influencing the sampling sites. The model was run

interactively online (https://www.ready.noaa.qov/HYSPLIT traj.php) which included

meteorological input from the Global Data Assimilation System (GDAS) archive.
Back trajectories (72-hour, 48-hour and 24-hour) ending at 500 m above ground level
(AGL) at Carnsore Point, Mace Head, Malin Head and University College Dublin were

calculated. The output of the model was used to inform source apportionment analysis.

2.4.2 Positive Matrix Factorization

The Positive Matrix Factorization (PMF) Model is a mathematical receptor model used
to analyse environmental sample data. This multi-variate factor analysis tool is often
employed in the identification of source types and contributions by reducing a large
number of variables in a data set to combinations of species. This dimension reduction
can aid in the detection of ‘hidden’ information and explain the variability of the
measured variables (Comero et al., 2009). One benefit of the model is the inclusion of
known experimental uncertainties as input data, allowing for the individual treatment
of matrix elements. In other words, different measurements can be weighted based on

their corresponding confidence in the analysis.

The data set can be viewed as a matrix X of i by j dimensions, in which i number of
samples and j chemical species were measured with uncertainties u. The aim of the
receptor model is to extract source profiles from measured species and temporal trends
of source inputs from the temporality of the measured species’ concentrations. The
number of factors in the PMF solution, p, can be determined by the user, based on

general guidelines, user-knowledge and location-specific information. The PMF
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solution is a solution to Egn. 2.21, where f is the species profile of each source, g is
the amount of mass contributed by each factor to each sample and e;j is the residual for
each sample/species (Norris et al., 2014; Paatero, 1997; Paatero & Tapper, 1994).

P
Xij = z Jixfkj + €ij Ean. 2.21
=1

The PMF analysis was conducted using EPA Positive Matrix Factorization (PMF) 5.0
(Norris et al., 2014). The model used the off-line measurement of EC and OC fractions
of samples collected in Enniscorthy throughout February 2020. The uncertainty
associated with the data was calculated using the method detection limit (MDL) and
the corresponding method precision, as set out by Norris et al. (2014). The uncertainty

(unc) was calculated using Eqgn. 2.22.

Unc = +/(precision x concentration)? + (0.5 x MDL)2  Ean.2.22

2.4.3 Meteorological Normalisation

Meteorological normalisation is a technique employed to investigate the effects of
intervention on air quality over a period of time, which controls for weather conditions
(Carslaw & Taylor, 2009; Grange et al., 2018). The influence of meteorology can have
a significant impact on the concentration of air pollutants, influencing ambient air
quality in a given location. Subsequently, trends in pollution concentration, source
contribution and the effects of legislation and mitigation strategies can often be
difficult to evaluate (Grange & Carslaw, 2019).

The aim of meteorological normalisation is to reduce variability in an air quality time
series with statistical modelling. The modelling algorithm employed in the analysis
presented in this thesis uses the random forest model (Breiman, 2001), an ensemble
decision tree machine learning method. Meteorological normalisation was conducted
using the rmweather R package (version 0.1.51) (Grange, 2018). The number of trees

for the random forest model was fixed at 500, employing rmweather function
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‘n_trees’. The independent variables used were: Unix date (number of seconds since
January 1, 1970), Julian day, weekday, hour of the day, maximum air temperature,
minimum air temperature, precipitation, atmospheric pressure, wind speed and wind

direction.
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3.1 AIMS

Previous research on ambient air quality in Ireland has mainly focused on the
comparison and sources of particulate matter in cities and rural towns (Buckley, 2019;
Ceburnis et al., 2006; Ovadnevaite et al., 2021; Wenger et al., 2020). However, few
studies have investigated the carbonaceous aerosol at background environments across
Ireland. In this context, an intensive field campaign was performed in four background
environments around Ireland, attempting to characterise the ambient, wintertime
carbonaceous aerosol and evaluate the contributing sources in each location. Multi-
wavelength aethalometers were deployed, alongside filter sampling equipment, over a

period of three months; from December 2017 to February 2018.

With the increasing deployment of the aethalometer across Europe, a field campaign
was simultaneously established with the aim of validating the multi-wavelength
aethalometer source apportionment approach. The EMEP/ACTRIS/COLOSSAL
intensive measurement period took place between December 2017 and February 2018
across Europe, encompassing a variety of monitoring sites, including known low
loading areas in Scandinavia and more polluted urban areas in Central Europe. Due to
the diversity in environments, ambient samples were expected to differ in both loading
and source composition. The field campaign intended to compare on-line
measurements of equivalent black carbon attributed to biomass burning (eBCnb) and
fossil fuel combustion (eBCx), apportioned by the aethalometer model, with off-line
filter based measurements of organic (OC) and elemental carbon (EC), and the
biomass burning tracer levoglucosan in order to validate the results produced by the
aethalometer model. An additional aim of this campaign was to use sophisticated
positive matrix factorisation (PMF) analysis to optimise parameter selection in a
variety of environments (Aas et al., 2017). In total, 57 monitoring sites across twenty-
two countries participated in the field campaign and contributed data (Figure 3.1),
including four aforementioned Irish monitoring sites (UNECE, 2020).

The aim of the work presented in this chapter was primarily to evaluate the spatial
variability of ambient carbonaceous aerosol, with regard to concentration and major
contributing sources, during the winter period. Secondly, off-line measurement
techniques were used to quantify elemental, organic and total carbon by thermal-

optical methods and levoglucosan by anion-exchange chromatography in order to
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assess the functionality of the aethalometer source apportionment model in the Irish
environment, within the framework of the EMEP/ACTRIS/COLOSSAL intensive

measurement campaign.

) Urban backgroulnd U g
@ Regional T _
@ Global ¢ S (an SN

Figure 3.1 Location of monitoring sites across FEurope that contributed to the
EMEP/ACTRIS/COLOSSAL intensive measurement field campaign during December 2017 - February
2018 (Colette & Tarasova, 2019).
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3.2 METHODOLOGY

3.2.1 Sampling Sites

Ambient samples were collected at four sites in Ireland during the field campaign

(Figure 3.2). The selected sites were Carnsore Point in (Wexford), Mace Head

(Galway), Malin Head, (Donegal) and the campus of University College Dublin
(Dublin 4). Carnsore Point (CP), Mace Head (MHD) and Malin Head (MLN) were
designated as regional background sites, while the University College Dublin (UCD)

campus was selected as an urban background monitoring site.
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Figure 3.2 Location of monitoring sites during the wintertime intensive measurement campaign;
Carnsore Point (yellow), Mace Head (green), Malin Head (red) and the UCD campus (blue).
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Carnsore Point (52°10' 40.8" N, 6° 21' 54" W) is a headland located on the south east
coast of Ireland in County Wexford. There are few dwellings in close proximity to the
monitoring site. The monitoring station is situated beside Carnsore Wind Farm,
developed by Hibernian Wind Power and is operated in conjunction with the
Electricity Supply Board (ESB). Operations at the wind farm, which contains 14
turbines, began in April 2003.

Local meteorological data was obtained from a Met Eireann weather station located in
the grounds of Teagasc, Johnstown Castle approximately 16 km northwest of the
monitoring site. Meteorological parameters used in the analysis included rainfall

(mm), temperature (°C), wind speed (m s™) and wind direction.
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The remote site at Mace Head (53° 19' 33.6" N, 9° 53' 56.4" W) is situated on the west
coast of Ireland in County Galway. Due to its exposure to the North Atlantic Ocean, it
offers a unique monitoring location in Europe. The monitoring site is approximately
57 km west of Galway city, which has a population of almost 80,000 according to a
nationwide census carried out in 2016 (CSO, 2016). The immediate vicinity is sparsely
populated. The closest settlements are Roundstone (population ~ 214) and An
Cheathru Rua (population ~ 781) (CSO, 2016), approximately 8 km north-west and 21
km south-east of the monitoring site, respectively. There are a number of off-shore

islands to the west of the monitoring site. However these islands are uninhabited.

Filter measurements were collected by a high-volume air sampler (DHA-80,
DIGITEL) at a flow rate of 500 L min™* which was installed on a 10 m tower adjacent
to the shore. Local meteorological data was obtained from a Met Eireann weather
station located in the grounds of the monitoring site. Meteorological parameters used
in the analysis included rainfall (mm), temperature (°C), wind speed (m s*) and wind

direction.
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Malin Head (55° 22' 30" N, 7° 20" 34.8" W) in County Donegal was designated as a
regional background site for this campaign. The remote site is located on the Inishowen
peninsula and is the most northerly point in Ireland. It is a sparsely populated area with
the nearest settlements, Culdaff (population ~ 237) and Malin (population ~ 92) (CSO,

2016), approximately 15 and 10 km, respectively, south east of the monitoring site.

Local meteorological data was obtained from a Met Eireann weather station located in
the grounds of the monitoring site. Meteorological parameters used in the analysis

included rainfall (mm), temperature (°C), wind speed (m s*) and wind direction.
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Figure 3.5 Location of monitoring site at Malin Head, Co. Donegal.
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Sampling of ambient aerosol at an urban background site took place on the campus of
University College Dublin (53° 18' 28.8" N, 6° 13' 30" W). Instrumentation was
installed in an air-conditioned room on the fourth floor of the north wing of the O’Brien
Centre for Science, UCD. The sampling inlet was situated on the roof, approximately

20 m above ground level, and was equipped with a PM2 s size selective inlet.

The monitoring site, which is centrally located on the predominantly pedestrianised
university campus, is situated 4 km south east of St. Stephen’s Green, the heart of
Dublin city centre, and approximately 2 km from the coastline of Dublin Bay. Directly
to the east of the site (~500 m) is the Stillorgan Road (R138), which develops into the
N11 further to the south. This busy route connects Dublin to counties Wicklow and
Wexford, and closely passes a variety of significant commuter towns, including Bray
and Greystones. It is the only dual-carriageway to pass through the south eastern

suburbs of Dublin.

Local meteorological data was obtained from a Met Eireann weather station located in
the grounds of Casement Aerodrome, Baldonnell which is approximately 15 km west
of the monitoring site. Meteorological parameters used in the analysis included rainfall

(mm), temperature (°C), wind speed (m s™) and wind direction.
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Figure 3.6 Location of monitoring site on the campus of UCD, Dublin 4 and weather station (blue) at Casement Aerodrome, Co. Dublin.
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3.2.2 Instrumentation and Analysis

The campaign start date was designated as December 1, 2017, however, due to
technical difficulties not all instrumentation was on-line at this point. All start dates
and data capture percentages are presented in Table 3.1 below. The aethalometer
performed well at each sampling site, with stoppages required only for tape
advancement and routine maintenance. The operation of ambient filter sampling
instrumentation varied. Filter sample collection was continuous throughout the
campaign at Carnsore Point and Malin Head. Sample collection was temporarily
interrupted at Mace Head and University College Dublin. A number of filter samples
collected at Mace Head were damaged and could not be analysed, while filter supply

issues interrupted sampling on occasion at UCD.

A multi-wavelength aethalometer was installed at each monitoring site for the full
duration of the field campaign, with the exception of Mace Head (Galway) where it
was installed on December 21, 2017. The theory of operation of the instrument is
outlined in Chapter 2. Source apportionment analysis, based on the aethalometer
model developed by Sandradewi, Prév6t, Szidat et al. (2008), was performed by the
aethalometer in real-time. The aethalometer employed absorption Angstrém exponent
(o) values of 1 and 2 by default, for the attribution of fossil fuel (eBCt) and biomass
burning (eBCub) related emissions, respectively. Based on a comprehensive
investigation, the latest, definitive values of 0.9 and 1.68 for the apportionment of
eBCyrand eBChp related emissions, respectively, were published by Zotter et al. (2017).
By comparing the results of eBC source apportionment analysis employing the
aethalometer model with *4C measurements of the fossil fraction of elemental carbon
portion of filter samples collected throughout several campaigns in unique locations,
an optimal absorption Angstrém exponent pair was identified and recommended for
use in environments similar to those outlined in the publication; impacted by BC
emitted largely by modern road traffic and residential wood burning. These values
were applied to analysis completed off-line following the field campaign and will
hereafter be referred to as Zotter values. These values are, however, biased towards a
continental fuel mixture, which is dominated by wood burning and traffic-related
emissions. Therefore, the common nomenclature was adjusted for this study. Source
apportioned contributions will be referred to as traffic-related (eBCtr), which

incorporates emissions from fossil fuel combustion associated with shipping, an
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unnecessary consideration in continental Europe, and solid fuel-related (eBCsF)
emissions. Despite reference to traffic-related emissions, in environments where coal
burning occurs, it is likely that coal will be attributed to this portion of total eBC, as it
will appear similar to fossil fuel combustion. ‘Solid fuel’ is used, rather than ‘wood
burning’ exclusively, to encompass the variety of fuel types known to influence the
Irish environment. A highly oxidised material which absorbs efficiently in the UV
region is produced in peat combustion and appears similar to emissions associated with
wood burning. It is evident that in a multi-fuel environment, the two source
aethalometer model has limited application. Adjustment of the AAE pair to suit the
Irish environment was discussed by Buckley (2019), who varied the value of asr
between 1.5 and 2.2, and ot between 0.9 and 1.1. Optimised pairs for each
environment investigated were identified by returning a minimal count of negative
values in the splits. Ultimately, it was concluded that, in the absence of AAE values
specific to the various fuel types used in Ireland, the best course of action was to

employ the accepted AAE pair of 0.9 and 1.68, as recommended by Zotter et al. (2017).

Ambient air samplers facilitated the collection of ambient filter samples which were
subsequently analysed to determine elemental, organic and total carbon content, in
addition to levoglucosan concentration. Thermal elemental carbon and organic carbon
measurements were derived using a thermal-optical analytical technique, which
employed the EUSAAR_2 protocol (Cavalli et al., 2010). Ambient concentrations of
levoglucosan, and its isomers, mannosan and galactosan, were determined using
anion-exchange chromatographic methods coupled with pulsed amperometric

detection, as described by linuma et al. (2009).
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Table 3.1 Instrumentation deployed during the wintertime intensive measurement campaign (December 2017 — February 2018).

Model Time Resolution Flow Rate Data Capture
L min* %

Carnsore Point

Aethalometer AE33-504-00377 60 s 5 99.94

Ambient Air Sampler DIGITEL DHA-80 24 hr 500 100
Mace Head

Aethalometer AE33-505-00500 60 s 5 99.06

Ambient Air Sampler DIGITEL DHA-80 24 hr 500 38
Malin Head

Aethalometer AE33-S05-00461 60 s 5 99.88

Ambient Air Sampler DIGITEL DHA-80 24 hr 500 100
University College Dublin

Aethalometer AE33-502-00246 60 s 4 99.95

Ambient Air Sampler Partisol 2025i 421: :: 16.7 73
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3.3 RESULTS AND DISCUSSION

3.3.1 Meteorological Data

The meteorological parameters were obtained from Met Eireann weather stations at
Johnstown Castle, Mace Head, Malin Head and Casement Aerodrome as described
previously. During the sampling period, temperatures as low as -6.2 °C were recorded
at Casement Aerodrome, Co. Dublin, while hourly values did not exceed 14 °C at any
of the weather stations. Mean hourly temperatures ranged from 4.9 °C to 6.8 °C
between December and February, as outlined in Table 3.2 below. The highest hourly
wind speeds were recorded at Malin Head, Co. Donegal where hourly wind speeds
reached a maximum of 88.9 km/h. The highest gust recorded at this site was in
December 2017 with a speed of 124.1 km/h, while a gust of 138.9 km/h was measured
at Mace Head in January 2018. Over the entirety of the sampling period a total of 271.7
mm, 395.2 mm, 394.9 mm and 182 mm of rain fell at the weather stations associated
with Carnsore Point, Mace Head, Malin Head and the UCD campus, respectively. For
Carnsore Point and UCD, this amount of precipitation is within 10% of the mean
precipitation for the same period in the preceding decade. However, Malin Head and
Mace Head experienced 14% and 22%, respectively, more precipitation than the
average value for the sites between 2007 and 2017.

Between February 27 and March 4, 2018 Ireland experienced record low temperatures
and significant snowfall as easterly winds swept across the country following sudden
stratospheric warming (SSW) events. Due to an exceptionally cold air mass from
Siberia, record low temperatures engulfed the country and snow drifts over 2 m were
recorded in some locations (Met Eireann, 2019). This extreme event was officially
named ‘Storm Emma’ and was commonly referred to as ‘The Beast from the East’.
The results discussed in this chapter were obtained between December 1, 2017 and
February 25, 2018. It is worth noting that the measurements recorded in late February,
which are presented here, may reflect the effects of the approaching severe cold spell
and the change in the prevailing wind direction. Measurements continued throughout
late February and March, but the results obtained were considerably influenced by this
unique weather event. The measurements recorded from February 26, 2018 onwards

will be presented in Section 3.3.6.
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Table 3.2 Summary of hourly average meteorological parameters at monitoring sites during the wintertime intensive measurement campaign (December 2017 — February
2018).

Precipitation (mm) Temperature (°C) Wind Speed (m s?)

Mean Range Mean Range Mean Range
Carnsore Point 0.128 0-4.8 5.90 -1.7-12.3 5.16 0.51-15.43
Mace Head 0.193 0-84 6.84 -1.4-12.2 9.12 0.51 - 23.66
Malin Head 0.189 0-7.0 5.93 -1.3-12.5 8.96 0.51-24.69
University College Dublin 0.086 0-5.7 4.93 -6.2-13.1 6.10 0.51-18.01
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The wind rose diagrams in Figure 3.7 describe the frequency of counts for wind
direction and wind speeds observed each month during this campaign at the weather
stations associated with each monitoring site. The predominant wind direction at each
sampling site were westerly and south-westerly. Mace Head and Malin Head
experienced the strongest winds, as predicted, owing to their location on the west and
north-west coasts of Ireland, as they are most exposed to the strong winds from the
North Atlantic Ocean. Carnsore Point and University College Dublin, both situated on

the east coast of the country, experienced much lower average wind speeds.

Figure 3.8 illustrates the monthly distribution of recorded temperatures and the
measured volumes of precipitation at each of the weather stations during the campaign.
The width of the violin plots indicate the frequency of a particular hourly average
temperature recorded each month, while the circles expresses whether or not
precipitation was recorded, and the amount is represented by the size of the circle. As
outlined in Table 3.2, both the minimum (-6.2 °C) and maximum (13.1 °C)
temperatures recorded during the sampling period were measured at the weather
station associated with the monitoring site at University College Dublin, representative

of the largest range in temperatures.

A maximum value of 34.3 mm of rain was recorded over a 24-hour period at Carnsore
Point in December 2017. On average, UCD was the driest site with a daily mean of
only 2.06 mm of rain. Carnsore Point, Mace Head and Malin Head had mean values
of 3.08 mm, 4.63 mm and 4.54 mm, respectively, in a 24-hour period between
December 2017 and February 2018.
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Figure 3.7 Wind rose plots for Carnsore Point, Mace Head, Malin Head and UCD during the
wintertime intensive measurement campaign (December 2017 — February 2018).
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3.3.2 Equivalent Black Carbon

Black carbon concentrations were measured continuously by multi-wavelength
aethalometers at each of the four sites between December 2017 and March 2018. The
data capture for each of the instruments employed throughout the campaign (> 99%)
is outlined in Table 3.1. Absent data is due to instrument stoppages for routine

maintenance while on site.

3.3.2.1 Temporal Trends

The highest concentrations of black carbon were observed at the monitoring site on
the UCD campus; the only designated urban background site. Black carbon
concentrations at UCD, measured at 880 nm (BC6), reached a maximum hourly
average value of 16.62 pg m™ in February 2018. The mean hourly average BC6
concentration measured at this site was 0.78 ug m™. In stark contrast, a maximum
hourly average BC6 concentration of 2.91 ug m™ was observed at Mace Head, where
a mean hourly value of 0.12 pg m™ was measured throughout the winter period. Mean
hourly average BC6 concentrations of 0.27 ug m™ and 0.28 pug m™ were recorded at
Carnsore Point and Malin Head, respectively. Table 3.3 includes the hourly average
and 60 second measurement range of equivalent black carbon (eBC) and black carbon
measured at 880 nm (BC6) recorded at each monitoring site. Table 3.3 also provides a
summary of the mean and standard deviation of eBC and BC6, based on the hourly

average concentrations.

As mentioned in Chapter 2, a Clean Air test was set to run automatically at midday
every Saturday for the duration of the campaign. This test is used to assess the stability
and performance of the multi-wavelength aethalometer under air flow conditions. As
particle-free air flows through the system during this test, it is possible to determine
the range of uncertainty within the instrument using the values recorded. Between
December 1, 2017 and February 25, 2018 the test was run 13 times at each site, with
the exception of Mace Head where it was run only 10 times, as continuous monitoring
began on December 21, 2017 at this location. Despite a small number of outliers, the
measurements recorded during the 60 second intervals typically tended towards zero,
as anticipated. Mean black carbon values of 0.12 ug m, 0.09 pg m=, 0.09 ug m™ and
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0.41 pg m™ were recorded at a wavelength of 880 nm during automatic Clean Air tests
at Carnsore Point, Mace Head, Malin Head and University College Dublin,
respectively. Minimum values of ambient eBC and BC6 provided in Table 3.3 are
negative values at each site. However, following comparison with the range of values
observed during the Clean Air test each of the hourly average concentrations recorded

were within acceptable limits.
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Table 3.3 Mean and standard deviation of hourly average concentrations of equivalent black carbon (eBC) and black carbon (BC6) measured at each site (December 2017 —
February 2018). Maximum and minimum values of equivalent black carbon and black carbon measured at 880 nm are also included.

Equivalent Black Carbon, eBC (ng m?)

Mean + SD Range
Hourly Average Measurement 60 Second Measurement
Carnsore Point 0.27 £0.43 -0.01-5.36 -1.70-32.79
Mace Head 0.12+0.21 -0.04 - 2.97 -1.53 - 78.36
Malin Head 0.28+0.43 -0.01-4.10 -1.30-31.45
University College Dublin 0.80 £1.62 -0.03-17.18 -8.81 - 1096.51
Black Carbon, BC6 (ug m*)
Mean + SD Range
Hourly Average Measurement 60 Second Measurement
Carnsore Point 0.27+£0.42 -0.03-5.29 -1.54 - 31.97
Mace Head 0.12+0.21 -0.03-2.91 -1.56 - 72.18
Malin Head 0.28+0.42 -0.03-4.01 -1.38 — 30.69
University College Dublin 0.78+1.59 -0.03 - 16.62 -6.85 — 1022.50
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Table 3.3 shows a wide range of concentrations at each site throughout the campaign.
Mace Head experienced the lowest hourly average ambient concentrations of eBC. A
number of significant spikes in concentration were observed on the same dates at each
site, most likely due to shared weather events and air masses. A noticeable increase in
eBC was observed towards the end of February during the final six days of
measurements (February 20 — 25, 2018) at Carnsore Point, Mace Head and Malin
Head, however this was not the case at the UCD sampling site (Figure 3.9). During
this time period, the mean eBC concentration increased by more than 145%, 360% and
200% at Carnsore Point, Mace Head and Malin Head, respectively. The average
concentration recorded at UCD during these six days, though not as considerable as at
the other monitoring sites, increased by 25% above the mean concentration of the
preceding 11 weeks. This notable increase in eBC concentration coincides with the
change in prevailing winds and the arrival of a severely cold air mass from Siberia,

resulting in Storm Emma.

A number of pollution events occurred throughout the sampling period illustrated by
the temporal profile of recorded equivalent black carbon (Figure 3.9). Several of the
events recorded coincided with similar events at other sites, such as on January 20,
February 5 and that towards the end of February 2018, as previously discussed. Others
were more localised events. In early December 2017, large concentrations of eBC,
relative to the entirety of the sampling period, were measured at Carnsore Point, while
an increase in concentration was not recorded at the other monitoring sites during the
corresponding period. Similarly, at the end of January, Carnsore Point again
experienced a significant increase in eBC. On both occasions, the pollution event
appeared to be exclusive to that location. During December 17 — 21, 2017 UCD
experienced an event which caused an increase in eBC concentrations, including a
maximum hourly average in excess of 17 pg m. During this time period, Carnsore
Point, also located on the east coast of Ireland and approximately 126 km south of
Dublin, did not experience such a significant increase in observed concentrations. A
slight increase to 1.26 pug m™ was recorded at midnight on December 18 at Carnsore
Point, however concentrations had returned to a base level of 0.15 pg m™ by 21:00 that

evening.

The Zotter parameters, (a1 = 0.9, ase = 1.68) were applied to the data recorded at each

site to generate a temporal profile of eBC attributed to solid fuel combustion and

84



traffic-related emissions (Figure 3.10). It is evident that negative values occurred, most
notably in Mace Head and University College Dublin where the lowest and highest
respective concentrations of eBC were recorded, leading to uncertainty over the
precision of the source apportionment aethalometer model in these environments. At
extremely low concentrations of ambient eBC, such as those observed at Mace Head,
it appears that the model begins to collapse and no longer accurately apportions

measured black carbon to the appropriate sources.
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3.3.2.2 Dependence on Wind Speed and Direction

Wind speed and direction had a pronounced effect on the ambient concentration of
black carbon. Figure 3.12, a calendar plot produced using the Openair package
(Carslaw & Ropkins, 2012) developed using the R computer language, illustrates the
daily average BC6 concentration by its colour. The daily average wind direction is
represented by the direction of the arrow, while the length of the arrow tail depicts the
strength of the wind on a particular day; the longer the arrow, the greater the wind
speed. It is clear that on days when ambient concentrations of BC6 were highest, the
wind speeds were at their lowest. This was true for each sampling site. It is worth
noting that although each calendar plot has its own scale, concentrations of black
carbon were comparable (~1 pg m®) at each site towards the end of February. The
easterly air mass had a pronounced effect at the Carnsore Point, Mace Head and Malin
Head sampling sites, while at UCD the aerosol carried by the incoming air mass was

comparable to background levels, and thus the effects were less prominent.

The dependence of black carbon concentration on wind speed is confirmed further by
Figure 3.13. These plots demonstrate that maximum concentrations were observed at
minimum wind speeds. The plots also indicate the wind direction with the greatest
influence on concentrations at each site. It is unsurprising that the highest
concentrations of eBC measured at Mace Head and Malin Head come from the east
and south-east, respectively, due to their geographical location. Pollution measured at
these sites commonly originates on the land mass of Ireland. It is difficult to extricate
the origin of the strongest influential sources at the urban background monitoring site
on the campus of UCD, as it is surrounded by pollution sources in all directions. The
results observed at Carnsore Point were noteworthy. Due to its geographical location
in the south-east of Ireland, it was expected that the majority of equivalent black
carbon would come from the north-west; across the landmass. However, comparable

concentrations were also detected from the south-east; the seaward direction.

Elevated eBC concentrations originating in the east are most pronounced at all
monitoring sites in the month of February (Figure 3.14). Augmentation of the
measured concentration is undoubtedly a consequence of the arrival of Siberian air

mass which travelled across continental Europe before reaching Irish shores.
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measured at each site.

90



Carnsore Point Mace Head Malin Head University College Dublin

T T T T T T
01 0.2 03 04 0.5 06 07 01 0. 03 04 0.5 0.6 07 01 02 03 04 05 06 07 08 09 05 1 15 2

Equivalent Black Carbon (ug m_a} Equivalent Black Carbon (ng m_a} Equivalent Black Carbon (ug m_a} Equivalent Black Carbon (ug m-a}

Figure 3.13 Polar plots describing the wind dependence of mean eBC concentrations during the wintertime intensive measurement campaign (December 2017 — February
2018).

91



Carnsore Point

December January February
&l

T
0.2 04 06 0.8 1 12 14
Equivalent Black Carbon (pg m“a}

Mace Head

December January February
N

0.1 0z 03 0.4 05 06 0.7 0.8
Equivalent Black Carbon (pg m"a}

Malin Head

December January February
N

T
0.2 04 0.6
Equivalent Black Carbon (ng m“a}

University College Dublin

December January February
N

20
15 ws

0.5 1 15 2 25 3
Equivalent Black Carbon (ug m“a}

Figure 3.14 Polar plots describing the monthly wind dependence of mean eBC concentrations during
the wintertime intensive measurement campaign (December 2017 — February 2018).
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Figure 3.13 demonstrates comparable eBC concentrations originating to the north-
west and south-east of the Carnsore Point monitoring site when averaged over the
duration of the sampling period. Using the absorption Angstrém exponents of 0.9 and
1.68, the measured eBC was split into traffic and solid fuel combustion related sources,
respectively (Figure 3.15). It was evident that emissions related to the combustion of
solid fuels, most likely due to domestic heating came from north-west of the site;
Wexford county and possibly further afield, while the emissions associated with traffic
or transportation vehicles originated largely in the south-east, suggesting that shipping
routes in the Celtic Sea between Rosslare, the UK and continental Europe contributed
significantly to the ambient eBC concentrations measured at Carnsore Point.
Presumably, continental air masses from Europe also contributed to the measurements
at this location. Figure 3.15 also exhibits increased concentrations of eBC attributed to
traffic-related emissions to the west of Mace Head. Although lower than those

recorded to the east of the site, the concentrations from the seaward side are significant.

Back trajectory analysis was performed using HYSPLIT modelling to identify and
further investigate the air masses influencing the sampling site during notable periods
of increased ambient eBC concentration originating to the south-east of the Carnsore
Point sampling site. On December 18, 2017 although a south-easterly wind was
recorded at the site, the air mass had originated in North America 72 hours previously,
before travelling across Ireland from the north-west and finally arriving at the
monitoring site from a south-easterly direction (Figure 3.16 Top). In this case,
presumably the increased concentrations can be attributed to emission sources in
Ireland, and possibly long-range transportation from further afield. In contrast, the air
mass influencing measurements on January 8, 2018 had two interesting components.
One air mass moved across Europe and Great Britain after tracking south from the
Acrctic Circle 48 hours previously, while another originated in the Atlantic and moved
north across Spain and France, prior to colliding with the air mass from the north and
tracking west towards Ireland (Figure 3.16 Middle). Later that month on January 20
(Figure 3.16 Bottom), easterly winds from North America arrived at Carnsore Point

from a south-easterly direction.

The observations made at Carnsore Point and Mace Head highlight the important

question of whether or not the current two-source aethalometer model can correctly
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attribute influential sources. Two possible explanations for the observations made at

these monitoring sites are proposed:

The aethalometer model correctly assigns the fossil fuel combustion emissions
which are mainly related to shipping. Figure 3.15 shows that a significant
portion of measured eBC+r was from the seaward direction; to the south east of
Carnsore Point and to the west of Mace Head. This scenario would be more
plausible at Carnsore Point than at Mace Head due to the proximity of
commercial shipping lanes.

In clean environments where extremely low concentrations are observed, the
absorption Angstrém exponents measured by the aethalometer are biased
towards ~1. Both monitoring sites experienced relatively low concentrations
of eBC throughout the sampling period; mean hourly averages did not exceed

% in either location. Absorption coefficients below the limit of

03 pg m
detection of the aethalometer can result in negative values of eBC in pristine
environments, often arising from instrument noise and uncertainties (Asmi et

al., 2021; Backman et al., 2017).
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Figure 3.15 Polar plots describing the wind dependence of eBCsr and eBCr, concentrations at each sampling site during the wintertime intensive measurement campaign
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Figure 3.16 Back trajectories performed using the HYSPLIT model ending at 500 m above ground level
at the Carnsore Point sampling site; 72-hour (left), 24-hour (centre) and 12-hour (right).
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3.3.2.3 Diurnal Trends

The diurnal profiles of hourly average eBC concentrations in Carnsore Point, Mace
Head, Malin Head and UCD are illustrated in Figure 3.17. Although concentrations
vary, a similar pattern was observed at each of the sites with the exception of Mace
Head. There was a significant increase in eBC concentrations in the afternoon and
eveningtime from approximately 14:00 onwards. Mean concentrations reached a

maximum at 19:00 in both Dublin and Malin Head and at 21:00 in Carnsore Point.

Figure 3.18 illustrates the pronounced trend observed for concentrations of eBC and
the direction from which the pollution comes as a function of the hour of the day,
averaged over the entire sampling period. As expected for each site, the majority of
measured eBC originated across the land mass; to the north-west of Carnsore Point, to
the east of Mace Head, to the south east of Malin Head and predominantly to the south
and east of the monitoring site at UCD, situated in a densely populated residential area.
At each site, maximum concentrations were observed in the eveningtime indicating
that solid fuel combustion for domestic heating was a major contributor to the total

increase in eBC concentrations.

Interestingly, similar to Figure 3.13, increased concentrations were observed from the
north-west and the south-east of the monitoring site at Carnsore Point. However,
Figure 3.18 explains this observation further. Slightly increased concentrations in the
south-east were observed throughout the day, while the amplified concentrations to the
northwest of the site were observed in the evening, between 19:00 and midnight. This
indicated variation in diurnal trends associated with differing sources, specifically the
significant impact of solid fuel combustion for domestic heating on the ambient

conditions in the eveningtime.
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Figure 3.17 Average diurnal profile of total eBC measured at each monitoring site throughout the wintertime intensive measurement campaign (December 2017 — February

2018).
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Figure 3.18 Mean eBC concentrations as a function of wind direction and time of day during the
wintertime intensive measurement campaign (December 2017 — February 2018).
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Mace Head consistently experienced extremely low concentrations of eBC. The mean
concentration recorded during the sampling period was 0.12 ug m= (Table 3.3). Owing
to the remote location of the site and the absence of significant local emissions, it is
unsurprising that a strong diurnal pattern was not observed. Figure 3.17 attempts to
establish an average diurnal trend at the site, ranging between 0.08 pg m=and 0.16 pg
m- over the entire sampling period. The trend was investigated further to account for
the influence of wind direction on the diurnal pattern (Figure 3.19). On days when
wind was blowing onshore (53 days), mean concentrations were at a minimum,
ranging between 0.04 pg m™ and 0.1 pg m™. There was a slight increase in the
eveningtime, but it was, at most, an increase of 0.06 ng m=. The observations on days
when wind was blowing from an easterly direction (14 days) across the land mass,
could not be described as a “pattern’, but it is evident that concentrations recorded on
these days were slightly elevated (0.22 pg m= — 0.45 ug m) in comparison to those

observed on days with a westerly wind.
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Figure 3.19 Average diurnal profile of eBC concentrations measured at Mace Head as a function of
daily wind direction.

100



The diurnal trend of the eBC attributed to solid fuel combustion and traffic-related
emissions was also considered (Figure 3.20 and Figure 3.21). An increase in eBC
attributed to traffic at the UCD site was observed during peak rush hour in the morning
and eveningtimes. Though the concentrations attributed to traffic may vary from day
to day, the daily morning and evening peaks will reflect the traffic levels and are thus
expected to be comparable in size.

Due to the extremely low concentration of total eBC recorded at Mace Head, accurate
distinction between sources was difficult to achieve. Minimal emissions caused by
localised solid fuel burning were observed, however such contributions were
extremely wind dependent. Traffic-related emissions were not expected to contribute
significantly to the total eBC concentration, due to the remote location of the site and

relatively large distance from urban areas and roadways.

The substantial increase in eveningtime concentration of eBC was significantly
influenced by solid fuel combustion emissions at the Carnsore Point and Malin Head
sampling sites. Minor increases in the eBC concentration was attributed to traffic-
related emissions at both sampling sites, however, the peaks were only observed during
the evening hours. It is possible that the increase in concentration was exaggerated by
a change in the boundary layer caused by decreasing temperatures in the eveningtime.
However, it is also possible that the source apportionment model could not accurately
attribute dominant sources in a mixed fuel environment, as previously discussed, and
that this increase was, in fact, due to coal combustion for domestic heating. The
aethalometer model was originally developed to quantitatively determine the
contributions of wood burning and fossil fuel combustion emissions to particulate
matter mass concentration (Sandradewi, Prévot, Szidat et al., 2008). The mixed fuel
environment in Ireland, which also includes coal and peat, may limit the application
of the model. This supports the premise that the application of a single pair of AAE
values is inappropriate for accurate source apportionment in different environments
and presents an argument for the development of site-specific absorption Angstrom

exponents.
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Figure 3.20 Average diurnal profile of eBC attributed to solid fuel combustion and traffic-related emissions at each sampling site during the intensive wintertime

measurement campaign (December 2017 — February 2018).
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Figure 3.21 Average diurnal trend of eBC attributed to solid fuel combustion and traffic-related emissions, as a function of origin, at each sampling site during the intensive
wintertime measurement campaign (December 2017 — February 2018).
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3.3.2.4 Delta-C

Optical absorption at 370 nm is enhanced in the organic components of wood smoke,
relative to the absorption of such components at 880 nm. By investigating the
difference in concentrations measured by the aethalometer in these channels, BC1 and
BC6, respectively, the ‘Delta-C’ (AC) value can be determined (Allen et al., 2004;
Wang et al., 2012). Allen et al. (2004) noted that the AC value can be used as an
indicator for the presence of wood smoke, but not as a quantitative measurement. The
diurnal profiles of AC illustrated in Figure 3.22, further substantiate the significant
influence of solid fuel combustion related emissions to the ambient eBC concentration

in the eveningtime at the locations under consideration.

Significant increases in concentration were observed from 14:00 onwards at Carnsore
Point, Malin Head and on the UCD campus, consistent with the aethalometer model
output. Mean concentrations increased marginally at the Mace Head sampling site in
the evening, however there was little variation throughout the day and total
concentrations were extremely low. The total eBC and AC diurnal patterns were
similar at both Carnsore Point and Malin Head, suggesting that wood burning strongly
influenced total eBC levels. At the UCD sampling site the absence of a morningtime
traffic peak was obvious in the AC diurnal profile, while the large increase observed
during the evening indicates that wood combustion strongly influenced this site, in
agreement with the aethalometer model output.

The relationship between AC and the eBC attributed to solid fuel and traffic-related
emissions is examined in Figure 3.23. As both sets of measurements were derived from
the aethalometer data, a strong correlation between the parameters was expected.
However, by investigating the correlation between AC and eBCsr and AC and eBCry,
the effectiveness of the application of Zotter values to differentiate between the sources
can be examined. There was excellent agreement between AC and eBCsr (r? > 0.93),
while the correlation between AC and eBCrr was much weaker (r? < 0.33). As the AC
value is indicative of the presence of wood burning related particles, the linear
regression models confirm that wood burning emissions were correctly attributed to
eBCsr, using an AAE of 1.68. However, the analysis does not provide further insight
into the suitability of the Zotter value pair in a mixed fuel environment as it does not

account for peat and coal combustion emissions.
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Figure 3.22 Average diurnal profile of AC parameter measured at each site during the wintertime intensive measurement campaign (December 2017 — February 2018).

AC is the difference in concentration measured at wavelengths 370 nm and 880 nm.
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intensive measurement campaign (December 2017 — February 2018).
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3.3.2.5 Source Contribution

Source contribution to total ambient eBC concentration was spatially and temporally
variable. Figure 3.24 illustrates the mean eBC attributed to traffic-related and solid
fuel combustion emissions as a percentage of the total measured eBC, following the
application of AAE values of 0.9 and 1.68, respectively. According to the aethalometer
model, eBCrr accounted for a large percentage of total monthly eBC at Carnsore Point
(x = 83.6%), Malin Head (x = 69.7%) and UCD campus (X = 59.5%). Conversely,
11% of the total eBC was attributed to eBC+r at Mace Head.

It is interesting that despite an absence of major local sources at Carnsore Point, traffic-
related emissions contributed a higher percentage to the total eBC concentration
(83.6%) than at the UCD monitoring site (59.5%), which is located in a well populated
residential area, approximately 500 m from one of the main road arteries into Dublin
city. Again, the accuracy of the source apportionment model is open to question. It
does not seem credible that, on average over the three month period, almost 84% of
the measured eBC at Carnsore Point could be derived from traffic-related emissions.
Rosslare Harbour is approximately 8 km north of the sampling site, however during
the sampling period northerly winds were rarely recorded. Thus, is it unlikely that the
harbour is the source of the emissions. It is plausible that the use of inappropriate AAES
has resulted in the incorrect assignment of measured eBC to traffic-related emissions,
primarily due to the mixture of solid fuels used. Coal burning for residential heating
may have contributed to the large portion of total eBC efficiently absorbed in the near-
IR region, resulting in an over-estimation of ‘traffic-related’ contributions, which
would explain the increase in ‘eBCt:’ in the eveningtime at Carnsore Point and Malin
Head (Figure 3.20). The overall low percentage of eBC attributed to traffic at Mace
Head implies a regional contribution from traffic sources, not from any particular
direction. The air masses influencing conditions at Mace Head were presumably less

continental than at any other location.
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3.3.2.6 Light Absorption of Black Carbon

Further investigation into source apportionment of measured eBC involved
examination of the absorption Angstrém exponents calculated by the aethalometer (60
s). Figure 3.25 demonstrates the average aethalometer absorption dependence on
wavelengths for the four Irish monitoring sites involved in the measurement campaign,
normalised to the absorption recorded at a wavelength of 950 nm. The site at Malin
Head appears to have had the strongest absorption in the UV region, likely due to wood
burning and solid fuel combustion related emissions. In contrast, the aerosol sampled
at Mace Head absorbs less efficiently in the ultra-violet region, in contrast to the
previous estimation of 89% of total eBC attributed to solid fuel related emissions, on
average across the entire sampling period (Figure 3.24). There is little variation (2.133
x 10" m) in the absolute mean absorbance in the UV and IR regions at this sampling

site.
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Figure 3.25 Normalised aethalometer absorption dependence on wavelengths for each of the
monitoring sites involved in the measurement campaign (December 2017 — February 2018).

Absorption Angstrom exponents were calculated by curve fitting of the values for baps
at wavelengths 470, 520, 590, 660, 880 and 950 nm with exponential regression
models of absorption measurements. The frequency distribution of AAE values at each
monitoring site for the entire monitoring campaign are shown in Figure 3.26. The
distribution of these values in a locality gives an indication of the predominant sources
of eBC in that location. Examining the calculated AAE emphasised some interesting
results. It was observed that the most frequently measured values of the AAE were
between 1.3 and 1.5. However, the distribution at the three regional background
locations differed significantly in comparison to the distribution observed at UCD. A
narrow range of AAE values was derived from the aethalometer measurements
collected at UCD centred around 1.3, with two adjacent peaks. This indicates an
environment with two major source types; solid fuel burning, likely encompassing
contributions from wood and peat, and traffic-related sources, which potentially
includes coal combustion emissions. The regional background sites have a similar peak
value, however, the distributions are much broader. The location of the peak is
indicative of consistent influence from solid fuel related sources. The wide variation

in values, and the absence of a defined peak at the lower range of distribution, suggests
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inconsistent contributions from traffic-related or fossil fuel combustion sources. These
findings highlight that the variation in calculated AAE values is dependent on local
sources. This suggests that application of one pair of AAE values may not be
appropriate for use across a range of sampling environments, as the use of an incorrect
AAE pair will lead to inaccurate source apportionment. Furthermore, the distributions
show that in clean environments there was a low range of AAE values. This implies a
strong influence from fossil fuel combustion, however in reality it is a feature of low
BC concentrations. Despite the assignment of an overwhelming portion of total eBC
to solid fuel combustion emissions at Mace Head (x = 89%), the frequency distribution
exhibits AAE values biased towards ~1 (x = 0.88), indicating a fossil fuel dominant
environment. In an environment dominated by eBCsr, an AAE closer to 1.68 would
be expected. This reinforces the hypothesis that the model collapses at extremely low
concentrations, such as those measured at Mace Head.

In a similar study, Grange et al. (2020) noted sites which are exposed to wood burning
emissions have a tail that extends beyond 1.68, while the AAE distribution at traffic
dominated sites contain only a small component beyond 1.68. The AAE distribution
at both Mace Head and Malin Head extends beyond the asr value of 1.68, while the
distribution at Carnsore Point and UCD rarely continues further than 1.68. Grange et
al. (2020) also concluded that bi-modal distribution indicates exposure to additional
sources, possibly fresh wood smoke emitted close to the monitoring site and detected
prior to the occurrence of any type of chemical processing. Bi-modal distribution was
identified at each of the sites analysed in the current study (Figure 3.26), suggesting
that aged wood smoke is not the only source present at each site. This validates the use
of nomenclature SF rather than wb, to account for both wood and peat combustion.
However, the use of coal for domestic heating causes complications and, due to its
composition, it is possibly assigned to the eBCtr portion of total eBC. Thus,
application of the current two source aethalometer model, does not account for all solid
fuel types in the eBCsr category.
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Figure 3.26 Frequency distribution of calculated absorption Angstrém exponents at each monitoring site (December 2017 — February 2018), between wavelengths 470
nm and 950 nm.
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3.3.3 Elemental Carbon (EC) and Organic Carbon (OC)

The temporal profiles of organic, elemental and total carbon concentrations recorded
at Carnsore Point, Mace Head, Malin Head and UCD sampling sites are shown in
Figure 3.28. A summary of the range and mean concentrations is provided in Table
3.4 below. The highest concentrations were regularly recorded at UCD, where the
maximum ambient 24-hour TC concentration was 16.6 pg m, of which 1.7 ng m™

and 14.9 ng m was attributed to elemental and organic carbon, respectively.

The highest percentage of organic carbon was observed at Mace Head, Co. Galway,
however the absolute concentrations recorded were considerably less than at any other
monitoring site. Due to the sparsely populated, remote location of Mace Head, it is
unlikely that the OC content can be attributed exclusively to solid fuel combustion.
This is confirmed by Figure 3.30, which illustrates a poor correlation between organic
carbon and eBCsr (r? = 0.15). In contrast, there was a strong correlation between these
two parameters at the other sampling sites, particularly at Carnsore Point (r? > 0.94).
During the winter months, it is unlikely that the dominant source at any site is biogenic
emissions from terrestrial vegetation. However, it is reasonable to speculate that the
organic carbon content is influenced by marine biogenic sources at Carnsore Point,
Mace Head and Malin Head (O'Dowd et al., 2004; Yoon et al., 2007).

The mean and range of absolute EC and OC concentrations recorded at each sampling
site are illustrated in Figure 3.27. EC accounted for quite a low percentage of the total
carbon content measured at each site (range: 2.8% — 14.1%). There was little variation
in the absolute EC concentrations measured at Carnsore Point, Malin Head and UCD,
contradicting the broad range of contributions from eBCyr according to the

aethalometer source apportionment model.
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Figure 3.27 Boxplot of absolute EC and OC concentrations recorded at each of the monitoring sites
involved in the intensive measurement campaign (December 2017 — February 2018).

The small proportion of EC challenges the assertion provided by the aethalometer data
which suggests the majority of eBC carbon measured should be attributed to traffic-
related emissions at Carnsore Point, Malin Head and UCD. Primary organic aerosol
(POA) and black carbon contribute a significant proportion of carbonaceous
particulate matter in Europe, which is consistent with the large fraction of diesel
powered vehicles, in comparison to environments dominated by gasoline powered
vehicles where SOA dominates the carbonaceous fraction of PM (Platt et al., 2017).
Similar to other European member states, the Irish market is dominated by diesel-
powered vehicles. In 2017, 60% of the national fleet was powered by diesel, 38.7%
powered by gasoline and the remaining vehicles were either electric or hybrid (plug-
in/gasoline) (O'Connell, 2019). Subsequently, if such a high proportion of the eBC
measured at the sampling sites originated from traffic-related emissions, as indicated
by the aethalometer model, a greater proportion of thermally measured EC content
would be anticipated.

The temporal trends of eBC and TC measurements are shown in Figure 3.29. Good
agreement between the two parameters was observed; both the eBC and TC follow a

similar trend and significant increases were recorded on the same days. Correlation
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between the two parameters was greatest at Carnsore Point (r? = 0.96) and Malin Head
(r> = 0.92), where filter samples were collected on a 24-hour basis between midnight
and 23:59. Over the entire sampling period, an r? value of 0.59 was determined for
these parameters at the urban background site; UCD. However, this value improves
significantly (r?> = 0.96) when the month of February is isolated and analysed. During
February 2018, filter samples were collected at 24-hour intervals, between 08:00 and
07:59. Previously, from December 21, 2017 to January 19, 2018, filter samples were
collected on a 48-hour basis at this site. In order to compare the two parameters, the
measured eBC was averaged over the corresponding sampling period of ambient
aerosol. Averaging the 60 second measurements over a 48-hour period in such a
complex environment with several probable sources, potentially concealed significant
variation in ambient concentration, ultimately reducing the correlation between
parameters. The correlation between eBC and TC recorded at Mace Head was also
weak (r?> < 0.3). Although similar trends were observed at this monitoring site, the
relationship between the measured concentration values is poor. This suggests that a
large fraction of the OC was unrelated to the measured black carbon, thus indicating

contribution from additional sources, potentially marine biogenic sources.

An increase in TC, common to all sampling sites, was observed in early February 2018
(04/02/2018 — 05/02/2018). Measured eBC concentrations increased correspondingly.
This coincided with a period of low wind speed, particularly on the east coast. At Mace
Head and Malin Head, the increase in pollutants also coincided with a change in wind
direction; a southerly wind was recorded on February 5, 2017, in contrast to the
northerly wind recorded during the preceding days. In late February 2017 (20/02/2018
— 24/02/2017), TC again increased significantly at Carnsore Point, Mace Head and
Malin Head, again corresponding with an increase in ambient eBC. Wind speeds were
somewhat lower during this event, however the change in prevailing wind from
westerly to easterly was of most significance. This event was recorded in the days prior

to the arrival of the ‘Beast from the East’ on February 27, 2017.
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Table 3.4 Summary of measured EC, OC and TC measured at each sampling site involved in the wintertime measurement campaign (December 2017 — February 2018).

Carnsore Point Mace Head Malin Head University College Dublin

Organic Carbon (pg m®)

Mean = SD 1.15+0.93 0.42+£0.42 1.74+1.47 3.05 +£2.57

Range 0.26 — 3.97 0.06 - 1.64 0.18-5.16 0.53-14.90
Elemental Carbon (ug m)

Mean + SD 0.23+0.21 0.03+0.07 0.25+0.20 0.49 +0.36

Range 0.00-0.80 0.00-0.23 0.00-0.77 0.08-1.75
Total Carbon (pg m)

Mean + SD 1.38+1.14 0.45+0.48 1.99 £ 1.66 3.54+2.90

Range 0.26 —4.78 0.06-1.87 0.18 -5.55 0.87-16.64
OC/EC Ratio 4.2 5.1 6.5 6.4
EC/TC (%) 13.6 2.8 11.4 14.1
OC/TC (%) 86.4 97.2 88.6 85.9
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Figure 3.28 Temporal trends of EC, OC and TC measured at each monitoring site during the overlapping sampling period (January 18 — February 25, 2018).

116



Carnsore Point Mace Head

34
14
@ &
= £ 27
= = .
oD =}
= S
o =
o o
o B
= =
[T, )
o 21 o
c c 14
k=] (=]
[&] O
01 0
Dec Jan Feb Mar Dec Jan Feb Mar
Malin Head University College Dublin
159
a4 o=
£ £
- ~—
oD =}
= 2 10
= c
p=y =)
o B
= =
3 , 3
c < c
k=] (=]
[§) 8 s
o 04
Dec Jan Feb Mar Dec Jan Feb Mar
----- eBC — TC

Figure 3.29 Comparison of temporal profiles of thermal TC and optical eBC measured at each of the sampling sites involved in the intensive measurement campaign
(December 2017 — February 2018).
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Figure 3.30 Comparison of eBCse and OC measured at each of the sampling sites involved in the intensive measurement campaign (December 2017 — February 2018).
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Table 3.4 includes the OC/EC ratio values obtained for each site during this field
campaign. The OC/EC ratio can vary widely with location and seasonality. It is often
used to investigate the processes leading to the formation of secondary organic
aerosols and examine the influence of sources contributing to ambient conditions. The
ratio is commonly used to differentiate between solid fuel types used in combustion in
agiven region. Ni et al. (2018) noted the effect that combustion conditions (eg. flaming
versus smouldering) can have on the ratio, in addition to the impact that thermal
protocols used in the analysis of elemental and organic carbon content can have. Ni et
al. (2018) selected OC/EC ratio values of 2.38 + 0.44 and 5 + 2 to indicate the presence
of coal and wood burning emissions, respectively. Grieshop et al. (2009) also noted
the effect that combustion conditions could have on the OC/EC ratio (1.1 - 13) in a
controlled study of the atmospheric aging of wood smoke. A wide range (1 - 20) in the
OC/EC ratio attributed to biomass burning was used in the study presented by
Gilardoni et al. (2011).

Numerous studies have been carried out across Europe investigating the OC/EC ratio.
Generally, lower values are recorded at polluted sites, while higher ratios are recorded
at more remote sites (Karanasiou et al., 2020). Despite noting the uncertainty
associated with the OC/EC ratio of wood burning, Simpson et al. (2007) suggested a
mean European ratio of 2.1 for wood burning, considering ratios previously reported
for several combustion methods. Pio et al. (2011) compiled a wide range of OC/EC
ratios from a number of urban, rural and remote sites, predominantly in Spain, Portugal
and the UK, concluding that the OC/EC ratio obtained is dependent on the location
and major sources of OC. Recently, Mbengue et al. (2018) reported a mean OC/EC
ratio of 5.05 + 2.59 over a measurement period of four years in Czechia. The study
notes the seasonal fluctuation, with the mean value significantly higher during the
summer months. A study carried out by Karanasiou et al. (2020) at two sites in northern
Spain reported OC/EC ratios of 0.7 — 8.1 (traffic dominated site) and 1.8 — 12.8

(regional background site).

Previous studies carried out in small Irish towns reported average values of between
3.8 and 6.3 in Killarney, Co. Kerry and Birr, Co. Offaly, respectively (Buckley, 2019).
The study concluded that the ambient carbonaceous aerosol was likely influenced by
both coal and biomass burning in Killarney, and dominated by biomass burning in

Birr. Ceburnis et al. (2006) noted clear seasonal differences in OC/EC ratios between
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winter and summer, ranging from 0.4 to 5.5 and 1.0 to 30.0, respectively, across four
various environments. The OC/EC ratio recorded during the current field campaign
ranged from 4.2 (Carnsore Point) to 6.5 (Malin Head) (Figure 3.31). Based on the
review carried out by Ni et al. (2018), such values are strongly indicative of biomass

burning.
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Figure 3.31 Measured concentration of organic carbon versus elemental carbon at each sampling site involed in the intensive measurement campaign (December 2017 —
February 2018).
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There was a strong correlation between the optically measured BC (880 nm) and the
thermally measured EC and OC in the samples collected at Carnsore Point and Malin
Head (r? > 0.87). A weaker correlation was observed between these parameters at UCD
(r> =~ 0.57), where, due to the quantity and wide range of sources, the ambient
environment is more complex. A correlation between the parameters could not be
established for the samples collected at Mace Head, owing to the small number of
viable samples, most of which contained extremely low concentrations. A similar trend
in correlation is observed in the comparison of total eBC versus thermally measured
EC and OC (Figure 3.32).

BC is almost exclusively of primary origin, produced during the incomplete
combustion of fossil fuel or biomass burning, whereas OC can be emitted directly to
the atmosphere, or formed as a secondary species (Grivas et al., 2012; Pio et al., 2011,
Viidanoja et al., 2002). In samples containing organic carbon that could not be
attributed to black carbon (samples with poor correlation between OC and BC), it is
possible that the organic components of the samples can be attributed to biogenic,
marine biogenic, terrestrial vegetation, or agricultural emissions or atmospheric
processes, such as aging or oxidation, in which case they could be classified as
secondary organic aerosols. Further analysis is required to confirm this, and to

ascertain the origin.
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Figure 3.32 Optical eBC versus thermal EC and OC measured at each of the monitoring sites involved in the field campaign (December 2017 — February 2018).
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OC was also compared with AC values, derived from aecthalometer measurements, as
described in Section 3.3.2.4. Different techniques were used to measure these two
parameters, and the measurements were recorded at different time resolutions. The
aethalometer data was averaged to match the sampling period of the OC samples.
There was good agreement between AC and OC at Carnsore Point and Malin Head
where r? values of 0.89 and 0.90 were obtained, respectively. A weaker correlation
was observed at UCD (r? = 0.67), where there was a much greater spread of values,
while a correlation between the parameters measured at Mace Head could not be
established.

As the AC value can be used as a qualitative tracer for wood burning, a strong
correlation with thermally derived OC indicates that the majority of the organic carbon
detected in the ambient samples may be attributed to wood combustion, further
supporting the hypothesis that SOA, biogenic or marine emissions may have had

considerable influence on OC concentration sampled at UCD.

124



3.3.4 Calculation of Mass Absorption Cross Section

Light absorption by black carbon (BC) can be described by the “absorption
coefficient” (babs, m™). BC absorption per mass is described by the term ‘mass
absorption cross-section” (MAC) (Knox et al., 2009). The MAC value is influenced by
the coating that builds up on BC, which can act as a lens and focus light into the core
of the BC particle (Bergstrom et al., 1982; Knox et al., 2009). At a wavelength of 550
nm, the measured MAC value of freshly emitted black carbon has quite a narrow
range; 7.5+ 1.2 m? g (Bond et al., 2013). The MAC value is highly dependent on the
mixing state of black carbon and other chemical processes. The ‘mixing state’ defines
the distribution of various particle species among particles; externally mixed particles
contain a single individual species, while internally mixed particles contain multiple
species. Consequently, light absorption by the black carbon particle can be influenced
(Yuanetal., 2021). Water is a component of mixed aerosols and its uptake can increase
the size of a particle, thus affecting BC absorption. A significant increase in BC
absorption at increased humidity has previously been reported (Bond et al., 2013;
Mikhailov et al., 2006). Due to the coastal location of each of the sites involved in this
field campaign, the relative humidity is high. The mean hourly relative humidity
during the sampling period ranged between 81.7% (Malin Head) and 86.7%
(University College Dublin). This must be taken into account when analysing the

calculated MAC values.

The types of coatings on BC particles vary with source composition. Therefore, MAC
values are spatially and temporally variable. In a previous study MAC values of
between 8.34 m? gt and 11.1 m? g'* were calculated for three small towns in Ireland
(Buckley, 2019). Zanatta et al. (2016) provided a range of MAC values from numerous
monitoring sites and environments across Europe in a comprehensive review, and
concluded that at a wavelength of 637 nm a MAC value of 10.0 m? g can be
considered representative of the mixed boundary layer at European background sites.
Similarly, Pandolfi et al. (2014) noted a mean MAC value (637 nm) of 10.90 m? g* at
a high-altitude monitoring site in the western Mediterranean basin.

The site-specific MAC value is estimated for each of the sampling sites during the
field campaign, using methods described by Knox et al. (2009), in Egn. 3.1 and Eqgn.
3.2 below.
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BC = babs (/1)

= MAC (D) Eqn. 3.1

babs [m_l]

= - Egn. 3.2
EC [g.m™3]

MACtrue [mz' g_l]

This method employs the absorption coefficient (bans), calculated using the
aethalometer measurements, and the EC content measured thermally off-line by the

Sunset OCEC Laboratory Instrument.

BC6 is measured on-line by the aethalometer at a wavelength of 880 nm, with an
assumed MAC value of 7.77 m? g*. The thermal EC concentration is measured off-
line by the Sunset OCEC Laboratory Instrument. This instrument has an integrated
laser with a nominal wavelength range between 655 and 660 nm. In order to compare
the two techniques as accurately as possible, the site-specific MAC value was also
estimated using the absorption coefficient derived from the aethalometer
measurements from the 660 nm channel (BC5), by applying an assumed MAC value
of 10.35 m? g. The site-specific MAC estimations are provided in Table 3.5 below.
A higher calculated MAC value is obtained when the absorption coefficient of the 660

nm aethalometer channel is employed, in comparison to that of the 880 nm channel.

Thermal EC was determined by analysis of filter samples which were collected on a
24-hour time basis. The aethalometer data was averaged to correspond to the correct
time period. The MAC was derived from the slope of the linear regression of
absorption coefficient versus the thermal EC (Figure 3.33). The correlation between
the parameters varied spatially; the r? value at both Carnsore Point (n = 28) and Malin
Head (n = 39) was greater than 0.8, demonstrating good agreement between the AE33
and OCEC instruments. The correlation between the parameters was poor at the Mace
Head (n = 24, r> = 0.33) and UCD (n = 34, r?> = 0.57) monitoring sites. The
concentrations recorded at UCD range widely. This variability undoubtedly influenced

the regression outputs.

The estimates of 10.09 m? g, 6.96 m? g%, 8.50 m? g* and 12.64 m? g* for Carnsore
Point, Mace Head, Malin Head and UCD, respectively, were all in close proximity to
values previously determined at a number of sites in Ireland, during winter (Buckley,
2019) and across Europe (Zanatta et al., 2016).
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It is important to acknowledge the variety in MAC values ascertained for each location.
The largest site-specific MAC value calculated was obtained from measurements
collected at University College Dublin. This site also had the highest mean
concentration of TC of the four sites involved in the campaign, and a larger OC/EC
ratio (6.4) than both Carnsore Point and Mace Head. Conversely, Carnsore Point,
which had the next largest calculated MAC value (10.09 m? g%), had the lowest OC/EC

ratio (4.2) of the monitoring sites.

It is evident that the contribution of EC played an important role in the calculation of
individual site-specific MAC values. The largest proportion of EC was measured at
UCD, which subsequently influenced the calculation of the largest MAC value. The
trend is consistent for MAC values calculated using absorption coefficient values
derived from the 660 nm and 880 nm aethalometer channels at Carnsore Point, Malin
Head and Mace Head; decreased elemental carbon contribution resulted in lower

calculated MAC values.

Table 3.5 Site-specific mass absorption cross-section estimation (December 2017 — February 2018).

Calculated MAC, ¢ (m? g*)

880 nm Channel 660 nm Channel
Carnsore Point 10.1 14.9
Mace Head 7.0 10.2
Malin Head 8.5 12.8
University College Dublin 12.6 18.7

By employing the optimised site-specific MAC value, the slope of the linear regression
of optical black carbon (880 nm) versus thermal EC was improved; the value
approached unity. This was the predicted outcome as the optical black carbon is

calculated using Eqgn. 3.3.

S

abs

BC =

Eqn. 3.3

Gtrue
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However, due to the nature of the method employed in obtaining a true site-specific
mass absorption cross-section estimate, the re-calculation of optical BC is circular, and

could continue to be improved.
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Figure 3.33 Estimation of site-specific MAC value using absorption coefficients calculated at 660 nm and 880 nm.
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Another method of calculating the MAC was presented by Nicolosi et al. (2018) who
proposed a novel method for representing thermal-optical organic and elemental
carbon in the ‘Attenuation Versus Evolved Carbon (AVEC) plot’. By employing this
method, the behavior of the sample under analysis can be visually represented, rather
than focusing solely on the instrument output, as in a thermogram. It also allows for
the amount of organic, elemental and pyrolised carbon to be estimated directly from
the plot. The y-axis of the plot represents the optical attenuation, while the x-axis
denotes the amount of carbon evolved from the sample. Therefore, it is possible, in
principle, to obtain a value for the MAC of the material evolved from the filter in the
oxygenated phase of the thermal-optical analysis, in units of cm? ug™. The gradient of

this section of the curve is given by Eqgn. 3.4.

A Attenuation

o= Eqgn. 3.4
A Carbon evolved g

The study outlines how artefacts, such as the shadowing effect and multiple scattering
effects, must be considered. The shadowing effect may underestimate the calculated
attenuation. This effect is caused by large quantities of particles collected on a filter,
often at roadside sites. In contrast, the measured attenuation may be overestimated
when scattered light is not detected due to the distance between sample and detector.
Accounting for such possible artefacts, Nicolosi et al. (2018) reported estimated MAC
values of 35 + 14 m? g'* in roadside samples, 42 + 8 m? g in urban samples and 45 +

10 m? gt in rural samples. Spatial variability in calculated values is evident.

A summary of the estimates of mass absorption cross-section of the particles leaving
the filter at each monitoring site in this field campaign is provided in Table 3.6. The
MAC calculated using samples collected at UCD (n = 31) had a mean value of 39.48
m? g L. This value was similar to that observed by Nicolosi et al. (2018) in the analysis
of urban samples. The mean value calculated for Carnsore Point (54.36 m? g) and
Mace Head (48.38 m? g*) were both within the range reported for rural samples by
Nicolosi et al. (2018). Malin Head had the largest MAC value estimate, with a mean
of 67.30 m? g*. The range of MAC values calculated by this method was quite broad

at each site, indicating contribution from a variety of sources to the ambient aerosol.
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Table 3.6 Estimation of mass absorption cross section as described by Nicolosi et al. (2018).

Calculated MAC, o

n Mean (m? g1) Range (m? g?)
Carnsore Point 24 54.36 24.87 — 147.17
Mace Head 7 48.38 32.35-69.90
Malin Head 34 67.30 26.66 — 184.84
University College Dublin 31 39.48 23.32 - 133.96

This method of estimating the site-specific mass absorption cross section may be
beneficial if few viable samples are collected during a sampling period, as it allows for
the MAC value to be obtained from a single sample, whereas the method presented by
Knox et al. (2009) requires a number of samples to estimate the MAC over time. The
time series of AVEC plots shown in Figure 3.35 illustrates the temporal variability

associated with MAC value, along with spatial variability.
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Figure 3.34 AVEC plots of samples collected at each sampling site on February 2, 2018
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Figure 3.35 Time series of AVEC plots constructed using filter samples collected at each sampling site (February 2 - 21, 2018, inclusive).
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3.3.5 Levoglucosan

Levoglucosan was detected in the majority of samples analysed (81%). This ranged
from levoglucosan detection in 100% of the samples collected at University College
Dublin to 30% of the samples collected at Mace Head. Galactosan was detected in
only 37% of the total samples. According to Figure 3.24 solid fuel was almost
exclusively the source of equivalent black carbon in Mace Head, yet only 30% of the
samples analysed contained levoglucosan. This result is most likely due to extremely
low concentrations resulting in a lack of material on the filters. Table 3.7 gives an
overview of the detection of the relevant anhydrosugars, and their respective
concentrations, in samples collected at each of the four sites between December 2017
and February 2018. A number of field blanks were collected at each site during the
monitoring period. Neither levoglucosan, mannosan or galactosan were detected in the

analysis of the field blanks.

Ambient samples were collected over a 24-hour period between 00:00 and 23:59 at
Carnsore Point and Malin Head and between 08:00 and 07:59 at Mace Head. Between
December 21, 2017 and January 19 2018, samples were collected on a 48-hour basis
at the site in UCD and on a 24-hour basis from February 1, 2019 onwards (08:00 -
07:59). The highest ambient concentrations of each of the target anhydrosugars;
levoglucosan (1090.05 ng m=), mannosan (195.75 ng m=) and galactosan (34.87 ng
m3), were observed at UCD in early February (04/02/2018). The lowest ambient
concentration of levoglucosan (0.49 ng m) was recorded at Mace Head, while the
minimum values of mannosan (0.53 ng m?) and galactosan (0.74 ng m) were
recorded at Malin Head and Carnsore Point, respectively. The limit of detection (LOD)
for each of the sugars was set out by linuma et al. (2009) as 0.5 ng m=, 0.3 ng m= and
0.8 ng m? for levoglucosan, mannosan and galactosan, respectively, for samples
collected at 500 L min™ over a 24-hour period. The method provided a positive result
for only one sample below the LOD of levoglucosan and one sample below the LOD
of galactosan in samples collected during the current field campaign. However, the
results obtained below the LOD can be considered accurate as field blanks never

produced a positive concentration result.

The mean concentration of levoglucosan recorded at UCD over the entire sampling
period was 149.26 ng m™. This is comparable to measurements from central London

(160 + 17 ng m™) reported by Fuller et al. (2014). Mean concentrations observed at
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the other locations were significantly lower, ranging from 15.22 ng m= at Mace Head
to 43.42 ng m™ at Malin Head. Table 3.7 sets out the minimum, maximum and mean
concentrations of levoglucosan, mannosan and galactosan recorded at each of the

monitoring sites.
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Table 3.7 Summary of anhydrosugar concentration detected in samples collected at each of the monitoring sites involved in the intensive measurement campaign (December
2017 — February 2018).

Carnsore Point Mace Head Malin Head University College Dublin

Sample Number 28 30 39 34
Levoglucosan (ng m)

Detection (%) 96.4 30.0 92.3 100.0

Mean + SD 40.31 £ 40.75 15.22 + 16.83 43.42 £ 42.99 149.26 + 196.16

Range 2.55 —-149.25 0.49 - 37.84 0.79 -151.72 33.05 —1090.05
Mannosan (ng m)

Detection (%) 92.9 16.7 82.1 100.0

Mean + SD 8.42+8.71 434221 8.07 £ 6.87 25.57 + 34.96

Range 0.64-34.14 0.72-6.23 0.53-25.97 4.89 — 195.75
Galactosan (ng m=)

Detection (%) 42.9 3.3 38.5 61.8

Mean + SD 3.57£2.57 1.23+ND 4.44 +2.42 751+7.38

Range 0.74 —8.25 1.23-1.23 1.30-9.08 1.87 —34.87
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The correlation between the three isomers at each of the sites varied slightly. The
strongest correlation was observed at UCD (r?> > 0.96), while a lower degree of
correlation was recorded at Malin Head (r?> > 0.71). A high degree of correlation
indicated that each of the isomers originate from a common source. These observations

are illustrated in Figure 3.37.

The ratio of levoglucosan to mannosan can be used to distinguish between types of
wood used in combustion. Previous studies have concluded that, in general, softwood,
such as pine and spruce, give a lower levoglucosan to mannosan ratio than hardwood,
such as ash and oak. Reported ratios for softwoods range between 3.9 and 4.7, while
ratio values of up to 25 have been determined for hardwood (Fine et al., 2004a, 2004b;
Kourtchev et al., 2011; Schmidl et al., 2008). The levoglucosan/mannosan ratios
obtained for peat (8.58 + 0.03) and bituminous coal (3.11 £ 0.01) have also been
reported in a study conducted by Kourtchev et al. (2011). A summary of the mean
ratios obtained at each of the monitoring sites involved in the current campaign is
provided in Table 3.8. Little spatial variation in levoglucosan to mannosan (L/M) ratio
was observed, while a wider range in levoglucosan to galactosan (L/G) ratio was
recorded. The lowest average L/M ratio recorded at Carnsore Point (4.9 £ 0.9) is
consistent with previous speculation that coal burning contributed to total ambient

aerosol at this location, particularly in the eveningtimes.

Table 3.8 Mean calculated ratio of levoglucosan to its isomers; mannosan and galactosan.

Ratio (Mean % SD)

L/M L/G
Carnsore Point 49+0.9 23.1+8.2
Mace Head 53118 30.7¢
Malin Head 6.0+2.0 196+54
University College Dublin 6.0+0.6 245+57

t Standard deviation could not be determined due to the limited number of samples in which the
anhydrosugar was detected.
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Figure 3.37 Scatter plot of the concentrations of mannosan and galactosan versus levoglucosan collected at each of the monitoring sites involved in the intensive
measurement campaign (December 2017 — February 2018).
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Levoglucosan concentrations, determined using filter samples collected over a 24-hour
period throughout the field campaign, were compared to a number of parameters
derived from the aethalometer data. For an accurate comparison, the aethalometer data
was averaged over the corresponding time period for each site. Concentrations of
levoglucosan, and its isomers, were extremely low in ambient samples collected at
Mace Head. Levoglucosan was detected in only nine samples. Analysis and output of

reliable results was difficult with such a small sample size.

The relationships between levoglucosan and BC6 (880 nm), eBC, eBCsr and eBCrr at
Carnsore Point, Malin Head and University College Dublin, respectively, were
investigated. Similar results were observed at all three sites; strong correlation was
observed between levoglucosan and eBCsr, while the relationship between
levoglucosan and eBCtr was quite weak, as predicted (Figure 3.39). The strongest
relationship between levoglucosan and eBCsk was measured at Carnsore Point (r? =
0.95). This site also had the strongest correlation between levoglucosan and BC6 (880
nm) and total eBC.

It is interesting to note that at Carnsore Point levoglucosan appeared to have a stronger
correlation with BC6 and total eBC than with eBCse. This is inconsistent with
observations made at other monitoring sites and may provide further support for the
assertion that the measured eBC is sometimes incorrectly assigned to sources by the
aethalometer model, particularly at this monitoring site. It is possible that the high
absorption efficiency in the IR region of primary emissions derived from coal burning,
which contains levoglucosan, caused the particles to appear similar to traffic-related
emissions in the context of the aethalometer model, ultimately leading to an
overestimation of eBCrr.

The correlation between levoglucosan and the calculated AAE was also examined
(Figure 3.38). Levoglucosan concentrations increased with AAE, but the relationship
was not linear. Levoglucosan concentrations at Carnsore Point and Malin Head were
very low when the corresponding AAE was <1.2 and increased sharply with AAE
thereafter. The concentration of levoglucosan samples collected at UCD, a more
complex environment, also appeared to increase with increasing AAE. However AAE
averaged over the corresponding time period of these samples ranged between 1.19

and 1.42. The results detected were consistent with anticipated observations. Increased
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concentrations of levoglucosan correspond to enhanced contributions from wood and
peat combustion, which ultimately results in an average AAE tending towards 1.68. In
instances where lower AAE values are recorded, the environment is generally

dominated by fossil fuel combustion emissions, presumably containing little to no
significant quantities of levoglucosan.
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Figure 3.38 Levoglucosan concentration versus AAE derived from aethalometer output.
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The measured levoglucosan concentrations (ng m) follow a similar trend to the EC
and OC concentrations (ug m™), illustrated by Figure 3.40. The fractions of OC and
EC correspond to the carbon evolved (OC1 — EC4) during each step of the temperature
protocol (EUSAAR_2). The pyrolysed carbon (PC) exists due to the formation of
elemental carbon caused by charring of organic carbon during the initial, inert phase.
The artificially low measurement of OC and falsely high measurement of EC is
identified and corrected for by continuously monitoring the laser transmittance, as
described in Chapter 2. When stacked, these fractions amount to the total carbon

measured in each sample.

Levoglucosan was detected on very few samples collected at Mace Head, Co. Galway.
Only 30% of the filter samples (30) collected contained levoglucosan concentrations
high enough to be detected, including 3 samples with concentrations lower than the
limit of detection reported by linuma et al. (2009) for this method. For this reason, the

analysis of the Mace Head data is excluded from Figure 3.40 below.

The organic fraction desorbed during the inert phase of the analysis protocol at 650 °C
(OC4) appeared to increase substantially with levoglucosan at Carnsore Point, Mace
Head and Malin Head. OC2, which desorbs at 300 °C under the inert atmosphere,
increased most significantly with levoglucosan in the samples collected at UCD. This
indicates that a higher proportion of the organic content of the samples collected at
UCD was more volatile than those collected elsewhere, suggesting measurement of
fresh, less oxidised emissions. A higher proportion of the OC4 fraction at other
locations indicates a stronger influence of aged emissions. No obvious association

between levoglucosan and EC was observed.

The levoglucosan to OC ratio was also investigated. A similar mean ratio was recorded
at Carnsore Point (37.7 pg mg™), Malin Head (40.4 pg mg™) and University College
Dublin (45.2 ug mg™), however a much lower ratio was observed at Mace Head (14.4
ug mg™?). Kourtchev et al. (2011) reported levoglucosan/organic carbon ratios derived
from a number of fuel types, ranging from 1.84 + 0.03 ug mg* (smokeless coal) to
235.59 + 1.73 pg mg? (ash wood) The ratio obtained for Mace Head indicates that
bituminous coal (12.41 + 0.17 pg mg?) was the dominant source, however the

extremely low concentrations of both OC and levoglucosan must be accounted for.
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This monitoring site also experienced high wind speeds and was constantly influenced
by clean air masses from the North Atlantic.
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The presence of levoglucosan in ambient PM indicates wood burning in the locality.
Assuming that levoglucosan is only emitted during this specific process, it is expected
that levoglucosan will not be detected during periods when there are no contributions
from wood burning. Therefore, as described by Fuller et al. (2014), the regression of
levoglucosan concentrations against the estimated bans (wood burning) is expected to
yield a zero intercept; the line passing through the origin. It follows that an appropriate
site-specific Angstrdm exponent for black carbon attributed to traffic-related
emissions (o7r) can be calculated. awp Was set to a value of 1.68, a value widely
accepted as the absorption Angstrém exponent for black carbon attributed to biomass
burning, while a range of values (0.8 — 1.2) were employed in steps of 0.1 as arr in a
series of tests. Fuller et al. (2014) concluded that the mean values of bans(Wb)(370 nm)
were more sensitive to changes in awp for orr Values < 1, but became insensitive to
changes in aws for atr values greater than 1.2. In a similar study, Diapouli et al. (2017)

calculated an optimal arr value of 1.03.

Optimum o,

Intercept {ngfmaj

ng 0.9 1.0 11 12
UTraffic

= Camsore Point —=* Mace Head —# Malin Head —— University College Dublin

Figure 3.41 Values of the intercept of the linear regression of levoglucosan concentrations over
corresponding mean baps, calculated for different atr values.

Figure 3.41 illustrates the individual intercepts determined for the various values of
arr, and subsequently the deduced optimum values of o1, for each of the four sites.

Table 3.9 provides a summary of the optimum absorption Angstrom exponents for
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attributing black carbon to traffic-related emissions and the related r? values obtained
(0.88 < r? < 0.93). The calculated Pearson coefficient suggests strong correlation,
positively confirming the use of this methodology. The optimum a7 values calculated
for Mace Head, Malin Head and UCD are quite similar, with a mean value of 1.05.
The arr value calculated for Carnsore Point is more than 10% smaller than ot values
recommended by both Sandradewi, Prévét, Szidat et al. (2008) (arr = 1.1) and Zotter
et al. (2017) (arr = 0.9) This confirms the observations made previously that the
measurement and assignment of traffic-related emissions may not be entirely accurate
at this site. Measurements at the site may not be influenced solely by local sources,
including coal combustion, but could also be affected by long range transportation

from Europe.

Table 3.9 Summary of optimum values calculated for arr.

Optimum a7, Value r
Carnsore Point 0.80 0.93
Mace Head 1.14 0.89
Malin Head 0.97 0.93
University College Dublin 1.02 0.90

In previous studies, this method assumes only two sources of black carbon; traffic-
related and wood combustion emissions. But how appropriate is this in an Irish context
where a variety of solid fuels are used in combustion for domestic heating? Kourtchev
et al. (2011) attributed the presence of levoglucosan to the combustion of wood, peat,
bituminous and smokeless coal, further validating the terminology used throughout the

analysis presented; ‘solid fuel” rather than ‘wood burning’, exclusively.
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3.3.6 Storm Emma: The Beast from the East

Sometimes nature provides unusual experimental conditions. Storm Emma in 2018 is
one such example. In early spring 2018, Ireland experienced record low temperatures
and widespread snowfall. Unusual easterly winds swept across the country, in marked
contrast with the predominant south-westerly winds. This section will investigate the
impact of this natural meteorological event on ambient air quality; whether it resulted
in an increase or decrease in levels of monitored pollutants at Carnsore Point, Mace
Head, Malin Head or University College Dublin and if it influenced the ambient

aerosol composition.

3.3.6.1 Meteorological Conditions

Between February 27 and March 4, 2018 Ireland experienced record low temperatures
and significant snowfall as easterly winds swept across the country following sudden
stratospheric warming (SSW) events. Due to an exceptionally cold air mass from
Siberia, record low temperatures engulfed the country and snow drifts over 2 m were
recorded in some locations. Prevailing winds in Ireland are south westerly, usually
bringing clean air masses from across the Atlantic Ocean, however this easterly wind
carried air masses from Siberia and across Europe and Great Britain and was
commonly referred to as ‘The Beast from the East’. Simultaneously, a depression
named ‘Emma’ tracked northwards from the Bay of Biscay with its associated frontal
systems. This resulted in further low temperatures and widespread snowfall during the
early days of March 2018 (Met Eireann, 2019). The impacts of Storm Emma and ‘The
Beast from the East’ were widespread; disrupting farming, travel, power,

communication and numerous other services.

HYSPLIT modelling was used to construct Figure 3.44 which illustrates the 168-hour
back trajectory of air masses influencing the four Irish monitoring sites on February
18 and February 25, 2018. A clean air mass from the North Atlantic Ocean reached
Ireland at midnight on February 18, and one week later, by midnight on February 25,
Ireland was experiencing the effects of an air mass that had travelled across Europe,

resulting in unusually low temperatures and increased concentrations of eBC.

148



104

cC}

o
1

Temperature (

=]
1

Carnsore Point Mace Head Malin Head University College Dublin

— Winter * Storm Emma

Figure 3.42 Comparison of ambient temperatures recorded at each sampling site throughout the winter
(December 1, 2017 - February 25, 2018) and during Storm Emma (February 28, - March 4, 2018).
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Figure 3.43 Windrose plots comparing the wind speed and wind direction recorded at each sampling site throughout the winter (December 1, 2017 - February 25, 2018)
and during Storm Emma (February 28, - March 4, 2018).

150



2 2 = 2

© (<] ~ ©

z z - -4

e 3 3 &

3 3 B ]

] ] ® E]

* * * *

[ [+ 3 [

8 8 8 8

3 =2 2 -3

o o o o

7] (] w w

0]
. o

_ - g = bt
[0} [0 [0} d =

< < < <

o 2 2 2

8 8 3 8

= = = =

00 12 00 12 00 00 00 12 00
0217 0216 0215 0217 0216 0215

Source » at 52.18N 6.36 W
Source » at 53.33N 9.90 W
Source » at 55.38N 7.34 W
Source % at ‘53.31 N 6.22W

2 ==
Pl gl el S
. | AN 2’*\,‘\/& 3 1 £

Meters AGL
Meters AGL
Meters AGL
Meters AGL

00 00 0 0 0 00 12 00 00
0224 0223 0222 02/24 0223 0222 02724 0223 02122

Figure 3.44 HYSPLIT back trajectories of air masses influencing monitoring sites on February 18 (top) and February 25 (bottom), 2018.
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3.3.6.2 Equivalent Black Carbon

Multi-wavelength aethalometers were deployed at each monitoring site for the
continuous measurement of equivalent black carbon between December 2017 and
March 2018. This allowed for data capture throughout the winter (01/12/2017 —
25/02/2018) and the unprecedented severe conditions experienced during Storm
Emma (26/02/2018 — 04/03/2018). Mean hourly average concentrations of eBC
increased significantly under storm conditions at each location (Figure 3.45, Table
3.10). This severe weather event also influenced the composition of the ambient
aerosol. Application of the Zotter parameters (arr = 0.9 and asr = 1.68) allowed for the
source apportionment of the total measured eBC. Contributions from traffic-related
and solid fuel combustion emissions to total eBC varied. The storm conditions did not
have comparable effects on the contribution of the dominant sources at each location
(Table 3.10). Despite a slightly stronger influence from solid fuel burning emissions
at Malin Head and University College Dublin during the storm, compared to general
wintertime conditions, a significant difference was observed at Carnsore Point, where
the percentage contribution increased from 16.7% to 40.0%. In contrast, the percentage
contribution of eBCsr to total eBC decreased at Mace Head during Storm Emma. This
is likely due to a drastic change in aerosol composition at this location. Clean air
masses from the Atlantic Ocean usually dominate the ambient conditions at Mace
Head, with little influence from local solid fuel combustion emissions. However, the
easterly winds carried an air mass composed of a mix of fresh and aged particles, with
numerous sources across Europe, the UK and lIreland, resulting in unusual aerosol
composition at Mace Head. The impact of a change in predominant wind direction on

local air quality was most evident at this sampling site.

To further investigate the effect of this unusual easterly wind on the ambient aerosol
composition, the frequency distribution of calculated AAEs derived from aethalometer
measurements was examined. Throughout the initial sampling period (December 1,
2017 — February 25, 2018) the range of AAE values obtained was quite broad at each
location, with the exception of UCD, indicative of a mixed aerosol composition. In
contrast, particularly at Carnsore Point (Figure 3.46) and Mace Head (Figure 3.47), a
narrow frequency distribution was observed in measurements recorded during Storm
Emma, suggesting fewer influential sources. At Malin Head (Figure 3.48) a bi-modal

distribution was obtained during the Storm period, similar to the previous months.
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Despite the similarities in bi-modal distribution, the most frequent AAEs were shifted
towards 1 and above during Storm Emma. Although a narrow distribution of AAEs
was recorded at UCD throughout the winter, the distribution narrowed further (1.1 —

1.4) in data collected during Storm Emma at this location (Figure 3.49).
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Table 3.10 Summary of hourly average eBC concentrations at regional and urban background locations, representative of ambient conditions during wintertime and during

Storm Emma. Contributions from solid fuel combustion related emissions to total eBC are included.

Winter Storm Emma
Mean Range Mean Range
Equivalent Black Carbon (ug m)
Carnsore Point 0.27 0.00 - 5.36 0.42 0.04 - 0.94
Mace Head 0.14 0.00 —8.87 0.50 0.05-1.78
Mal in Head 0.29 0.00-4.10 0.31 0.03-1.67
University College Dublin 0.79 0.00-17.18 1.02 0.03-10.78
eBCse/eBCrotal (%0)
Carnsore Point 16.7 - 40.0 -
Mace Head 91.0 - 61.3 -
Malin Head 31.3 - 34.8 -
University College Dublin 40.4 - 457 -
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Figure 3.45 Polar plots depicting the wind-dependence of equivalent black carbon measured throughout the winter (December 2017 - February 2018) and during Storm

Emma (February 28, 2018 - March 4, 2018).
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Figure 3.46 Frequency distribution of the AAE recorded at Carnsore Point throughout the winter
months and during Storm Emma.
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Figure 3.47 Frequency distribution of the AAE recorded at Mace Head throughout the winter months

and during Storm Emma.
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Figure 3.48 Frequency distribution of the AAE recorded at Malin Head throughout the winter months
and during Storm Emma.
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Figure 3.49 Frequency distribution of the AAE recorded at University College Dublin throughout the
winter months and during Storm Emma.
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3.3.6.3 Elemental and Organic Carbon

The elemental and organic content of the ambient filter samples was determined off-
line using an OCEC Laboratory Instrument (Sunset Laboratory Inc.) which employed
the EUSAAR_2 protocol. This analysis was limited by the number of 24-hour filter
samples collected during the storm period; 4 and 5 samples were collected at Carnsore

Point and Malin Head, respectively.

The mean concentration of both EC and OC content measured in samples collected at
Carnsore Point increased during Storm Emma in comparison to the samples collected
previously during the winter period. The opposite was true for the samples collected
at Malin Head (Table 3.11). The variation in mean OC/EC ratios during the two
periods at both locations provides evidence of a change in aerosol composition.

Table 3.11 Comparison of carbon content measured on filter samples collected at Carnsore Point and
Malin Head during the winter period and Storm Emma.

Winter Storm Emma

Carnsore Point (ng m)

Elemental Carbon 0.25 0.53
Organic Carbon 1.23 211
Total Carbon 1.48 2.64
OC/EC Ratio 7.01 4.64

Malin Head (ng m)

Elemental Carbon 0.28 0.19
Organic Carbon 1.94 1.53
Total Carbon 2.22 1.72
OC/EC Ratio 8.79 9.60
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3.3.6.4 Levoglucosan

A summary of the levoglucosan concentration present in filter samples collected at
Carnsore Point and Malin Head is provided in Table 3.12. The mean concentration did
not vary significantly between winter (40.4 ng m=) and Storm Emma (43.3 ng m=) at
Carnsore Point, however a significant reduction in average levoglucosan concentration
was observed at Malin Head, decreasing from 44.6 ng m™ in winter to 24.4 ng m
during Storm Emma, indicative of a reduced contribution from biomass burning to
local ambient aerosol. The ratio of levoglucosan to mannosan can be used to
discriminate between types of wood used in biomass burning. There is little difference
between the ratios obtained in samples collected during the winter and during Storm

Emma at either location, indicating little, if any, change in the fuel type used locally.

Table 3.12 Comparison of the mean concentration of levoglucosan and its isomers measured on filter
samples collected at Carnsore Point and Malin Head during the winter period and Storm Emma.

Winter Storm Emma

Carnsore Point (ng m™)

Levoglucosan 40.4 43.3
Mannosan 8.4 10.9
Galactosan 3.6 4.2
Levoglucosan/Mannosan 5.0 5.4

Malin Head (ng m™)

Levoglucosan 44.6 24.4
Mannosan 8.2 4.7
Galactosan 4.6 2.4
Levoglucosan/Mannosan 6.0 5.8
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3.4 CONCLUSIONS

A multi-wavelength aethalometer (AE33, Magee Scientific) and an ambient air
sampler were deployed at Carnsore Point, Mace Head, Malin Head and on the campus
of University College Dublin over a 3 month period, which coincided with a wider
European intensive measurement campaign, between December 2017 and February
2018. While the aethalometers measured continuously during the sampling period,
filter samples were collected for off-line analysis on a 24-hour and 48-hour time basis.
The number of viable filter samples collected at each site ranged from 28 to 49, with

a number of field blanks also collected for each site.

When compared with meteorological parameters, obtained online from the Met
Eireann database, it is clear that equivalent black carbon concentrations were strongly
dependent on wind speeds; increased concentrations were observed during periods of
low wind speed (Figure 3.12). Spatial variation was observed in eBC concentrations.
UCD experienced the highest levels of eBC, while the opposite was true for the
sampling site at Mace Head, a pristine monitoring location strongly influenced by
clean, North Atlantic air masses. Application of the aethalometer source
apportionment model indicated that the burning of solid fuels played a significant role
in the ambient conditions and contributed a significant portion of the total eBC
concentrations, particularly in the eveningtimes during the winter season as illustrated
by Figure 3.20 and Figure 3.21. This was confirmed by the diurnal profile of AC

measurements, also derived from the aethalometer data (Figure 3.22).

Off-line analysis of filter samples indicated that, on average, OC accounted for over
85% of the total carbon measured at each site, while temporal increases and decreases
in levoglucosan concentrations followed a similar profile to both measured eBC and
TC. Spatial variability in OC/EC ratios was indicative of unique dominant sources in
each locality. The filter samples were used to investigate the comparison of thermally
determined EC and the absorption coefficient of optically measured BC, which was
used to estimate optimised MAC values, specific to each monitoring site. Although
the aethalometer employs a default MAC value of 7.77 m? g* in the 880 nm channel,
optimised MAC values of 10.09 m? g%, 6.96 m? g%, 8.50 m? g and 12.64 m? g'* were
derived for Carnsore Point, Mace Head, Malin Head and UCD, respectively. The

evaluation of the levoglucosan concentrations in the filter samples also allowed for the
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estimation of optimum site-specific absorption Angstrém exponents for use in the
aethalometer model to calculate the contribution of traffic-related emissions to the total

eBC concentration.

Analysis has highlighted the significant effect that wind direction can have on local
aerosol composition and air quality. A significant increase in ambient concentration of
equivalent black carbon was observed during Storm Emma at each of the monitoring
locations, strongly influenced by the change in wind direction, indicative of an increase
in transported aerosol from the continent. The change in wind direction also impacted
the local aerosol composition, as indicated by the percentage contribution of solid fuel
burning emissions to total eBC, in addition to the variation in OC/EC ratio. Analysis
of EC, OC and levoglucosan concentration was limited by the number of filters
collected. Further detailed chemical analysis of the filter samples is required to
thoroughly investigate the change in aerosol composition associated with Storm
Emma, including the assessment of the effects of long range transportation from

Europe.

Despite the overall consistency in temporal trends of the data recorded during the field
campaign, a number of instances were identified where the accuracy of the two-source
aethalometer model was questioned. Firstly, the temporal profile of eBC attributed to
solid fuel and traffic-related emissions is shown in Figure 3.10. Analysis was
performed by employing AAEs proposed by Zotter et al. (2017) of 1.68 and 0.9,
respectively. The analysis produced negative values of both eBCsr and eBCr at
different sites. At Mace Head, negative values of eBCsr and eBC+r were observed,
whereas negative values of eBCrr were obtained for measurements at Malin Head.
Furthermore, negative values of eBCsk and eBC+r were ascertained during separate
periods at the UCD sampling site. Generally, these negative splits occurred during
periods of high ambient concentrations of total eBC, relative to the average levels.
When investigated further, the measurements during these periods of interest exhibited
increased absorption across all seven wavelengths, in comparison to the mean
absorption recorded throughout the entire sampling period. In relatively clean
background environments, the aethalometer model appeared to collapse and failed to

accurately apportion ambient eBC, with the calculated AAEs tending towards 1.
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Secondly, the average monthly percentage eBC attributed to traffic-related emissions
at both Carnsore Point and Malin Head, both regional background sites, was greater
than the portion attributed to vehicular emissions at UCD, an urban background site.
Carnsore Point was also the only monitoring site where the correlation between
levoglucosan and total BC6 and total eBC was greater than the correlation with eBCs.
This was unexpected. This could be due to the wide variety of fuels used in the absence
of legislation restricting fuel types in the local areas surrounding Carnsore Point and
Malin Head. In contrast, the legal ban on the sale and distribution of bituminous coal
restricts the solid fuel combustion in the vicinity of the UCD sampling site. Despite
the fact that the use of wood and peat is unregulated across the country, such fuels may
be more readily available in some rural areas, and hence, may have a greater influence
on the ambient aerosol. It is possible that the influence of these additional emission
sources caused a portion of the eBC to be incorrectly assigned as traffic-related
contributions. Kourtchev et al. (2011) demonstrated that levoglucosan is not
exclusively related to wood burning, but can also be emitted in combustion of coal and
peat, albeit in relatively smaller quantities. A strong influence from coal combustion
emissions is plausible at both Carnsore Point and Malin Head, where an increase in
eBCrr was observed in the eveningtime. Increased absorption in the IR region, due to

coal burning, would explain the increased contributions from ‘traffic-related’ sources.

Generally, studies investigating the aethalometer source apportionment model have
been conducted in regions with two major sources of carbonaceous aerosol; namely
wood burning and fossil fuel emissions from traffic. In Ireland, this is not the case and
the multi-fuel environment should be accounted for in the further development of the
aethalometer model to ensure more accurate source apportionment in future. In order
to achieve this, additional on-site instrumentation, supplemented by detailed source
emission profiling, is required to allow for the optimisation of parameters employed
in the source apportionment model. Adjusting the naming convention to attribute fossil
fuel combustion emissions to total eBC (eBCs), contributions from road traffic,
shipping and coal burning would be accounted for. However, in the context of source
apportionment for targeted mitigation strategies, such nomenclature may not be

sufficiently specific.
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4.1 AIMS

Dublin, the capital city of the Republic of Ireland, has a population of over 1.1 million
people (city and suburbs) accounting for almost 25% of the total population of the
Republic of Ireland, according to the 2016 census. A total of 422,404 workers inhabit
Dublin city and suburbs, 382,002 of which also worked in the city. Approximately
40,400 people work outside the urban area, while an additional 130,447 workers make
the commute to the city from outside its limits each day. This results in a daytime
working population of 512,449 in the capital city (CSO, 2016). With such a vast
number of people travelling to and from the city each day for work alone, there is a
high level of traffic throughout the city, including private vehicles, heavy and light
goods vehicles and public transport.

In order to assess air quality in a traffic-dominated part of Dublin, a multi-season air
quality monitoring campaign was conducted at a location on Pearse Street in the city
centre from September 2018 to August 2019. This traffic dominated site was selected
to provide a contrast to the urban residential environment around the University
College Dublin (UCD) campus, located approximately 5 km to the south east, where
similar measurements had previously taken place (September 2017 — August 2018). A
portion of results from the measurement campaign at UCD during Winter 2017-2018
are outlined in Chapter 3, in the framework of the intensive measurement period
established by EMEP/ACTRIS/COLOSSAL.

A variety of instrumental methods for measuring and characterising carbonaceous
aerosols were employed to investigate the diurnal, temporal and seasonal variations in
this high density traffic area. The data will be used to identify and quantify the main
contributing sources of carbonaceous PM in Dublin city centre. It can also be used to
assess the potential for improvement in air quality in the city centre with the
implementation of traffic restriction measures and the incorporation of hybrid and
electric vehicles in the Dublin Bus fleet, which currently has more than 1000 diesel

buses in operation (Dublin Bus, 2021).
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4.2 METHODOLOGY

4.2.1 Sampling Site

Sampling of ambient aerosol took place at an urban roadside location on Pearse Street
(53° 20" 42.3" N, 6° 15" 15.3" W) in the centre of Dublin city. Instrumentation was
installed in an air conditioned basement of a building, property of Trinity College
Dublin. The instrumentation included a multi-wavelength aethalometer (AE33, Magee
Scientific), a high volume air sampler (DHA-80, DIGITEL) and the recently
developed Total Carbon Analyzer (TCA-08, Magee Scientific). The sampling inlet
was situated at ground level and was equipped with a PM2 s size selective inlet.

The monitoring site was situated on the R802, a main road through Dublin city centre
from the Grand Canal Dock to O’Connell Bridge which has a constant flow of traffic
for most of the day. The site is situated on almost 20 cross-city and radial bus routes,
serving north, south and west of the city centre and the greater Dublin area, while also
incorporating large commuter towns in counties Kildare and Meath. The majority of
the buses run throughout the day, seven days a week. The DART (Dublin Area Rapid
Transport) train line runs close to the site, less than 200 m away. Directly to the south
of the site is the campus of Trinity College Dublin which is predominantly
pedestrianised. To the north of the site is the River Liffey (~300 m), which runs
through the heart of Dublin, while Dublin Port is approximately 3 km east of the site.

Meteorological data was obtained from a Met Eireann weather station located in the
grounds of Casement Aerodrome, Baldonnell which is approximately 14 km south
west of the monitoring site. Meteorological parameters used in the analysis included

rainfall (mm), temperature (°C), wind direction and wind speed (m s™).
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Latitude

Figure 4.1 Location of monitoring site (red) on Pearse Street and weather station (blue) at Casement Aerodrome.
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4.2.2 Instrumentation and Analysis

A number of instruments were installed at the monitoring site over the course of this
twelve month monitoring campaign which began in September 2018. The ‘dual spot’,
multi-wavelength aethalometer ran continuously throughout the sampling period apart
from two occasions when it was removed from the monitoring site in order to
participate in an inter-comparison study (TROPOS, Leipzig, January 2019) and fuel
combustion experiments carried out by colleagues from National University of Ireland,
Galway (NUIG) (April — May 2019). Ambient equivalent black carbon concentration
was determined on a continuous basis and source apportionment was conducted using
the aethalometer model for source apportionment of carbonaceous aerosol
(Sandradewi, Prévét, Szidat et al., 2008), and the model parameters (AAE values of
0.9 and 1.68) developed by Zotter et al. (2017). This analysis allowed for the
contributions of traffic-related and solid fuel combustion related emissions,
respectively, to the total measured eBC to be estimated. A detailed description of the
instrument and the aethalometer model for source apportionment is provided in
Chapter 2.

Filter sample collection began in February 2019, with the initial intention of collecting
12-hour samples (06:00 — 17:59 and 18:00 — 05:59) for the entire month. However,
due to technical difficulties the instrument was non-operational during February 13 -
20 February, inclusive, and so filter sample collection was extended until March 5,
2019. Following collection, filter samples underwent thermal-optical analysis (Cavalli
et al., 2010) to assess the elemental, organic and total carbon content, and anion-
exchange chromatography methods (linuma et al., 2009) to determine levoglucosan

concentrations present in ambient samples.

The Total Carbon Analyzer (TCA-08), provided by Aerosol d.o.o. (Ljubljana,
Slovenia), was installed on site in May 2019. This recently developed instrument
allowed for the continuous measurement and thermal analysis of equivalent elemental
and organic carbon. The TCA-08 uses ambient air as analytical carrier gas and
therefore eliminates the need for gas supplies. A detailed description of the operating
principles of the instrument is provided in Chapter 2. Briefly, ambient aerosol samples
are collected on a 47 mm quartz fibre filter at a flow rate of 16.7 L min“t. The sampling

period is defined by the user. The instrument has two identical sampling and analysis
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channels, allowing for the continuous monitoring. While one channel collects the
sample, the other channel analyses the sample collected during the previous period.
The sample collected on the filter is heated, almost instantaneously, resulting in the
combustion of all carbonaceous material into CO,. The CO> concentration is measured
by a sensitive detector, providing the total carbon content of the sample. The ‘TC-BC’
method employs the thermally measured total carbon and the optically measured black
carbon concentration provided by the co-located AE33 aethalometer to determine the

organic carbon content of the sample, using Eqn. 4.1 below.

OC=TC-b-BC Eqn. 4.1

A proportionality parameter (b) is employed to relate the optical measurement of black
carbon (BC) to the thermally measured elemental carbon (EC). The default value of b
is 1, however the variability of the value depends on seasonality and location. The
parameter can be estimated by comparing the measurements made by the Total Carbon
Analyzer and the conventional thermal OC/EC analysis. The value of b is dependent

on the thermal protocol used in the conventional OC/EC analysis (Rigler et al., 2020).
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Table 4.1 Dates of instrumentation operation and percentage data capture.

Dates of Operation Data Capture
%
Aethalometer AE33 01/09/2018 — 06/01/20198 99.38
25/01/2019 — 07/04/2019™ 99.32
21/05/2019 — 31/08/2019 82.04
Ambient Air Sampler DHA-80 01/02/2019 — 06/03/2019 76.9
Total Carbon Analyzer  TCA-08 22/05/2019 — 21/08/2019 95.1

§ Aethalometer was removed from the site for an intercomparison study conducted at TROPOS (Cuesta-

Mosquera et al., 2020).

** Aethalometer was removed from the site for a study conducted by C-CAPS, NUIG.
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4.3 RESULTS AND DISCUSSION

4.3.1 Meteorological Data

Meteorological data was obtained from the Met Eireann weather station at Casement
Aerodrome (53° 18' 21.6" N, 6° 26' 20.4" W), approximately 14 km south-west of the
sampling site. A summary of the meteorological parameters investigated in this study
is presented in Table 4.2. Maximum temperatures were recorded during the summer
months (June, July and August), while a minimum temperature of -3.7 °C was recorded
in October 2018 and February 2019. The greatest range in hourly average temperatures
was observed in October 2018 (-3.7 < °C < 19.4).

High wind speeds generally originated from a westerly and south-westerly direction,
the predominant wind direction in Ireland. There were occasions, however, when high
wind speeds originated to the east of the weather station, most notably in November
2018, April and June 2019 (Figure 4.4). Wind speeds were lowest during summer

months.

A number of storms occurred during the sampling period; Storms Ali and Bronagh
(September 19 — 21, 2018), Storm Callum (October 11 — 13, 2018), Storm Diana
(November 28, 2018), Storm Deirdre (December 15— 16, 2018), Storm Erik (February
8 — 9, 2019), Storm Freya (March 3 — 4, 2019), Storm Gareth (March 10 — 16, 2019)
and Storm Hannah (April 26 — 27, 2019).
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Table 4.2 Hourly average meteorological parameters recorded at Casement Aerodrome.

Precipitation (mm)

Temperature (°C)

Wind Speed (m s?)

Mean Range Mean Range Mean Range
Sep 2018 0.05 0-34 12.43 1.2-225 5.16 0-18.52
Oct 2018 0.08 0-46 9.66 -3.7-194 481 0-15.95
Nov 2018 0.15 0-6.7 8.48 -0.1-145 548 0-16.98
Dec 2018 0.12 0-37 8.06 0.8-13.0 5.80 0-16.46
Jan 2019 0.04 0-23 5.46 -2.5-10.9 4.84 0-11.83
Feb 2019 0.03 0-14 7.60 -3.7-17.1 6.19 0-17.49
Mar 2019 0.12 0-39 7.09 -1.7-16.2 6.44 0-15.43
Apr 2019 0.10 0-53 8.72 -15-211 4.27 0-14.40
May 2019 0.04 0-29 11.03 -09-211 365 0-10.80
Jun 2019 0.13 0-7.7 12.80 54-245 4.27 0-13.18
Jul 2019 0.06 0-116 16.30 7.2-245 3.94 0-12.35
Aug 2019 0.15 0-11.0 15.51 7.3-24.6 5.32 0-11.83
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Figure 4.2 Temporal profiles of meteorological parameters recorded at Casement Aerodrome during
the field campaign, September 1, 2018 — August 31, 2019.
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Figure 4.3 Temperature distribution and precipitation recorded at Casement Aerodrome during the
field campaign, September 1, 2018 — August 31, 2019.
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4.3.2 Equivalent Black Carbon

The multi-wavelength aethalometer was employed for the measurement of black
carbon at Pearse Street, an urban roadside monitoring site. Following installation of
the aethalometer, sampling began on September 1, 2018. As previously stated, the
aethalometer was removed from the sampling site on two occasions during January
2019 and April 2019. The data capture of the instrument, while on site, was 92.8%. In
general, omitted data during the time period is due to routine maintenance and
calibration of the instrument such as tape changes and clean air tests which were run
every Saturday at 12:00. Sampling was interrupted for a time during the summer
(21/06/2019 —08/07/2019, inclusive) when the sample inlet became blocked following
intensive street cleaning carried out by Dublin City Council. The inaccurate data
recorded during this period has been removed from the analysis presented in this
chapter. Analysis presented in this chapter is based on sampling on dates outlined in
Table 4.3.

4.3.2.1 Temporal Trends

A temporal profile of the equivalent black carbon measured at Pearse Street during the
year-long monitoring campaign is illustrated by Figure 4.5. The highest equivalent
black carbon concentrations were observed during the autumn and winter seasons,
when maximum hourly averages of 38.76 ng m= and 27.58 ug m were recorded in
October and December 2018, respectively. The lowest concentrations of equivalent
black carbon were measured between March and August, during which time maximum

concentrations did not exceed 15 pg m=.

Zotter values (atr = 0.9, asr = 1.68) were applied to attribute equivalent black carbon
to traffic-related and solid fuel combustion sources. Table 4.3 provides a summary of
the mean monthly contribution from each major source. Interestingly, the contribution
from solid fuel is relatively consistent throughout the year; a mean contribution of
22.5% attributed to solid fuel emissions, ranging from 18.26% (July 2019) to 27.61%
(January 2019), despite the expectation of a significant decrease in contribution from
this source during the warmer, summer months. This presents the question of whether

the model is correctly assigning solid fuel emission contributions, albeit significantly
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more than anticipated, or is the model incorrectly apportioning compounds that absorb
efficiently in the near-ultraviolet region to solid fuel combustion emissions? Despite
the distinct environment types, a similar issue was highlighted in Chapter 3 in the

analysis of data collected at rural locations.
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Figure 4.5 Temporal profile of equivalent black carbon measured at Pearse Street (September 2018 — August 2019).
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Table 4.3 Summary of hourly average eBC measured at Pearse Street (September 2018 - August 2019).

# Days Analysed  Equivalent Black Carbon (ug m?) eBCsqr eBCrr
Mean + SD Minimum Maximum % %

Sep 2018 30 5.11+341 0.29 18.82 20.32 79.68
Oct 2018 31 6.37 £5.15 0.24 38.76 22.08 77.92
Nov 2018 30 5451484 0.00 26.24 22.83 77.17
Dec 2018 31 5.69 £4.93 0.25 27.58 26.76 73.24
Jan 2019 13 447 +3.17 0.24 17.37 27.61 72.39
Feb 2019 28 417 +3.15 0.22 21.31 24.75 75.25
Mar 2019 31 3.48+2.40 0.33 12.77 21.74 78.26
Apr 2019 7 2.70 £ 2.07 0.22 10.47 26.04 73.96
May 2019 11 1.92+1.40 0.07 7.28 21.46 78.54
Jun 2019 20 0.87+£0.70 0.04 3.93 20.85 79.15
Jul 2019 23 2.86£2.18 0.14 14.09 18.26 81.74
Aug 2019 31 249197 0.09 11.47 20.64 79.36
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4.3.2.2 Dependence on Wind Speed and Direction

The relationship between ambient eBC concentration, wind speed and wind direction
is highlighted in Figure 4.8. South westerly winds prevailed for over 60% of the total
sampling period, followed by south easterly winds which were recorded on 20% of
sampling days. Figure 4.8 demonstrates the influence of the south easterly and south
westerly winds on the ambient concentration of eBC, most notably in autumn and
winter. Tall buildings line both the north and south sides of this street, which combined
with the positioning of the sample inlet at ground level, may limit the influence that

wind speed and direction had on this particular dataset.

The meteorological data (maximum and minimum temperatures, precipitation, wind
speed and wind direction) recorded at Casement Aerodrome and Dublin Airport
weather stations, approximately 14 km south west and 9 km north of the sampling site,
respectively, are compared in Figure 4.7. Daily weather patterns were similar (0.56 <
r2 < 0.97) at both stations and meteorological data used in the analysis provided was
recorded at Casement Aerodrome, Baldonnell, Co. Dublin. This data is indicative of
the weather experienced by the greater Dublin area and represents the general
conditions at the sampling site for the duration of the field campaign. Despite local
variation in rainfall, wind speed and direction are of greatest significance in this
investigation of carbonaceous aerosols. South westerly and south easterly winds, the
predominant wind directions at this site, presumably have the greatest effect on
background levels of air pollution as they carry emissions from other parts of the city,

across suburbs and the greater Dublin area, to the sampling site.
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Figure 4.7 Comparison of weather data recorded at Casement Aerodrome and Dublin Airport (September 2018 - August 2019).
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Figure 4.8 Seasonal polar plots describing the dependence of eBC concentration on wind speed and direction at Pearse Street (September 2018 — August 2019). Autumn,
winter, spring and summer analyses were based on 91, 72, 49 and 74 days sampling, respectively.
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4.3.2.3 Diurnal Trends

The diurnal pattern of eBC concentration observed at this urban roadside location is
shown for each season in Figure 4.9. Large peaks were observed in the morning and
eveningtimes, corresponding to rush hour traffic. Generally, these peaks were
equivalent in spring, summer and autumn. During the winter months, however, the
magnitude of the evening peak was larger than that observed in the morningtime, thus
indicating a secondary source contributing to total ambient concentration; most likely

increased solid fuel combustion emissions associated with domestic heating.

Significant variation in weekday and weekend diurnal trends was also observed,
particularly during the summer months. Throughout the year, the lack of traffic-related
peaks during morning and evening rush hours is evident on Saturdays and Sundays.
Mean hourly average eBC concentrations were reduced by approximately 45% at the
weekends in autumn (42%), winter (45%) and spring (47%). Ambient concentrations
were dramatically reduced by 56% at the weekends during the summer months. This
provides further indication that domestic solid fuel burning plays a significant role in
total concentration during the typically colder seasons, irrespective of the day of the
week. In its absence during the summer months, a greater decrease in eBC
concentrations was evident at the weekend when typical weekday commuter traffic
was non-existent. Without the contribution from commuter traffic at the weekends,
eveningtime increases in concentrations due to solid fuel combustion emissions were

clearly defined in the diurnal profile determined for the winter season.

Figure 4.10 also illustrates the seasonal variation in observed diurnal trends. The plots
allow for the visualisation of the diurnal trend of pollutant concentration as a function
of wind direction. The analyses show that the concentrations were dominated by
southerly winds, but concentrations were seasonally dependent. The intense red colour
highlights the amplified levels of eBC during morning and evening rush hours. This
trend was constant throughout the entire sampling period.
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Figure 4.9 Seasonal variation in diurnal patterns of eBC concentrations recorded at Pearse Street
(September 2018 — August 2019). Autumn, winter, spring and summer analyses were based on 91, 72,

49 and 74 days sampling, respectively.
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Figure 4.10 Seasonal diurnal trend of mean eBC as a function of wind direction, recorded at Pearse
Street (September 2018 — August 2019). Autumn, winter, spring and summer analyses were based on
91, 72, 49 and 74 days sampling, respectively.
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4.3.2.4 Source Contribution

In order to distinguish the dominant sources contributing to the total ambient eBC
concentrations, the Zotter parameters (asr = 1.68, arr = 0.9) were applied to the data.
This allowed for the source apportionment of solid fuel combustion and traffic-related
emissions. As expected at an urban roadside monitoring site with a high volume of
traffic and few residential dwellings in close proximity, traffic-related emissions were
the dominant source each month. The average contribution from solid fuel combustion
was 22.5%, ranging from 18.3% in July 2019 to 27.6% January 2019 (Table 4.3).

Clear seasonal variation in both traffic and solid fuel burning related emissions was
observed (Figure 4.11). The lowest concentrations of both traffic and solid fuel
combustion sources were measured between March and August 2019 coinciding with
increasingly warm temperatures. The highest concentrations from traffic sources were
observed between September and December 2018. Simultaneously, solid fuel burning
emissions were also greatest during this period. During the colder months, elevated
ambient concentrations attributed to solid fuel combustion were expected, however
consistent emissions from traffic sources were expected throughout the year. This
increase in autumn and winter was likely a consequence of reduced pollution
dispersion due to lower boundary layer heights during the cold period. Similar findings
were reported in a two year study previously conducted in Dublin between August
2016 and August 2018 (Buckley, 2019). Previous studies have also noted the effect
low temperatures can have on emission factors associated with vehicle emissions. An
exponential increase in particulate matter emissions with decreasing ambient
temperature has been reported in the literature. This distinct increase in emissions is
exaggerated during engine ignition under cold conditions due to inefficient
combustion and catalytic operation (Chan et al., 2013; Clairotte et al., 2013; Nam et
al., 2010; Yusuf & Inambao, 2019). In addition, semi-volatile species exhibit greater

partitioning to the particle phase at lower temperatures (Ranjan et al., 2012).

The distinct dominance of traffic-related emissions is illustrated by the source
apportioned seasonal diurnal trends in Figure 4.12. The prevailing winds recorded
throughout the sampling period were south westerly and south easterly, however it is
unclear to what extent the winds influenced the measured concentrations due to the

central location of the monitoring site in Dublin city. Figure 4.12 shows the impact of
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morning and evening rush hour on the ambient concentration attributed to traffic
sources. The significant influence of traffic-related emissions was corroborated by
temporal trends in NOx concentrations; often used as a tracer for traffic emissions.
Figure 4.13 depicts the seasonal diurnal trend observed for both eBCtr and NOx.
Similarities between the diurnal trends of eBC+r and NOx were observed, in terms of
both concentration and direction of origin throughout the monitoring campaign, but
particularly in autumn and winter. NOx measurements were provided by Dr Darius
Ceburnis of NUIG, as presented by Lin et al. (2020). Interestingly, a similar pattern
was observed in concentrations assigned to solid fuel combustion, albeit a lower
magnitude. Solid fuel emissions are usually associated with increased levels of
pollution in the eveningtimes, and although low boundary layer heights may impact
the dispersion, it is unlikely that peaks of solid fuel burning emissions played a
significant role in the ambient concentration at a time that coincided with morning rush
hour. Both petrol and diesel vehicles emit compounds that are important secondary
organic aerosol (SOA) precursors (Gentner et al., 2017; Platt et al., 2013; Sundvor et
al., 2012). Sundvor et al. (2012) reported that organic aerosols are often formed
following photooxidation of such precursors. The light absorbing fraction of organic
matter is termed brown carbon (BrC) and is usually associated with biomass burning
emissions (Andreae & Gelencsér, 2006; Saleh et al., 2014). It is possible that the
traffic-derived formation of secondary organic aerosol may have been incorrectly
apportioned to solid fuel combustion emissions by the aethalometer due to efficient
absorbance in the near-ultraviolet range. This might also explain the consistency in
percentage contribution of black carbon attributed to solid fuel combustion emissions.
Reduced contributions from solid fuel were expected during the summer months when
temperatures were at their highest and residential heating is not required. If the
aethalometer model incorrectly assigned secondary organic compounds produced by
precursors emitted by vehicles, this could account for consistent contributions of so-
called ‘solid fuel combustion’ all year round. If this is the case, it can be assumed that
this also occurs during the winter months in periods of actual solid fuel burning,
therefore presenting the requirement of separation and correct apportionment of the

sources.
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Figure 4.11 Mean conconcentration of eBCse and eBCr with 95% confidence interval recorded at Pearse Street (September 2018 — August 2019),in addition to mean
monthly ambient temperature. Autumn, winter, spring and summer analyses of eBC concentrations were based on 91, 72, 49 and 74 days sampling, respectively.
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Figure 4.12 Seasonal diurnal trend of eBC attributed to solid fuel and traffic-related emissions measured at Pearse Street (September 2018 — August 2019). Autumn,
winter, spring and summer analyses of eBC concentrations were based on 91, 72, 49 and 74 days sampling, respectively.
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Figure 4.13 Seasonal diurnal trend of eBC attributed to traffic-related equivalent black carbon emissions (top) and NOy (bottom) measured at Pearse Street (September
2018 - February 2019 and June - August 2019).
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4.3.2.5 Light Absorption of Black Carbon

Absorption of black carbon particles attributed to solid fuel burning emissions is highly
efficient in the ultraviolet region, whereas black carbon associated with traffic
emissions absorbs most efficiently in the near-infrared region. This explains the
significant difference in absorbance in the near-ultraviolet region between seasons
when solid fuel contributions fluctuate, primarily depending on ambient temperatures
(Figure 4.14). The highest absorbance in the near-UV region was recorded during the
autumn and winter, while the absorbance at smaller wavelengths was much lower
during the summer, when solid fuel burning was at a minimum. A curve,
demonstrating the variation in absorbance by the ambient aerosol was quite apparent
during the autumn and winter season, indicating the significant impact of solid fuel
combustion. The curve was flattened substantially during the summer months, when

the impact of solid fuel burning was less.
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Figure 4.14 Average seasonal absorbance of black carbon measured at each wavelength.
Measurements were recorded at Pearse Street between September 2018 and August 2019. Autumn ,
winter, spring and summer analyses were based on 91, 72, 49 and 74 days sampling, respectively.

The frequency distribution of the calculated absorption Angstrém exponents were also
examined. The AAEs were determined by the curve fitting wavelengths 470, 520, 590,

190



660, 880 and 950 nm with exponential regression models of 60 second measurements
(Figure 4.15). The overall narrow distribution is indicative of an environment strongly
influenced by one major source. The mean AAE, represented by the vertical blue line,
was relatively constant throughout the year; 1.11, 1.09, 1.11 and 1.14 in spring,
summer, autumn and winter, respectively; the expected outcome at a traffic dominated
sampling site such as this. The mean value was lowest during the summer (a ~ 1.09)
and highest during winter, reflecting the relative contribution of solid fuel emissions
in these seasons. During winter, the distribution of AAE values show a shoulder
skewed towards higher values, due to increased contributions from solid fuel and
biomass burning. The hourly average AAE calculated during December, January and
February ranged between 0.75 and 1.58. The median AAE calculated during spring,

summer, autumn and winter were 1.10, 1.08, 1.10 and 1.12, respectively.

The calculated AAE was also investigated during ‘traffic’ hours in morning rush hour
(05:00 — 09:59) and during typical ‘solid fuel burning’ hours in the eveningtime (19:00
— 00:59) in both summer and winter. During the summer months there was little
variation observed in mean AAE during the two time periods, 1.08 (traffic hours) and
1.11 (solid fuel burning hours). However, over the winter period the variation was
greater; ranging from 1.10 during the morning rush hour and 1.19 in the eveningtime
when solid fuel burning was more prevalent. Despite the monitoring site being
dominated by traffic-related emissions, the impact of solid fuel burning during the

colder months was evident.
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Figure 4.15 Seasonal frequency distribution of calculated AAE recorded at Pearse Street (September 2018 - August 2019). Mean AAE is represented by the dashed line.
Autumn, winter, spring and summer analyses were based on 91, 72, 49 and 74 days sampling, respectively.
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4.3.2.6 Delta-C

The delta-C (AC) parameter can be calculated using the aethalometer measurements

of black carbon at 370 nm and 880 nm. It is indicative of the proportion of total eBC

assigned to solid fuel burning related particles, due to enhanced optical absorption at

370 nm as outlined in Section 3.3.2.4. Thus, it can be used to assess the validity of

AAE values employed in the source apportionment model. The average diurnal trend

of AC observed in both summer and winter at Pearse Street is shown in Figure 4.16.

The trends confirm previous assertions that solid fuel burning was prevalent during the

colder, winter period, with increased emissions in the eveningtime. Conversely, a well-

defined trend was not observed during the summer months, despite the assignment of

approximately 20% of total eBC to solid fuel combustion emissions by the

aethalometer model. It is possible that due to an overall decrease in the level of eBC

during the summer months, in addition to the assumed absence of solid fuel

combustion for home heating, the values of AC presented can be attributed to

background levels of UV absorbing species in ambient aerosol, including aged and

oxidised compounds.
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Figure 4.16 Seasonal variation in diurnal trend of AC parameter recorded at Pearse Street (September
2018 — August 2019). Winter and summer analyses of AC were based on 72 and 74 days sampling,

respectively.
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4.3.3 Comparison of Aethalometer Data Measured at Urban Background and

Roadside Locations

The aethalometer data collected at the urban roadside monitoring site on Pearse Street
in Dublin city centre (September 2018 — August 2019) was compared with data
previously collected on the campus of University College Dublin (September 2017 —
August 2018), an urban background site located in a primarily residential area
approximately 5 km southeast of Pearse Street. These two environments were expected

to yield contrasting results, both quantitative and qualitative.

4.3.3.1 Temporal Trends of eBC

Despite a significant difference in the absolute concentrations recorded at the
monitoring sites, comparable seasonality was observed at both sampling sites; lowest
concentrations recorded during summer months, while the highest seasonal mean
concentration was recorded during winter and autumn at Pearse Street and University
College Dublin, respectively (Figure 4.17). There was less variation in the range of
daily average concentrations recorded each season at UCD. eBC concentrations
generally ranged between 0 pug m= and 1 pg m3, and exceeded 1 ug m= on
approximately 50 occasions. In contrast, a wide range of daily average eBC
concentrations were recorded at Pearse Street throughout the twelve month sampling
period (0 pg m=3<eBC < 15 ug m=). The seasonal trend of eBC measured at University
College Dublin is concealed by the wide range of concentrations measured at Pearse
Street throughout the twelve month field campaign (Figure 4.18, Figure 4.19). Table

4.4 provides a summary of the hourly average eBC measured at both sampling sites.
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Figure 4.17 Seasonal distribution of daily average eBC concentrations measured at Pearse Street (September 2018 — August 2019) and University College Dublin
(September 2017 — August 2018). Analysis at Pearse Street was based on 49, 74, 91 and 72 sampling days in spring, summer, autumn and winter, respectively.
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Figure 4.18 Average monthly eBC concentrations measured at Pearse Street (September 2018 — August
2019) and University College Dublin (September 2017 — August 2018). The shaded regions represent
the 95% confidence interval in the calculated mean values. Analysis represents 13, 7, 11, 20 and 23
days of sampling in January, April, May, June and July 2019 at Pearse Street and 20 days of sampling
in August at UCD.
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Figure 4.19 Distribution of eBC measured at Pearse Street (September 2018 - August 2019) and
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days of sampling in January, April, May, June and July 2019 at Pearse Street and 20 days of sampling
in August at UCD.
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Table 4.4 Mean hourly average eBC concentration measured each month at Pearse Street (September
2018 — August 2019) and on the campus of University College Dublin (September 2017 — August 2019).

Equivalent Black Carbon Concentration (ug m)

Pearse Street

University College Dublin

Mean Range Mean Range
Sep 511 0.29 - 18.82 0.52 0.01-4.87
Oct 6.37 0.24 - 38.76 0.54 0-5.94
Nov 5.45 0-26.24 0.57 0-5.17
Dec 5.69 0.25-27.58 0.90 0-17.18
Jan 4.477% 0.24 —17.37 0.67 0-13.90
Feb 4.17 0.22-21.32 0.78 0-15.46
Mar 3.48 0.33-12.77 0.77 0.02-10.78
Apr 2.70% 0.23-10.47 0.58 0-5.92
May 1.93% 0.07-7.28 0.70 0-8.91
Jun 0.88™ 0.04 -3.93 0.31 0-4.46
Jul 2.86"" 0.14-14.09 0.49 0-5.68
Aug 2.49 0.09-11.47 0.294% 0.01-1.85

T Analysis is based on 13 days of sampling at Pearse Street (urban roadside) in January 2019.
# Analysis is based on 7 days of sampling at Pearse Street (urban roadside) in April 2019.
88 Analysis is based on 11 days of sampling at Pearse Street (urban roadside) in May 2019.

*kk

Analysis is based on 20 days of sampling at Pearse Street (urban roadside) in June 2019.

T Analysis is based on 23 days of sampling at Pearse Street (urban roadside) in July 2019.
1 Analysis is based on 20 days of sampling at UCD (Urban background) inAugust 2018.
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Diurnal profiles and absolute concentrations of eBC were temporally and spatially
variable (Figure 4.20). A clear diurnal trend was observed at both Pearse Street and
University College Dublin during the winter season (December, January, February).
There were strong peaks in the morning and eveningtimes at both locations,
predominantly due to commuter traffic. These peaks were generally comparable at
Pearse Street, suggesting that the increased concentrations were due exclusively to
traffic, while the evening peak observed at UCD was larger than that recorded in the
morning, indicating additional contributions from a source other than traffic; most
likely solid fuel combustion. A similar trend was observed at both locations on
Saturdays and Sundays in winter, where a traffic-related peak was not apparent in the
morning, while a strong peak was observed in the evening, presumably due to
emissions from solid fuel burning. The contribution from solid fuel can be concealed

by large traffic-related emissions during the week.

Average concentrations were substantially decreased at both locations during the
summer months (June, July, August). Hourly average concentrations recorded at UCD
showed little variation throughout the day and rarely exceeded 1 ug m=. Conversely,
a strong diurnal profile was observed at Pearse Street where, although concentrations
were reduced compared to those measured during the winter, similar trends were
observed in both seasons. During the summer months there were traffic-related peaks
at regular intervals from Monday to Friday which coincide with rush hour. Such peaks
were not present on Saturdays and Sundays. Background levels of approximately 1 ug

m-3 were recorded over the weekends.
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Figure 4.20 Weekday variation in diurnal trends of eBC concentration measured during winter and
summer at Pearse Street (September 2018 — August 2019) and University College Dublin (September
2017 — August 2018).
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4.3.3.2 Source Contribution

The average monthly concentration of black carbon attributed to solid fuel combustion
and traffic-related emissions measured at Pearse Street and University College Dublin
are illustrated in Figure 4.21. Traffic-related emissions were the dominant source of
black carbon at both Pearse Street and UCD, however solid fuel combustion
contributed a significant percentage of the total eBC concentration measured at UCD,
particularly during winter and spring when ambient temperatures were quite low. The
absolute concentrations must be considered carefully in this comparison of sampling
sites; despite a higher percentage contribution of solid fuel related emissions at UCD,
the absolute concentration was substantially reduced relative to measurements made
at Pearse Street. The annual mean hourly average concentration of eBC attributed to
solid fuel and traffic-related emissions were 0.27 ug m= and 0.33 pg m, respectively,
at University College Dublin (September 2017 — August 2018), in contrast to mean
annual values of 0.90 pg m™ and 3.20 pg m™ measured at Pearse Street (September
2018 — August 2019).
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Figure 4.21 Mean hourly average concentration of equivalent black carbon attributed to solid fuel and traffic-related emissions at Pearse Street (September 2018 — August
2019) and University College Dublin (September 2017 — August 2018). Analysis represents 13, 7, 11, 20 and 23 days of sampling in January, April, May, June and July
2019 at Pearse Street and 20 days of sampling in August at UCD.
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The variation in source contribution at the sampling sites was investigated further by
comparing the absorption Angstrém exponent, which tended towards unity in
environments dominated by traffic-related emissions and was higher when emissions
were more influenced by solid fuel combustion. Little seasonal variabilty was observed
at Pearse Street (x = 1.11). In contrast, the AAE recorded at UCD fluctuated
considerably from month to month, revealing the impact that different sources had on
the composition of ambient aerosol. At this sampling site, a mean hourly average AAE
of 1.21 was recorded. The distribution of AAEs recorded each month at Pearse Street
and UCD is shown in Figure 4.22.

Figure 4.23 illustrates the distribution of AAE recorded at Pearse Street and UCD
during winter and summer. Although the mean AAE recorded at Pearse Street
decreased slightly during the summer months, relative to winter months, the
distribution throughout the year was quite narrow and uniform, indicative of one major
source. There is significant variation in the distribution of AAE observed at UCD
during the twelve month period. Bi-modal distribution was observed in both seasons,
suggestive of contribution from multiple sources to the ambient aerosol. Although bi-
modal, a narrow distribution of AAE was observed during the summer in contrast to
winter. During wintertime, larger AAEs were recorded at UCD, in comparison to those
recorded during the summer months, as there was greater influence from solid fuel
combustion emissions, significantly increasing the AAE. Higher values of AAE are
also indicative of aged or oxidised aerosol, which absorbs more strongly in the UV

region.

The AAE diurnal trend at both sampling sites was also examined (Figure 4.24). During
the summer months, little variation was observed in the AAE at each sampling site,
however the values were consistently higher at UCD than at Pearse Street. The AAE
tends to drift upwards slightly in the eveningtime during the summer months at both
locations. Significant solid fuel combustion is unlikely at this time of year, however
organic processing of aerosols throughout the day may result in increased absorption
efficiency in the UV region and thus increase the observed AAE. Conversely, during
the winter months, there was significant variation in AAE throughout the day. During
the winter at Pearse Street, the AAE was lowest during the day when the ambient
aerosol was dominated by traffic emissions. An increased AAE was observed

overnight, during which time it is likely that solid fuel contributions increased. Despite
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an increase in AAE at night, a narrow range of mean values were observed throughout
the day; between 1.097 and 1.119 (08:00 — 16:00). Similarly, the AAE was much
greater in the eveningtime at UCD during the winter months when solid fuel
combustion related emissions were the dominant contributor, however the range in
values was much greater. Mean values of less than 1.11 were observed between 05:00
and 09:00 in the morning, while values increased to almost 1.45 at 21:00 in the
evening. It is interesting to note the similarity in AAE (~ 1.1) during the wintertime at
09:00. This intersection suggests a dominance of similar sources at both locations at
this time. It is likely attributed to traffic-related emissions at peak rush hour; it is one
of the lowest AAE values at University College Dublin, while it is typical of the AAE
observed throughout the day at Pearse Street. It also corresponds to the time of day

when the practice of solid fuel combustion is least common.
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Figure 4.22 Distribution of monthly absorption Angstrom exponent recorded at Pearse Street
(September 2018 - August 2019) and UCD (September 2017 - August 2018). Analysis represents 13, 7,
11, 20 and 23 days of sampling in January, April, May, June and July 2019 at Pearse Street and 20
days of sampling in August at UCD.
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Figure 4.23 Distribution of absorption Angstrém exponent calculated for Pearse Street (September 2018 — August 2019) and University College Dublin (September 2017
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Figure 4.24 Mean diurnal profile of absorption Angstrém exponent recorded during summer and winter at Pearse Street (urban roadside, September 2018 — August 2019)
and University College Dublin (urban background, September 2017 — August 2018).
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4.3.4 Elemental Carbon (EC) and Organic Carbon (OC)

The EUSAAR_2 protocol was employed to determine the elemental, organic and total
carbon content in the filter samples collected at Pearse Street throughout February and
March 2019. In total, 50 samples and three field blanks were analysed. A summary of
the carbon concentrations measured are provided in Table 4.5. Little variation was
observed in the mean total carbon concentrations of 7.80 pg m= and 7.35 ug m,
measured during the day and nighttime, respectively. However, organic carbon
dominated the total carbon content measured overnight, greater than 65% on average,
corresponding to increased levels of solid fuel burning and atmospheric processing.
Roughly equivalent contributions from EC (47.7%) and OC (52.3%) were detected in
filter samples collected during daytime hours (06:00 — 05:59). There was a greater
distribution in the range of values of OC concentration measured in samples collected
at nighttime, in comparison to EC content. This subsequently led to similar

observations in total carbon concentration (Figure 4.25, Figure 4.26).

Three field blank filter punches (1.5 cm?) were analysed using the EUSAAR_2
protocol (Cavalli et al., 2010). The total carbon content measured on field blanks did
not exceed 1.4 ng cm. Carbon detected in field blanks was attributed to OC by the
EUSAAR_2 protocol. This is most likely due to the adsorption of semi-volatile organic

compounds from the gas phase.

The organic carbon/elemental carbon (OC/EC) ratio was lowest during the day when
comparable contributions from OC and EC were observed. The OC/EC ratio of filter
samples collected during the day ranged between 0.64 and 2.72, with a mean value of
1.20 (Figure 4.27). The mean ratio increased to approximately 2 in samples collected
overnight, between 18:00 and 05:59. OC/EC ratios ranging between 0.44 and 1.45
were published for vehicle emissions specific to China by Ni et al. (2018). Pio et al.
(2011) reported an increase in OC/EC ratio in rural and remote settings comparative
to urban locations. This was attributed to the strong influence of local emissions in
urban settings, while regional and long range transported secondary OC had a greater
impact on the OC/EC ratio in rural locations. A mean ratio of 7.15 was obtained from
24-hour (08:00 —07:59) samples collected the previous year, over 21 days in the month
of February 2018, at University College Dublin. This larger ratio indicated

contribution from additional sources at this urban residential sampling site; most likely

207



solid fuel combustion emissions given the residential setting and time of year. The
position of the sampling inlets may also have affected the determination of the ratio.
At Pearse Street, the inlet was located at ground level, almost directly in line with
vehicle exhausts resulting in the exclusive measurement of traffic-related emissions.
In contrast, the sample inlet at University College Dublin was located approximately
20 m above ground levels leading to measurement of mixed and diluted aerosol;
presumably more representative of the ambient conditions.

Concentration {p.Lg,"ma]

Day Night
EI Elemental Carbon — Organic Carbon — Total Carbon

Figure 4.25 Distribution of elemental, organic and total carbon concentration measured in twelve-hour
filter samples collected at Pearse Street between February and March, 2019.
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Table 4.5 Summary of elemental, organic and total carbon content on filter samples collected during daytime (06:00 — 17:59) and nighttime (18:00 — 05:59) between February
1 and March 5, 2019. Concentrations were determined using the EUSAAR_2 protocol.

Mean = SD Minimum Maximum
Elemental Carbon (ug m) Daytime 3.85+£1.77 0.89 6.87
Nighttime 244 +1.43 0.62 5.59
Organic Carbon (ug m=) Daytime 3.95+1.59 1.93 7.49
Nighttime 491 +348 1.73 12.77
Total Carbon (ug m) Daytime 7.80+£3.10 3.01 13.48
Nighttime 7.35+4.83 2.43 18.36
OC/EC Ratio Daytime 1.21 £0.55 0.64 2.72
Nighttime 2.04+0.74 0.85 3.90
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Figure 4.26 Distribution of elemental, organic and total carbon measured in twelve hours filter samples
collected at Pearse Street (February - March 2019).
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—05:59) in February and March 2019.
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4.3.5 Calculation of Mass Absorption Cross Section

The regression of equivalent black carbon measured optically by the aethalometer
versus the thermally measured EC and OC is shown in Figure 4.28. There was
excellent correlation between the eBC and EC (r? = 0.985). It is important to note the
variation in techniques used to determine concentration and also the differing time
period over which samples were collected. Accordingly, the aethalometer data (60 s
timebase) was averaged over the corresponding 12-hour sampling period of filter

samples for this analysis.
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Figure 4.28 Optically derived equivalent black carbon versus thermally measured elemental and
organic carbon measured at Pearse Street (February — March 2019).

In contrast to the absorption coefficient of black carbon (bans) which is a measure of
the light absorbed by black carbon per volume in which the BC exists, the mass
absorption cross section (MAC) is used to describe the absorbance of light per mass
(Knox et al., 2009). The MAC value is dependent on the mixing state, particle age and,
subsequently, the coatings that may have accumulated. The ‘mixing state’ defines the
distribution of various particle species among particles; externally mixed particles

contain a single individual species, while internally mixed particles contain multiple
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species. Bond et al. (2013) reported that freshly generated black carbon possesses a
MAC value of 7.5 + 1.2 m? g* at 550 nm and increases significantly as internal mixing
occurs. The mass absorption cross section was calculated for the monitoring site
located on Pearse Street by investigating the regression of the thermally derived EC
concentration versus the absorption coefficient of the optically measured black carbon
(Figure 4.29).The absorption coefficient (bans) was calculated using the default MAC
value (cair) employed by the aethalometer in each relevant channel (Eqn. 4.2). The
site-specific mass absorption cross section value was determined at a range of
wavelengths between 370 and 950 nm (Table 4.6).

S

abs Eqn. 4.2

Oqir

BC

The sampling inlet was installed at ground level on Pearse Street and the site was
surrounded by tall buildings creating a canyon-like effect which can cause pollutants
to become trapped with little dispersion (Lin et al., 2020). Due to the positioning and
location of the sampling inlet, it is likely that freshly emitted particles were a major
component of the sampled aerosol. The adjusted values calculated were, on average,
32% greater than the default values. The MAC value determined for a wavelength of
880 nm (9.68 m? g*) was lower than that calculated at the urban residential monitoring
site located on the campus of University College Dublin (12.64 m? g') over a similar
time period one year previous (February 2018). A comparison of MAC values for
daytime and nighttime samples was also carried out (Table 4.6, Figure 4.30). At 880
nm, values of 9.74 m? g and 9.83 m? g* were determined for daytime and nighttime,
respectively, both significantly greater than the default value of 7.77 m? g*. These
values are similar to the range (10.70 — 11.45 m? g%) previously reported by Healy et
al. (2017) at near-road sites using similar methodology. A wider variation in MAC
values was observed at shorter wavelengths, while values converged at higher
wavelengths, likely due to aging and atmospheric processing of particles throughout

the day.
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Table 4.6 Mass absorption cross-section values calculated for samples collected at Pearse Street,
Dublin (February —March 2019).

Wavelength (nm)

Mass Absorption Cross Section (m? g?)

AE33 Default  Site-Specific Day Night
370 18.47 25.64 24.03 32.36
470 14.54 20.61 20.02 23.46
520 13.14 17.45 17.17 19.14
590 11.58 15.25 15.11 16.37
660 10.35 13.20 13.15 13.89
880 1.77 9.68 9.74 9.83
950 7.19 9.29 9.36 9.37
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Figure 4.29 Calculation of site-specific MAC using eBC, optically derived at wavelengths of 660 nm
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collected at Pearse Street (February — March 2019).
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Table 4.7 provides a summary of mean monthly hourly average equivalent black
carbon concentration estimated using the adjusted site-specific mass absorption cross
section values at wavelengths 370, 470, 520, 590, 660, 880 and 950 nm. The table also
includes the mean percentage contribution of solid fuel combustion and traffic-related
emissions to total ambient black carbon measurements. The application of the adjusted
MAC value did not affect mean monthly concentration of total equivalent black
carbon, however, it did influence the calculation of the AAE and subsequently, the
proportion of equivalent black carbon attributed to solid fuel combustion and traffic-
related emissions. The mean monthly percentage of eBCsr increased from 22.5%,
using instrumental default values, to 36.4% following the introduction of the adjusted
MAC values. This value seemed quite high for the environment in which this sampling
site was situated, with a consistently high volume of traffic with few residential
buildings in the vicinity. The adjusted MAC values, which were applied to the entire,
twelve month aethalometer dataset, were determined using thermally analysed filter
samples collected in February 2019. Determination of MAC values using samples
collected continuously throughout a measurement campaign or during periods
representative of each season would be preferable and would yield more accurate

source apportionment analysis.
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Table 4.7 Summary of eBCse and eBCry calculated using adjusted, site-specific MAC value.

Equivalent Black Carbon (pg m?) eBCsr eBCrr

Mean + SD % %
Sep 2018 511+341 3551 64.49
Oct 2018 6.37 £5.15 37.44 62.59
Nov 2018 5451484 38.25 61.75
Dec 2018 5.69 +4.93 42.56 57.44
Jan 2019 453 +3.20 43.28 56.72
Feb 2019 417 +3.15 40.37 59.63
Mar 2019 3.48 £ 2.40 37.06 62.94
Apr 2019 2.69 £2.07 41.80 58.20
May 2019 1.92+1.40 36.76 63.24
Jun 2019 0.70 £ 0.65 33.47 66.53
Jul 2019 2.27 £2.27 23.33 76.67
Aug 2019 249+ 197 35.85 64.15
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4.3.6 Levoglucosan

Levoglucosan (1,6-anhydro-p-p-glucopyranose), and its isomers mannosan (1,6-
anhydro-p-p-mannopyranose) and galactosan (1,6-anhydro-B-p-galactopyranose),
were analysed using anion-exchange chromatographic methods outlined by linuma et
al. (2009). Of the 28 samples analysed, 13 were collected during the day (06:00 —
17:59) and 15 were collected overnight (18:00 — 05:59) between February 1 and 28,
2019. Levoglucosan was detected in all analysed samples, while mannosan and
galactosan was detected in 96% and 50%, respectively, of the samples analysed. The
single field blank did not produce a positive concentration result.

Extremely high ambient concentrations of levoglucosan were recorded at the sampling
site during February 2019. Due to the type of roadside environment in a central
location, such high levels of levoglucosan were unexpected. In the samples analysed,
levoglucosan concentrations ranged from 15.51 ng m to 877.74 ng m=, with mean
concentrations of 68.56 ng m™ and 265.01 ng m* measured in samples collected
during the daytime and nighttime, respectively. Significantly lower ambient
concentrations of both mannosan and galactosan were measured; between 2.74 ng m-
% (nighttime) and 152.35 ng m (nighttime) and 3.25 ng m (daytime) and 44.40 ng
m-3 (nighttime), respectively. Maximum concentrations recorded at this sampling site
exceeded maximum values reported by Fuller et al. (2014) in a study of ambient

wintertime concentrations at five urban background monitoring sites across London.

The increased concentrations of levoglucosan and its isomers measured at nighttime
during the month of February indicated a strong influence of solid fuel combustion,
for residential heating (Figure 4.31). The mean levoglucosan concentration overnight,
measured between 18:00 and 05:59, was almost four times greater than mean

concentrations measured during the day (06:00 — 17:59).
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Table 4.8 Summary of concentration of levoglucosan, mannosan and galactosan measured at Pearse Street, Dublin (February 2019) during daytime (06:00 — 17:59) and

nighttime (18:00 — 05:59).

Mean = SD Minimum Maximum
Levoglucosan (ng m=) Daytime 68.56 *+ 46.62 1551 155.13
Nighttime 265.01 £ 273.81 22.31 877.74
Mannosan (ng m-) Daytime 11.04 £6.99 3.50 23.55
Nighttime 45.78 £ 50.22 2.74 152.35
Galactosan (ng m) Daytime 542 +2.01 3.25 7.35
Nighttime 19.12 + 14.45 5.30 44.40
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Figure 4.31 Distribution of levoglucosan, mannosan and galactosan concentrations measured during the day and night at Pearse Street, Dublin (February 2019).
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A strong correlation between the three isomers was observed (r? > 0.95), indicating
that the levoglucosan, mannosan and galactosan present in the ambient aerosol
originated from a common source (Figure 4.32). The ratio of levoglucosan to
mannosan can be used to distinguish between types of solid fuels used in combustion.
The ratio measured at the sampling site on Pearse Street ranged from 3.63 to 9.01,
resulting in a mean ratio of 6.44 (n = 27). This is similar to the mean ratio obtained at
the UCD site during the previous winter (mean = 6.02, n = 34), despite the larger range
of ratio values observed at Pearse Street in a smaller sample set. This suggested that
although ambient concentrations measured at Pearse Street are much larger than those
measured in the urban residential setting of University College Dublin, similar fuel

types were used for combustion in both locations.
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Figure 4.32 Correlation between levoglucosan and its isomers; mannosan and galactosan, measured
in ambient samples collected at Pearse Street (February 2019).
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The levoglucosan to organic carbon ratio was also examined (Figure 4.33). The
ambient levoglucosan concentration measured was only a fraction of the total organic
carbon measured. Using twenty-eight corresponding samples, the ratio was calculated
as 0.065. Excellent correlation between the parameters was observed (r?> = 0.88).
Correlation improved significantly, increasing to 0.94, when nightime samples were
isolated. Samples collected overnight (18:00 — 05:59) yielded a ratio of 0.066. Samples
collected during the day had less levoglucosan content and the ratio between
levoglucosan and organic carbon was reduced to 0.026. The correlation between the
two parameters in these samples also reduced, to 0.80. Mean ambient concentrations
of both levoglucosan and organic carbon were lower during the day in comparison to
those measured at night. The variation in levoglucosan to OC ratios at different times
of day was indicative of additional factors and components influencing the
composition and absolute concentration of organic carbon measured, particularly
during the day.
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Figure 4.33 Concentration of levoglucosan versus organic carbon measured during daytime and
nighttime at Pearse Street (February 2019).

222



The measured levoglucosan concentrations were also compared with optically-
determined equivalent black carbon concentrations (Figure 4.34). eBC measurements
were averaged over the corresponding 12-hour sampling period of filter collection
used for levoglucosan analysis. As anticipated due to the origins of levoglucosan, the
greatest correlation was observed between levoglucosan and eBC attributed to solid
fuel combustion related emissions (r> = 0.797). A correlation between levoglucosan

and black carbon attributed to traffic-related emissions could not be established.
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Figure 4.34 Levoglucosan versus eBCse and eBCrr measured at Pearse Street during February 2019.
eBC measurements were averaged over 12-hour periods to correspond with ambient filter samples.
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4.3.7 On-line Measurement of Carbon Content

The Total Carbon Analyzer operated continuously on a one-hour time basis from May
22 to August 21, 2019, when there was a power failure. During this time period there
was excellent data capture (95.1%), with down time attributed to stoppages for quartz
fibre filter changes and other routine maintenance. The TCA-08 relies on the output of
optical measurements of eBC from the aethalometer to determine the equivalent
elemental (eEC) and equivalent organic carbon (eOC) fractions. Due to interruption to
AE33 sampling in June and July 2019, the corresponding eEC and eOC data was
deemed invalid.

Total carbon analysis presented below is representative of 10, 30, 27 and 21 days
sampling in May, June, July and August 2019, respectively (Figure 4.35). TC
concentrations varied from hour to hour throughout the sampling period.
Consequently, the EC and OC concentrations also varied significantly. Over the entire
sampling period, the mean hourly total carbon concentration was 3.99 pg m, ranging
from 0.12 pg m3to0 22.31 ug m3. A summary of the hourly TC concentration measured
between May and August 2019 in provided in Table 4.9.

o
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Total Carbon {ug,"ma}
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Figure 4.35 Temporal profile of total carbon measured by the Total Carbon Analyzer (TCA-08, Magee
Scientific) at Pearse Street (May - August 2019).
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eEC and eOC analysis presented below is representative of 10, 20, 22 and 21 days
sampling in May, June, July and August 2019, respectively (Table 4.9). Due to a lack
of cross over in sampling periods, the EC and OC fractions determined by conventional
thermal-optical methods cannot be accurately compared to the results from the Total
Carbon Analyzer, however the OC/EC ratio can be investigated while accounting for
the seasonal difference. Table 4.9 provides a mean monthly OC/EC ratio. The average
OC/EC ratio determined using thermal-optical methods (EUSAAR_2 protocol) of
samples collected during February 2019, was 1.64; 1.21 in samples collected during
the day and 2.04 in samples collected overnight. The mean eOC/eEC ratio recorded
during the summer months using on-line methods was 2.11. Without corresponding
filter samples for the summer period, it is difficult to determine whether the variation
in ratio is due to seasonality or the use of an inaccurate b parameter for this site.
Conventional thermal analysis of filter samples collected concurrently are required to
calculate a site-specific b parameter in order to accurately estimate the equivalent

elemental carbon concentration.

The diurnal profile of eEC and eOC is shown in Figure 4.36. Mean concentrations
were quite low in the early hours of the morning. From approximately 06:00 onwards
the mean eEC and eOC concentration increased. Simultaneously, the range of values
recorded also increased. The mean recorded value of eEC is greater than that of eOC
during the day, consistent with increased traffic emissions, while the eOC fraction
dominates overnight. The diurnal variation is reflected in the diel profile of AAE
measured simultaneously at the sampling site. Due to the season in which sampling
took place, it is unlikely that this can be attributed to solid fuel burning, and thus
supports the argument that traffic emissions enhanced secondary organic aerosol
(SOA) formation, which subsequently led to higher organic carbon content.

It is also plausible that the use of an inappropriate value of the b parameter may have
influenced results. The data output by the Total Carbon Analyzer is dependent on
precise conversion from BC to eEC in order to accurately estimate eOC concentration.
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Table 4.9 Mean hourly average concentrations of organic and elemental black carbon measured by the Total Carbon Analyzer between May and August 2019.

eOC (ug m3) eEC (ug m) Total Carbon (ug m?3) eOC/eEC Ratio
Mean Range Mean Range Mean Range Mean

May 2019 3.07 0.38-11.40 1.79 0.07-7.03 4.86 0.47-14.72 2.381

Jun 2019 2.85 0.29-11.33 0.84 0.04-3.79 3.66 0.36 - 12.61 4.242

Jul 2019 1.54 0.37 -13.60 2.72 0.13-13.59 4.15 0.12-2231 0.926

Aug 2019 1.39 -2.78 - 4.69 2.44 0.13-10.79 3.82 0.74-13.41 1.232

Total 2.06 -2.78 - 13.60 2.00 0.04 —13.59 3.99 0.12-2231 2.11
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Figure 4.36 Boxplot illustrating the diurnal pattern of eEC and eOC observed at Pearse Street over the entire sampling period (May — August 2019) with the corresponding
AAE diurnal trend.
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4.4 CONCLUSIONS

A distinct seasonal and diurnal trend in eBC concentrations was identified at this high
density traffic site on Pearse Street in Dublin city centre throughout the twelve month
field campaign which ran from September 2018 to August 2019. Data output by the
multi-wavelength aethalometer (AE33, Magee Scientific), which sampled
continuously, indicated that the highest hourly average concentrations of eBC were
measured in Autumn and Winter, with a maximum hourly average concentration of
38.76 ug m3 recorded in October 2018. eBC concentrations were significantly reduced

during the summer months, however similar diurnal patterns were observed.

Repetition in the weekly variation of eBC was observed consistently throughout the
entire sampling period. Two strong traffic-related peaks were observed Monday to
Friday, inclusive, coinciding with rush hour when commuters were entering and
exiting the city for work purposes, in the morning and evening. Calculated AAE
confirmed the dominance of traffic-related emissions in spring (X = 1.11), summer (X
= 1.09), autumn (x = 1.11) and winter (X = 1.14), respectively. Commuter traffic-
related peaks did not exist at the weekend (Saturday and Sunday) during any season,
and background levels of eBC persisted throughout the day. The levels of eBC
observed at the weekend signify the extent of the possible improvement in air quality
if a major reduction in traffic volume in the city centre occurred or with increased use

of alternatively fuelled vehicles.

An interesting point to note is the apparently consistent contribution of solid fuel
combustion emissions to the total eBC concentrations measured at Pearse Street, when
Zotter values (atr = 0.9 and asr = 1.68) were applied in source apportionment analysis.
Hourly average measurements indicated that a mean value of 22.5% was attributed to
solid fuel combustion, ranging from 18.3% (June 2019) to 27.6% (January 2019). Such
a persistent contribution from solid fuel combustion throughout the year was
unexpected; a significant decrease during the warmer summer months was anticipated,
particularly at a sampling site located in the city centre with considerably high volumes
of traffic of all vehicle types. On further investigation, diurnal trends illustrated an
increase in eBC attributed to both solid fuel combustion and traffic-related emissions
on two concurrent occasions during the day. This was anticipated in the eveningtime,
specifically during the winter with the onset of domestic heating, however the
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simultaneous increase during morning rush hour was unexpected. It is highly unlikely
that solid fuel combustion played such an influential role in the condition of the
ambient aerosol so early in the morning. Diurnal variation exhibited by eEC and eOC
measured by the Total Carbon Analyzer echoed these findings during the summer

months, when solid fuel burning is presumably at a minimum.

It is reasonable to assume that enhanced secondary organic aerosol production due to
the substantial emission of SOA precursors by both petrol and diesel vehicles was
observed at this urban roadside sampling site. Analysis of levoglucosan and thermally
determined OC concentration provided further support for this hypothesis. Despite
excellent correlation (r?> = 0.88) between the two parameters, a mean ratio of 0.065
was calculated. This indicated the limited influence of solid fuel combustion emissions
on the total ambient organic carbon content and was suggestive of significant
contribution from additional sources. Optimisation of the AAE values employed in the
aethalometer model may improve the accuracy of source apportionment analysis.
However, even with an optimised AAE pair, it may prove difficult to distinguish
between natural SOA and enhanced SOA production caused by the fossil fuel

combustion emissions of traffic.

The measurements recorded at Pearse Street were compared to measurements recorded
a year previously at the urban residential monitoring site on the campus of University
College Dublin (September 2017 — August 2018). The magnitude of concentrations
observed at Pearse Street were greater than those recorded at University College
Dublin, despite evidence of similar temporal trends at both locations. A larger
distribution of concentrations was recorded at Pearse Street, particularly during
autumn and winter. There was a markedly greater contribution from solid fuel
combustion related emissions in the ambient aerosol sampled at University College
Dublin which was anticipated in a predominantly residential area. The location and
proximity to major sources of sampling inlets at both locations must be considered
when comparing the sampling sites; while the inlet at Pearse Street was located at
ground level, in close proximity to freshly emitted, dominant sources (traffic), the inlet
at UCD was located on the roof of a building, approximately 20 m above ground level.
This sampling site did not have any major sources directly in the vicinity allowing for

greater dispersion and aerosol mixing.
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5.1 AIMS

The principal aims of the work presented in this chapter are threefold: (1) to investigate
the seasonal variability of ambient carbonaceous aerosol in the town of Enniscorthy,
Co. Wexford and assess the contributions of fossil fuel and solid fuel combustion
related emissions in a small town reliant on solid fuel for residential heating; (2) to
estimate the accuracy of the newly developed ‘TC-BC’ method employed by the Total
Carbon Analyzer (TCA-08, Magee Scientific) for the on-line determination of EC and
OC in comparison to conventional thermal-optical methods when the EUSAAR_2
protocol is used for samples collected in this environment, and (3) to compare the
results with those recorded in the Source Apportionment of Particulate Matter in Urban
and Rural Residential Areas of Ireland (SAPPHIRE) report (Wenger et al., 2020)
which examined the dominant sources of PM.s at the same location during winter
2015. The key instruments used for this work were the seven-wavelength dual-spot
aethalometer (Drinovec et al.,, 2015) and the recently developed Total Carbon
Analyzer (Rigler et al., 2020). Following the deployment of the aethalometer and Total
Carbon Analyzer at the monitoring site, measurements began on December 1, 2019.
The instruments ran continuously until January 20, 2021, however the analysis
presented in this chapter will focus mainly on the time period from December 1, 2019

to November 30, 2020, inclusive; precisely a twelve month period.

The data collected during the campaigns will be used to assess the absolute
concentrations and seasonal variability of black carbon in this rural town. The source
apportionment model developed by Sandradewi, Prévot, Szidat et al. (2008) will be
used to ascertain the contributions made by solid fuel combustion and traffic-related
emissions to total ambient black carbon, using the parameters (asr = 1.68 and ot =
0.9) proposed by Zotter et al. (2017). These parameters were used previously during a
wintertime monitoring campaign (SAPPHIRE) at the same location in 2015 (Buckley,
2019; Wenger et al., 2020). Comparison of measurements obtained in 2015, 2020 and
2021 will inform an assessment as to whether ambient conditions have improved, and
if there has been a change in the dominant sources contributing the total mass
concentration throughout the intervening period and following the extension of a ban
on the sale of bituminous coal to include Enniscorthy from September 2020.
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The new ‘TC-BC’ method recently proposed by Rigler et al. (2020) utilises the total
carbon concentration, thermally derived by the Total Carbon Analyzer, and the black
carbon (BC) concentration, optically derived by the AE33 aethalometer. Using a
proportionality parameter, b, the BC is used to determine the equivalent elemental
carbon (eEC). The equivalent organic carbon content (eOC) is subsequently estimated
by subtracting the eEC from the total carbon measured. In February 2020, ambient
aerosol samples were collected on quartz fibre filters using a high volume air sampler
(DHA-80, DIGITEL) and the elemental and organic carbon content was measured
using a conventional thermal-optical method; the EUSAAR_2 protocol which is the
current European standard (CEN EN 16909). The comparison of both methods will be
used to evaluate the suitability of the ‘TC-BC’ method in this multi-fuel environment

and to estimate a proportionality factor appropriate in the Irish context.
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5.2 METHODOLOGY

5.2.1 Sampling Site

Ambient aerosol sampling took place on the grounds of the public library in the town
of Enniscorthy, Co. Wexford (52° 30" 1.44" N, 6° 34' 13.12" W) in the south-east of
Ireland, between December 1, 2019 and January 20, 2021. Instrumentation included a
multi-wavelength aethalometer (AE33, Magee Scientific), a high volume air sampler
(DHA-80, DIGITEL Elektronik GmbH), a Total Carbon Analyzer (TCA-08, Magee
Scientific) provided by Aerosol d.o.o., and an ultraviolet (UV) fluorescence sulfur
dioxide monitor (T100, Teledyne API). The instruments, with the exception of the high
volume air sampler, were installed in a mobile container. The high volume air sampler
stood independently at the same location. Results presented in this chapter are based
on analysis of data collected during a twelve month period (01/12/2019 — 30/11/2020).

The town, which is situated in the valley of the River Slaney, has a population of just
over 11,300 according to the census carried out by the Central Statistics Office in 2016
(CSO, 2016). The sampling site was located near the centre of the town, approximately
520 m south west of the train station. The M11, which connects Dublin and Wexford,
is 3 km east of the monitoring site, while the N30, a national primary road, is
approximately 3.5 km to the west. There were no major sources located in close

proximity of the site.

It is worth noting two significant events that took place during the sampling period
which may ultimately influence the results presented in this chapter; (1) the onset of
the COVID-19 pandemic in Ireland in late February 2020 and (2) the extension of the
‘Smoky Coal’ ban, which limits the sale, distribution and marketing of bituminous
coal, to include the town of Enniscorthy from September 2020 onwards. The
intermittent implementation of stringent travel restrictions and mandatory ‘stay at
home’ orders, aimed at curbing the spread of the coronavirus, presumably limited the
contributions from traffic-related emissions and led to an increase in solid fuel usage

for domestic heating as people spent the majority of their time at home.

Particulate matter (PM2s and PM10) mass concentrations were measured concurrently
at the monitoring site (FIDAS 200, Palas). The measurements were obtained from the
Environmental Protection Agency (EPA) to inform supplementary analysis presented
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in this chapter. Meteorological data was obtained from the Met Eireann weather station
located on the grounds of Teagasc in Johnstown Castle, Wexford; 24 km south east of
the sampling site (Figure 5.1). Meteorological parameters used in the analysis included

rainfall (mm), temperature (°C), wind direction and wind speed (m s™).
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5.2.2 Instrumentation and Analysis

A range of instruments were deployed during the monitoring campaign in Enniscorthy
to measure the absolute concentrations, and subsequently identify the dominant
sources contributing to the ambient carbonaceous aerosol. The principal instruments;
the multi-wavelength aethalometer and the Total Carbon Analyzer, operated on a
continuous basis with short stoppages for routine maintenance. Filter samples were
collected throughout February 2020 for off-line thermal-optical analysis. The SO>
monitor ran continuously between January 2020 and January 2021, inclusive. A
summary of the dates of operation and percentage data capture is provided in Table
5.1.

The multi-wavelength dual-spot aethalometer (AE33, Magee Scientific) measured
eBC concentrations continuously on a 60 second time basis with a flow rate of 5 L
mint. Default mass absorption cross section values were applied at each wavelength
to calculate the instantaneous concentration of black carbon. Source apportionment of
solid fuel combustion and traffic-related emissions was based on the aethalometer
model proposed by Sandradewi, Prévot, Szidat et al. (2008) and employed the Zotter

parameters of 1.68 and 0.9, respectively.

The Total Carbon Analyzer ran continuously during the sampling period on an hourly
basis. The instrument operated at a flow rate of 16.7 L min. The total carbon
concentration was determined by flash heating the sample collected on a quartz fibre
filter. The equivalent elemental and organic carbon concentrations were estimated
using the optically-derived black carbon concentrations, measured by the co-located
AE33 aethalometer (Eqn. 5.1).

OC=TC—-b-BC Egn.5.1

The proportionality parameter, b, is used to determine the eEC content from the
optically measured black carbon. The default value of 1 was applied in the initial
analysis of the on-line data. A site-specific value of b, representative of the ambient

wintertime conditions, was then calculated using the filter samples collected during
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the corresponding period. An orthogonal regression model was used to investigate the
linear relationship between the thermally-derived EC of the filter samples and the
optically-derived black carbon concentrations. This analysis was performed using the

‘Deming’ function of the MethComp software package (Carstensen et al., 2020).

The high volume air sampler (DHA-80, DIGITEL Elektronik GmbH) collected
ambient aerosol samples on quartz fibre filters between February 3 and 23, 2020. The
instrument operated at a flow rate of 500 L min and sample collection was of eight
hours duration, beginning at 07:00, 15:00 and 23:00, respectively. Filter samples were
analysed off-line at the Environmental Radioactivity Laboratory (Institute of Nuclear
and Radiological Science and Technology, NCSR ‘Demokritos’) in Athens, Greece
using a Laboratory OCEC Aerosol Analyzer (Sunset Laboratory Inc.). The
EUSAAR_2 protocol was employed and analysis adhered to the CEN approved
European standard for measurement of elemental and organic carbon collected on

filters.

Additionally, the ambient concentration of sulfur dioxide (SO2) was measured
continuously at 60 second intervals from January 2020 onwards using a UV
fluorescence sulfur dioxide monitor (T100, Teledyne API). A detailed description of

the instruments and analysis techniques employed is provided in Chapter 2.

Table 5.1 Summary of instrumentation deployed at the Enniscorthy sampling site. Percentage data
capture is representative of the sampling period between December 2019 and November 2020,
inclusive.

Dates of Operation Data Capture
%
Aethalometer AE33 01/12/2019 - 20/01/2021 98.5
Ambient Air Sampler DHA-80  03/02/2020 — 23/02/2020 93.7
Total Carbon Analyzer  TCA-08  01/12/2019 — 20/01/2021 88.3
Sulfur Dioxide Monitor  T100 17/01/2020 — 20/01/2021 92.9
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5.3 RESULTS AND DISCUSSION

5.3.1 Meteorological Data

The meteorological data presented was obtained from the Met Eireann weather station
located on the grounds of Johnstown Castle (52° 17' 52.8" N, 6° 29' 49.2" W),
approximately 23.5 km south east of the monitoring site and 62 m above sea level. A
monthly summary of the meteorological parameters observed during the sampling

period are provided in Table 5.2.

Maximum temperatures were recorded during the summer months, reaching a
maximum of 22.3 °C in both June and August 2020. February 2020 was the coldest
month on average; temperatures ranged between 0.2 °C and 12.3 °C (Figure 5.3).
Predominant winds originated in the south west throughout the sampling period,
however strong north easterly winds were recorded in March and April 2020 (Figure
5.4). Lowest wind speeds were recorded during the summer months. A number of
storms were recorded during the measurement period; Storms Atiyah and Elsa
(December 2019), Storm Brendan (January 2020), Storms Ciara, Dennis and Jorge
(February 2020) and Storms Ellen and Francis (August 2020).
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Figure 5.2 Temporal profile of temperature, precipitation and wind speed recorded during the sampling
period (December 2019 - November 2020).
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Table 5.2 Hourly meteorological parameters recorded at Johnstown Castle, Co. Wexford.

Precipitation (mm)

Temperature (°C)

Wind Speed (m s?)

Mean Range Mean Range Mean Range

Dec 2019 0.13 0-4.2 7.00 0.0-123 4.99 0-13.89
Jan 2020 0.14 0-5.0 6.81 -0.7-11.2 468 0-15.43
Feb2020 0.22 0-6.5 6.64 02-123 6.68 0-13.89
Mar 2020  0.06 0-34 6.67 0.8-122 524 0-10.80
Apr 2020 0.07 0-38 9.55 29-187 378 0-11.83
May 2020 0.02 0-34 11.48 19-203 4.20 0-11.83
Jun 2020 0.13 0-8.6 13.64 6.0-223 432 0-10.80
Jul 2020 0.12 0-9.6 14.59 85-216 4.23 0-9.77

Aug 2020  0.17 0-74 15.46 70-223 415 0-13.89
Sep 2020 0.07 0-3.6 13.58 45-209 4.09 0-9.77

Oct 2020 0.18 0-7.1 10.52 48-152 5.08 0-12.86
Nov 2020  0.17 0-79 9.27 21-146 492 0-11.83
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5.3.2 Particulate Matter

PM2s and PMi1o mass concentration data was provided by the Environmental
Protection Agency. The hourly concentrations varied with seasonality. Average
concentrations were highest during winter (December 2019 — February 2020), while
the lowest concentrations were recorded during the summer months (June — August
2020). This can be explained by the increased levels of solid fuel combustion,
corresponding with lower ambient temperatures. A summary of the recorded mass

concentrations is provided in Table 5.3.

Despite general adherence to EU legislation, a number of instances of exceedance of
PM1o 24-hour average concentration limits (50 pg m=) were recorded in Enniscorthy
between December 2019 and November 2020, as shown by the temporal profile in
Figure 5.5. Maximum hourly concentrations of 350.3 pg m= and 360.5 ug m= were
recorded for PM2.s and PMyo, respectively, in January 2020. Annual average EU limits
of both PM25 (20 pg m) and PM1o (40 ug m=) were complied with over the twelve
month sampling period. The stringent annual average guideline proposed by the WHO
(at the time of sampling) of 20 ng m= PM1 was also adhered to, despite an exceedance
of the recommended average level of PM2s (10 ug m3). The WHO guideline limits
have subsequently been reduced further. As of 2021, the WHO recommends
concentration limits of 15 pg m= and 45 pg m™ for annual and 24-hour mean values
of PMuo, respectively. Stringent limits of 5 ug m? and 15 ug m? have been

recommended for annual and 24-hour mean values for more damaging PM2 s particles

Table 5.3 Summary of PM mass concentration recorded in Enniscorthy (December 2019 - November
2020).

PM2s (ng m?) PMio (pg m)

Mean Range Mean Range
Winter 19.77 0.3-350.3 23.73 0.4 -360.5
Spring 12.73 0.3-121.7 17.47 0.5-131.6
Summer 5.58 05-24.7 9.06 1.1-321
Autumn 13.14 0.3-209.0 17.35 0.8 -217.7
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Figure 5.5 Temporal profile of daily average PM,s and PMj; mass concentration measured in
Enniscorthy (December 2019 - November 2020). The dashed line indicates the EU 24-hour average
limit of 50 ug m.

Diurnal trends also varied with seasonality (Figure 5.6). A significant increase in PM2s
concentrations was observed during the eveningtime in winter (December 2019 —
February 2020). In general, mean concentrations peaked at 19:00. A number of outliers

are illustrated by the boxplot showing the average diurnal profile. These outliers are
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associated with periods when wind speeds were low, resulting in little pollution
dispersion. However, the distance in location, between the monitoring site and the
weather station, must be considered. The highest concentrations correspond with the
time of day typical of domestic solid fuel burning. During the colder season, a
temperature inversion is also likely at this time which can also lead to limited
dispersion of emissions. Measured concentrations were significantly lower during the
summer months and a more uniform diurnal profile was observed, with little variation
throughout the day. This is indicative of a single dominant source, producing
consistent concentrations of particulate matter throughout the day. Assuming traffic
counts were similar in winter and summer, it was estimated that there was an increase
of approximately 49% in morningtime PMzs concentrations in winter, most likely
associated with lower temperatures. The emissions related to domestic heating were
estimated by comparing the morningtime concentrations of PMys with the
significantly increased eveningtime levels. Assuming traffic volumes are comparable
morning and evening, solid fuel combustion emissions account for an estimated 70%

of the total mass concentration.
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Figure 5.6 Diurnal variation in mass concentration of PM2 s during winter (December 2019 - February
2020) and summer (June - August 2020) months in Enniscorthy.
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5.3.3 Equivalent Black Carbon

The multi-wavelength aethalometer was employed in the assessment of black carbon
concentration on a continuous basis between December 2019 and November 2020 in
Enniscorthy. The data capture for the instrument over the duration of the sampling
period was 98.5%. Absent data is due to instrument stoppages for the purposes of

routine maintenance, such as filter tape changes and clean air tests.

A strong correlation (r? = 0.88) was observed between the ambient eBC concentration
and PM mass concentration at this monitoring site throughout the sampling period
(Figure 5.7). Equivalent black carbon contributed a mean value of 8.5% to the total
PM2 s mass concentration over the entire sampling period. This contribution fluctuated
with seasonality. Equivalent black carbon accounted for 9.3%, 7.9%, 8.5% and 7.9%
of PM25 mass concentration during the winter, spring, summer and autumn seasons,
respectively. It is interesting that the contribution of eBC to total mass concentration
did not increase significantly during the winter months, when solid fuel burning was,
presumably, at a maximum, comparative to the summer months. This observation
suggests that other constituents of ambient particulate matter, including traffic-related

emissions, must fluctuate correspondingly throughout the year.
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Figure 5.7 Comparison of eBC and PM.s mass concentration measured in Enniscorthy (December
2019 - November 2020).
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5.3.3.1 Temporal Trends

The temporal profile of the measured equivalent black carbon is presented in Figure
5.8. The highest concentrations of eBC were measured during the colder, winter
months. The concentration reduces dramatically in the summer months. A maximum
hourly concentration of 41.08 ug m= was recorded in December, 2019 at 21:00. This
is higher than any hourly equivalent black carbon concentration recorded at the
designated traffic site on Pearse Street in Dublin city centre the previous year (Chapter
4). In a rural location such as Enniscorthy, without access to a natural gas supply, the
presence of eBC attributed to solid fuel combustion (eBCsk) is anticipated throughout
the winter, regardless of daily ambient temperature. Therefore, a linear relationship
between temperature and BC levels was not anticipated. However, there is a noticeable
difference in the percentage contribution from solid fuel burning emissions when
ambient temperatures are below 0 and above 9, decreasing from 87.4% to 61.0%,
respectively. Ambient eBC concentrations declined substantially between June and
August 2020, when a mean hourly average concentration of 0.37 ug m was recorded.
During this period hourly average concentrations did not exceed 3.5 pg m=. A
summary of the hourly average measured equivalent black carbon is provided in Table
5.4.
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Figure 5.8 Temporal profile of equivalent black carbon concentration (December 2019 - November
2020).
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Wind speed had a distinct effect on ambient eBC concentration; in general, increased
wind speeds resulted in decreased concentrations (Figure 5.9). Wind direction did not
influence the measured concentrations to the same extent, as high concentrations of
eBC originated in several directions relative to the sampling site in winter, spring and
autumn, consistent with the surrounding residential areas. Wind direction appeared to
impact the levels of eBC during the summer months. This was strongly influenced by
one week of sustained high levels of eBC in August (09/08/2020 — 16/08/2020) when
prevailing winds were northerly; however the overall low absolute concentrations
must be considered. The distance between the sampling site and weather station must
also be accounted for. Co-location of air quality sampling and meteorological data
collection would have been preferable. The unique geography of the sampling site,
situated in the valley of the River Slaney, may exaggerate ambient temperatures, but

will have little, if any, effect, on the wind speed or direction.
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Table 5.4 Summary of hourly average eBC concentrations recorded in Enniscorthy between December 2019 and November 2020.

Equivalent Black Carbon (ug m) eBCsr eBCrr

Mean + SD Minimum Maximum % %
Dec 2019 2.82+4.82 0.02 41.08 74.16 25.84
Jan 2020 2.73+4.78 0.01 38.75 69.95 30.05
Feb 2020 1.29+2.10 0.00 16.23 70.42 29.58
Mar 2020 1.46 £2.33 0.01 20.08 69.50 30.50
Apr 2020 1.20+1.48 0.01 12.87 60.25 39.75
May 2020 0.59+0.76 0.04 9.69 48.29 51.71
Jun 2020 0.38 £+0.28 0.01 1.90 38.38 61.62
Jul 2020 0.29+0.24 0.00 3.32 35.40 64.60
Aug 2020 0.44+£0.35 0.00 3.12 32.70 67.30
Sep 2020 0.66 +1.00 0.01 13.50 43.65 56.35
Oct 2020 0.84 £1.09 0.01 8.66 61.90 38.10
Nov 2020 142 £2.43 0.00 23.48 71.30 28.70
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5.3.3.2 Diurnal Trends

Similar to PM mass concentrations, seasonality affected the diurnal pattern of
measured eBC. As previously stated, the highest concentrations of eBC were recorded
during the winter months. Concentrations decreased dramatically between June and
August, before rising again in the autumn. The diurnal profile revealed a strong peak
in the eveningtime during the winter, spring and autumn seasons. Concentrations
began to rise sharply from approximately 15:00 onwards. Source apportionment
analysis attributed this dramatic increase in ambient concentration exclusively to solid
fuel combustion emissions (Figure 5.10), confirming the popularity of solid fuel as the
preferred source of domestic heating during the colder months in this small town.
Furthermore, it demonstrates the impact of solid fuel usage on the local air quality.
When isolated, the diurnal profile of eBCr; is reasonably constant throughout the year;
seasonal variability had scarcely any impact. This implies that the poor air quality
experienced by the town is caused almost exclusively by solid fuel combustion and

could be drastically improved by implementing measures to curtail usage.

There is little diurnal variation during the summer months as concentrations of eBC
are constant throughout the day. Despite a small contribution from UV absorbing
species, the majority of the eBC is attributed to traffic-related emissions in June, July
and August 2020.
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Figure 5.10 Seasonal diurnal profiles of eBC attributed to solid fuel burning and traffic-related emissions in Enniscorthy (December 2019 — November 2020).
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5.3.3.3 Source Contribution

As previously stated, the aethalometer model was applied, using AAE values of 1.68
and 0.9, to attribute eBC to solid fuel burning and traffic-related emissions,
respectively. The contribution of solid fuel emissions varied with average ambient
temperature, as illustrated by Figure 5.11. Accordingly, contributions from solid fuel
combustion related emissions were at a maximum during the winter months (71.6%)
when domestic solid fuel burning was most prevalent. This is consistent with the
estimated contribution of solid fuel combustion emissions to total PM2s mass
concentration (70.4%). Contributions from traffic-related emissions were highest in
June, July and August 2020; mean monthly percentage contributions were 61.6%,
64.6% and 67.3%, respectively, corresponding to a period when the absolute
concentration of eBC was considerably reduced. However, it is interesting that eBCse
was not entirely eliminated at any stage throughout the year, and continued to impact

the ambient conditions, albeit to a lesser extent, during the summer.

AAE ~1 is indicative of an environment dominated by fossil fuel combustion, such as
designated traffic sites. The high frequency of AAE tending towards ~2 was suggestive
of the presence of biomass or solid fuel combustion. The frequency distribution of
AAE measured in Enniscorthy, shown in Figure 5.12, was well defined between 1 and
2, and the low kurtosis demonstrated indicates the absence of outlier data points.
Percentage source contribution observations were consistent with the recorded AAE
which was shifted towards higher values, indicative of a solid fuel dominated
environment during the winter months (x = 1.47). The atmosphere was dominated by
solid fuel combustion emissions to a lesser extent in the spring (x = 1.39) and autumn
(x = 1.38), when ambient temperatures increased slightly, confirmed by comparable
contributions from solid fuel related emissions during corresponding seasons, 59.3%
and 58.9%, respectively, according to the aethalometer model output. Interestingly,
both spring and autumn appeared to exhibit tri-modal distribution, suggestive of
multiple sources contributing to increased absorption at lower wavelengths. If this was
caused by multiple fuel types, it is interesting that a similar distribution was not
observed during the winter, when solid fuel combustion is most prevalent. It is possible
that the unique distribution is linked with biogenic sources or enhanced
photochemical-induced oxidative processes associated with seasonal variability.

Similar distribution during spring and autumn was also indicative of the dynamic
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situation between summer and winter, when dominant sources influencing ambient

aerosol alter.

The lowest mean AAE (1.23) and the lowest contribution attributed to solid fuel related
emissions was recorded during the summer months. Similar to the mean percentage
source contribution determined by the aethalometer, the average AAE suggested a
minor influence from solid fuel burning emissions on the ambient atmosphere during
this period. Although it was the lowest average value recorded at this sampling site,
the AAE is higher than those measured at typical ‘traffic sites’. However, accounting
for the significantly reduced absolute concentration, the sharp distribution indicates

one dominant source of eBC.
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The tri-modal distribution of AAE observed during spring and autumn was noteworthy
and demonstrates the complex environment of Enniscorthy. The mean and median
values were similar during both seasons, and the peaks appeared at similar AAE values
(Figure 5.12). If this unique frequency distribution was caused solely by the variety of
solid fuel types used for domestic heating, a similar distribution would be expected
during the winter, when solid fuel combustion was prevalent. This, however, was not

the case.

The observed peaks were isolated and the diurnal patterns of the identified AAE were
investigated (Figure 5.13). Similar diurnal profiles were obtained in both Spring and
Autumn. Low AAE values (1.19 < a < 1.28) were dominant in the morningtimes,
possibly associated with traffic-related emissions, while higher AAE values (1.41 < a
<1.55) prevailed in the afternoon and eveningtime, corresponding with increased solid
fuel burning. Secondary organic aerosol (SOA) formation from biogenic precursors is
often enhanced by substantial levels of several anthropogenic pollutants, such as NOx,
SO2 and Os, in residential and urban areas (Minguillon et al., 2016).
Anthropogenically-driven SOA formation, of biogenic origin, may subsequently
amplify the observations made in spring and autumn. The diurnal profiles were also
consistent with observations made by Lee et al. (2017) who noted the relationship
between primary organic aerosol constituents and black carbon associated with traffic
emissions during morning rush hour, while considerable formation of secondary
organic aerosol (SOA) coatings on black carbon particles due to photochemistry was

prevalent in the afternoon.

There did not appear to be an association between the periods in which the isolated
AAE values were observed and the corresponding wind direction (Figure 5.14).
However, the absence of a tri-modal distribution in winter may be explained by wind
speeds. The highest wind speeds were recorded during the winter months, with a mean
hourly wind speed of 5.4 m s, reaching a maximum of 15.4 m s*. The high wind
speeds potentially removed fresh emissions and, in addition to long range
transportation, carried air masses containing aged particles to the environment. Such
air masses, combined with black carbon particles attributed to solid fuel combustion,
ubiquitous in the ambient aerosol in wintertime, may have obscured any interesting
distribution frequency unique to this locality. If so, it is possible that the distribution

frequency observed in spring and autumn is a true reflection of the fresh emissions
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dominating the local ambient aerosol; the lower wind speeds recorded may have
resulted in less pollution dispersion. Detailed chemical composition analysis,

including a complete characterisation of organic and secondary organic aerosol, is
required for further explanation.
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Figure 5.13 Diurnal profile of isolated AAE contributing to overall tri-modal distribution observed during the spring (March — May 2020) and autumn (September —

November 2020) seasons.
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Figure 5.15 shows the linear relationship between hourly average measurements of
sulfur dioxide (SO.) and eBC and PM s in January and February 2020. Both SO and
eBC are considered primary emissions and are associated with combustion. A good
correlation was observed between the two parameters (r?> = 0.62). The correlation was
improved significantly (r> = 0.77) when both parameters were averaged over
corresponding 24-hour periods. A correlation could not be established between the
parameters during the summer months. However, extremely low concentrations of
both species were observed during this time. Mean concentrations of 3.58 ug m= and
0.37 ug m were recorded for SO and equivalent black carbon, respectively (June —
August 2020). Similar correlation was observed between SOz and PM2s measured
during the winter period (r? = 0.63), despite significantly higher concentrations of
PM2s.
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5.3.4 Elemental Carbon (EC) and Organic Carbon (OC)

Filter samples were collected using a high volume air sampler (DHA-80, DIGITEL
Elektronik GmbH) throughout February 2020. The filter samples were collected at
eight-hour time intervals, starting at 07:00 (morning), 15:00 (evening) and 23:00
(night), respectively. A total of 59 samples and 3 field blanks were collected.
Following sample collection, the ambient concentration of elemental, organic and total
carbon was measured by the thermal-optical analysis of filters, as outlined in Chapter
2. The samples collected were representative of typical wintertime conditions in the
town of Enniscorthy.

The total carbon concentration measured on the field blanks had a mean value of 0.27
nug m= and did not exceed 0.40 pg m3. In the ambient samples collected, the total
carbon content ranged between 0.40 ug m* and 35.26 pg m=. Mean total carbon
concentrations of 3.30 pg m, 11.63 pg m= and 3.05 pg m were determined for the
various sampling periods; morning, evening and nighttime, respectively. Total carbon
concentrations were at a maximum in the evening (15:00 - 23:00), corresponding with
the time of day when solid fuel burning for domestic heating was most prevalent. The
mean concentration of ambient total carbon measured during morning and nighttime
was comparable. Total carbon accounted for, on average, 34.5% of PM25s measured
concurrently at the sampling site. Hourly PM2 s measurements were averaged to match
the corresponding filter sampling period. Excellent correlation between the two

parameters was observed (r? > 0.94).

The thermal-optical protocol (EUSAAR_2) employed in the analysis of filter samples
allowed for the determination of elemental (EC) and organic (OC) carbon content.
Concentrations of EC and OC measured in Enniscorthy in February 2020 ranged
between 0.04 pg m2and 7.57 pg m= (x = 1.19 pg m3), and 0.40 ug m= and 27.69 pg
m=3 (x = 4.95 ug m=), respectively. Organic carbon accounted for the majority of the
total carbon present in each sample, approximately 82.9%. The contribution of OC to
the total carbon content was consistent throughout the day; morning (80.96%), evening
(81.18%) and nighttime (86.77%), however absolute concentrations increased
significantly in samples collected between 15:00 and 23:00 (Figure 5.16). During this
time period, the mean concentration of OC was 9.41 ug m. Large concentrations of

organic carbon were indicative of the strong influence of solid fuel burning in the
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locality at this time of day. Shorter time intervals in filter collection would provide a

clearer diurnal profile.
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Figure 5.16 Mean concentration of elemental and organic carbon measured during the morning,
evening and night in Enniscorthy (February 2020).

Figure 5.17 illustrates the dominance of OC contribution to total carbon content
throughout each sampling interval. Contributions from EC were at a minimum at
nighttime, between 23:00 and 07:00, corresponding with periods when traffic counts
in the locality were also at a minimum. Traffic count data were obtained from the
Transport Infrastructure Ireland website (TII, 2021). The OC/EC ratio was also
investigated. This ratio is often used to identify the dominant sources; solid fuel
burning or traffic-related emissions, contributing to ambient carbonaceous aerosol. A
mean OC/EC ratio of 5.31 was determined for Enniscorthy, ranging between 2.54 and
12.43. The ratio was lowest in the evening samples (15:00 — 23:00) when there were
greater volumes of traffic present (x = 4.36). This increased to a mean value of 7.10 in
samples collected at night. This is most likely explained by the significant reduction
in traffic, in addition to the occurrence of aging processes throughout the night of the
particles emitted during the combustion of solid fuels in the eveningtime. The OC/EC

ratio is highest in samples with a high percentage contribution from organic carbon to
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total carbon mass concentration; indicative of the strong influence of solid fuel, most
likely wood and peat, combustion. In a study presented by Ni et al. (2018) OC/EC
ratios of 5 and 2.38 were proposed as indicators of environments dominated by
biomass and coal combustion, respectively. The ratios determined at this location are

indicative of an environment strongly influenced by biomass burning emissions.

The relationship between organic carbon, elemental carbon and the source apportioned
equivalent black carbon, eBCsr and eBCtr, was examined. Poor correlation was
observed between eBCrr and both organic and elemental carbon (r?> < 0.4), while the
correlation between eBCsr and organic and elemental carbon was much stronger; r?
values of 0.76 and 0.79, respectively, were obtained. The eBC data was averaged over
an 8-hour period to correspond with the filter sample collection periods. Assuming
correct apportionment of the equivalent black carbon, the strong correlation between
eBCsr and organic carbon was anticipated, particularly in an environment dominated
by solid fuel combustion emissions. The strong correlation between eBCsr and
elemental carbon, comparable to that between eBCsr and organic carbon, is
interesting. It is possible that it is due to the use of coal, despite the OC/EC ratio
suggestive of strong influences from biomass burning. It is also possible that volatile
organic compounds associated with vehicular emissions contributed SOA formation

and led to the artificial enhancement of eBCsk concentration.
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5.3.4.1 Calculation of Mass Absorption Cross Section

Despite differing sampling periods and measurement techniques, a strong correlation
was observed between optically-derived equivalent black carbon and thermally-
derived elemental carbon (r2=0.95). In order to compare the measurements, equivalent
black carbon, measured by the aethalometer, was averaged over the corresponding

eight-hour sampling period used for quartz fibre filter sample collection.

The regression of the average absorption coefficient (babs) from the aethalometer and
the elemental carbon present on filter samples was investigated to determine a site-
specific mass absorption cross section (MAC) value. The aethalometer employed
default MAC values for each wavelength channel, as discussed in Chapter 2. The
calculation of the site-specific MAC value allows for assessment of the
appropriateness of the default MAC values in this environment. Figure 5.18 focuses
on measurements at wavelengths of 660 nm and 880 nm , at which default MAC values
of 10.35 m? g and 7.77 m? g, respectively, were applied in the aethalometer
software. The slope of the regression line was indicative of the estimated average MAC
value for this site; 14.36 m? g* and 9.48 m? g at 660 nm and 880 nm, respectively.
Both are marginally greater than default values. It is worth noting that the calculated
site-specific MAC value is representative of wintertime only at this location, as filter
samples were only collected during the month of February. The determined value can
be affected by seasonality, primarily due to the variation in dominant sources

throughout the year.
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Figure 5.18 Calculation of site-specific mass absorption cross section values at 660 nm and 880 nm in
Enniscorthy. Samples used in the analysis were collected during February 2020.
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5.3.4.2 Fractions of EC and OC

To ensure consistent assessment of air quality across Europe, EU member states must
employ standardised measurement techniques and procedures. The EUSAAR_2
thermal-optical transmittance protocol is the current, recommended protocol for the
measurement of elemental and organic carbon content collected on quartz fibre filters
(European Committee for Standardization, 2017). This eight-step temperature protocol
measures the optical properties of the sample throughout the analysis and incorporates
a laser beam as a correction technique for pyrolysed carbon (PC). Pyrolytic carbon is
formed when thermally unstable organic carbon (OC) chars under an inert atmosphere
(He mode) and usually desorbs off the filter under an oxidising atmosphere (He/O>
mode), similar to true elemental carbon (EC). Failing to correct for PC results in an
underestimation of OC and an associated overestimation of EC (Cavalli et al., 2010).
A further advantage of the conventional thermal-optical method of elemental and
organic carbon determination is the evolution of carbon content at increasing
temperatures under an inert and an oxidising environment, providing information
about aerosol composition based on relative volatilities. This information can be
indicative of the dominant sources contributing to the ambient aerosol and how fresh

or aged the collected sample is.

The elemental and organic fractions correspond to the temperature protocol. A
summary of the contributions of elemental and organic carbon fractions to total mass
concentration is provided in Table 5.5. Organic carbon contributed approximately
28.5% of the total PM2s concentration. In general, OC fractions, organic compounds
that desorb in an inert environment, contribute more to ambient mass concentration
than EC fractions. A temporal profile of the EC and OC fractions is visually
represented by Figure 5.19.
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Table 5.5 Summary of contributions of elemental and organic carbon fractions to corresponding PM3 5
concentrations recorded in Enniscorthy (February 2020).

Percentage Contribution (%)

Mean Minimum Maximum

OC/PMz5 28.48 5.87 52.01
EC/PM_; 6.37 0.60 16.53
TC/PM2s 34.85 6.47 68.54
OC1/PMys 6.46 1.05 13.29
OC2/PMzs 7.69 1.51 15.65
OC3/PMzs 5.29 1.46 10.02
OC4/PM2s 4.02 1.22 8.27

PC/PM_s 5.00 -0.59 11.63
EC1/PM;s 2.16 -0.86 5.88

EC2/PM;s 4.01 0.20 11.65
EC3/PMy; 3.75 0.35 11.48
EC4/PM_s 1.46 0.19 5.56
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Figure 5.19 Temporal profile of elemental and organic carbon fractions contained in samples collected
in Enniscorthy (February 2020).
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Because the analysis provided four different OC fractions and four different EC
fractions, it is of interest to investigate whether the different fractions were associated
with different temporal trends in a consistent way, i.e. it is useful to perform a form of
factor analysis on the data matrix to examine whether common trends emerge for some
species, or groups of species. To this aim, the OC/EC data was further analysed using
the Positive Matrix Factorization (PMF) multi-variate factor analysis tool (Version
5.0.14), developed by the US EPA (Norris et al., 2014) based on the multi-linear
engine developed by Paatero (1999).

Conceivably, it is a possibility to merge the data with other measured parameters, such
as levoglucosan and gas-phase species like NOx and SO, averaged to match the filter
collection periods, but one major limitation of the dataset is the small number of
samples, so including additional parameters would result in an unacceptably low
sample to variable ratio for meaningful PMF analysis. Because of the low number of
samples, it is not appropriate to carry out this analysis with a view to generating source
contribution estimates, but the factors resulting can nevertheless potentially inform
further discussion on the nature and character of the carbonaceous aerosol in the

locality in terms of i) how many major sources appear to influence the aerosol levels?
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and ii) what are their apparent temporal cycles? Results from the PMF analysis are
presented in Figure 5.20. Factor analysis can provide several possible solutions. The
optimal solution, best representing the real conditions, should be supported by
quantitative indicators, including the evaluation of the Q-value; ‘a goodness of fit
parameter’ (Belis et al., 2014 and references therein). It is important to monitor
changes in the Q-value as additional factors are calculated. Once the appropriate
number of factors are included in the fit, there will be no further improvements in the
Q-value, indicating that the optimal solution has been determined. A solution with too
few or too many factors may result in the combination or over-splitting, respectively,
of important factors contributing to the sample. It is also important to bear in mind that
the original number of variables is only nine, and the aim of PMF is to achieve a
meaningful dimension reduction and extract plausible source profiles. Therefore a
useful solution should contain more than two but less than nine factors. In this study,
several solutions involving 3 to 5 factors were generated. Ultimately a three-factor
solution was selected, and this solution potentially involves a split traffic factor, but
the US EPA tool does not allow less than three factors to be extracted. Factor 1 appears
to be dominated by organic carbon. Factor 2 has contributions from organic carbon,
and the least volatile fractions of elemental carbon; EC3 and EC4. In contrast,
elemental carbon compounds, particularly EC1 and EC2, dominate Factor 3, despite a
similar temporal trend to Factor 1. Presumably Factor 3 is closely associated with
traffic-related emissions and the combustion of fossil fuels. All three factors show
peaks in the eveningtime, between 15:00 and 23:00. Conclusions regarding temporal
trends of the factors are limited by low time resolution of filter sample collection. But
the analysis does suggest that the sources influencing the character of the carbonaceous
aerosol and the temporal trends of same, are limited to a very small number of

categories, in line with the divide between fossil fuel and biomass sources.

High time resolution filter sample collection throughout the year would provide a
comprehensive dataset, accounting for temporal and seasonal variability.
Incorporation of detailed chemical composition data, and concurrent measurements of
unique markers or specific compounds, as well as gas-phase species like NOx and SO,
could vastly improve the information value of the PMF output. Such a technique may
also allow for discrimination between aged and fresh particles, providing further

insights into the influence of local and regional sources.
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5.3.5 On-line Measurement of Carbon Content

Measurements collected by the Total Carbon Analyzer (TCA-08, Magee Scientific) at
the Enniscorthy monitoring site between December 2019 and November 2020 are
provided. As outlined in Chapter 2, the instrument employed a thermal method to
determine total ambient carbon concentration at a high time resolution (1 hour). The
total carbon was subsequently separated into equivalent elemental carbon (eEC) and
equivalent organic carbon (eOC) fractions, using the ‘TC-BC’ method (Rigler et al.,
2020). This approach relied on the optical determination of black carbon by the

aethalometer. Organic carbon is calculated as:

OC=TC—-b-BC Eqn.5.1

where the parameter, b, relates the optical measurement of black carbon (BC) to the
thermal measurement of elemental carbon (EC). The default value of b is one, thus
assuming the equivalence of optically measured black carbon and thermally derived
elemental carbon. This parameter can vary with location and seasonality, and also
depends on the thermal protocol employed to assess the elemental carbon content in

conventional thermal methods.

The temporal profile of the on-line measurement of total carbon is shown in Figure
5.21. Similar to PM2s and optically derived equivalent black carbon, the highest
concentrations were observed during the winter months, where a maximum hourly
concentration of 157.37 ug m was recorded in January 2020. The average total carbon
concentration during the winter was 9.30 ug m=. This decreased significantly during
the summer months, when a mean value of 1.68 ug m= was recorded (Table 5.6).

A strong diurnal trend in total carbon concentration was observed (Figure 5.22).
Despite variation in absolute concentration, similar trends were observed throughout
winter, spring and autumn. Concentrations increased in the eveningtime, from
approximately 16:00 until a maximum was reached between 18:00 and 21:00,
consistent with the PM and eBC patterns observed. There was little diurnal variation

in carbon concentration detected during the summer months. Concentrations were
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consistently low; exceeding 10 ug m= only on three occasions. Measured TC was

below 5 ug m= over 99% of the sampling period during the summer months.

Table 5.6 Summary of total carbon recorded hourly in Enniscorthy (December 2019 - November 2020).

Total Carbon Concentration (ng m=3)

Mean (x SD) Range
Winter 9.30 (x 15.2) 0.0 -157.37
Spring 5.34 (£ 7.0) 0.11 -65.53
Summer 1.68 (£ 1.6) 0.14 — 48.07
Autumn 4.09 (+ 6.8) 0.0 — 99.55
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Figure 5.21 Temporal profile of total carbon hourly concentration measured on-line by the Total Carbon Analyzer in Enniscorthy (December 2019 — November 2021).
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Figure 5.22 Diurnal profiles of hourly total carbon recorded in Enniscorthy (December 2019 - November 2020).
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5.3.5.1 Determination of eEC and eOC

By applying the ‘TC-BC’ method, the eEC and eOC fractions were determined. This
method assumed that the optically derived black carbon and thermally derived
elemental carbon were equivalent. Table 5.7 provides a summary of the hourly
concentrations of eEC and eOC recorded during the sampling period by the Total
Carbon Analyzer in conjunction with the multi-wavelength aethalometer. Mean
concentrations of both eEC and eOC were at a minimum during the summer months,
when presumably there was significantly less contribution from solid fuel emissions.
Simultaneously, the overall mean eOC/eEC ratio was at its highest, despite little
variation in the diurnal profile of the eOC/eEC ratio from season to season (Figure
5.23). The increased eOC/eEC ratio during the summer months was unexpected. A
greater eEC influence was anticipated due to reduced contribution from solid fuel
combustion related emissions, and the resultant increased contribution from vehicular
emissions during the summer season, as indicated by the aethalometer data (Figure
5.11). It is possible that the strong influence of OC during the summer months can be
explained by secondary organic aerosol formation. Previous studies have noted the
dominance of SOA in aerosol composition during the summer months, largely
attributed to biogenic emissions (Aksoyoglu et al., 2011; Gelencsér et al., 2007; Zeng
& Wang, 2011). It is also possible that employment of the default value of b resulted

in an overestimation of the organic carbon content.

Measurements were made continuously on an hourly basis by the Total Carbon
Analyzer, while filter samples were collected over an eight-hour period, starting at
07:00, 15:00 and 23:00, respectively. The continuous TCA measurements were
averaged over the corresponding filter sampling period in order to compare the on-line
and off-line methods of carbon content determination. Excellent correlation was
observed between the two methods in the measurement of total, elemental and organic

carbon concentration (r? > 0.9) (Figure 5.24).

However, further investigation revealed the overestimation of TC, eEC and eOC
content, by the TCA, in the majority of measurements, in comparison to results
obtained by thermal-optical methods. The difference in sampling times, and
manipulation of data to match the corresponding period, may have had a negative

impact on the comparison. The proportionality parameter (b = 1) employed to convert
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eBC measurements to eEC may have also contributed to the discrepancy. Rigler et al.
(2020) noted the effect that location and seasonality, in addition to the thermal protocol
used for the determination of elemental and organic carbon content, have on the
proportionality parameter. The calculation of a site- and season-specific b value would,
perhaps, provide a more accurate on-line apportionment of equivalent organic and

equivalent elemental carbon content.
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Table 5.7 Summary of monthly equivalent elemental (eEC) and organic (eOC) carbon measured in Enniscorthy using the 'TC-BC' method (December 2019 — November 2020).

eEC (ug m3) eOC (ng m3) eOC/eEC

Mean Range Mean Range Mean
Dec 2019 2.95 0.01-52.19 7.92 -0.03 -100.38 3.42
Jan 2020 2.96 0.01-49.35 7.85 -3.85-108.02 3.82
Feb 2020 1.40 0.01-18.42 4.89 -0.06 — 47.28 4.83
Mar 2020 1.47 0.00 —23.15 5.45 0.08 —48.67 5.75
Apr 2020 1.21 0.02-13.34 4.93 0.23-46.77 5.61
May 2020 0.58 0.03-10.32 241 0.30-27.99 6.16
Jun 2020 0.36 0.00-1.61 151 0.31-5.63 5.84
Jul 2020 0.28 0.00-3.30 1.24 0.08 —47.75 5.91
Aug 2020 0.40 0.02-1.63 141 0.25-5.18 5.28
Sep 2020 0.70 0.01-14.20 231 0.21-33.73 4.82
Oct 2020 0.85 0.01-9.27 2.61 -1.90 - 37.09 4.43
Nov 2020 1.48 0.01-28.48 431 -1.52 - 71.07 3.81
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Figure 5.23 Seasonl diurnal profiles of eOC/eEC ratio measured in Enniscorthy by the TCA-08 (December 2019 - November 2020).
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Figure 5.25 Temporal comparison of off-line results of carbon content derived from filter analysis to
the hourly and 8-hour average on-line TCA-08 measurements.
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The linear relationship between thermally derived elemental carbon (EC) and optically
derived equivalent black carbon (eBC) is described as slope s, by applying an
orthogonal regression model (Figure 5.26). This analysis employed the ‘Deming’
function of the MethComp R software package (Carstensen et al., 2020). The b
parameter, used to relate the black carbon measured by the aethalometer to equivalent
elemental carbon, is described in Eqn. 5.2. This proportionality parameter was
determined as 0.71 for the samples used in the analysis. It is within the range of values
determined for numerous background locations in Europe (0.44 — 1.23), which also
employed the EUSAAR_2 protocol for conventional thermal-optical off-line analysis

of filter samples (Rigler et al., 2020).

Eqn. 5.2

vl

Samples used in this analysis were collected in February 2020. Therefore, the b value
of 0.71 is considered to be representative of the proportionality parameter appropriate
for use in Enniscorthy during wintertime. Seasonality, and associated changes in
source contributions, can influence the parameter. Filter samples collected throughout
the year, at times representative of each season, would allow for more accurate
determination of b. Employing the value of 0.71 for b improved the accuracy of the
on-line measurement of equivalent elemental carbon, when compared with the off-line
filter sample measurement of same. The reduction in eEC consequently increased the
estimated eOC content, resulting in an even greater discrepancy between the two

methods for measurement of organic carbon Figure 5.27.
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Figure 5.26 Comparison of thermally-derived elemental carbon (EC) and optically-derived black
carbon (BC) using linear (solid line) and orthogonal (dashed line) regression models.
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Figure 5.27 Comparison of on-line estimation of eEC and eOC using two values for the proportionality
factor, b; 1 and 0.71. The estimation is also compared with conventional off-line determination of
elemental and organic carbon.
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The Total Carbon Analyzer can also be used for the determination of total carbon
content of aerosol samples previously collected on quartz fibre filters. This thermal
analysis of the samples can be carried out in the ‘off-line” mode . The ‘Cleaning
Procedure’ and ‘Zero Verification’ procedure were carried out prior to analysis to
minimise contamination. A total carbon mass of below 0.5 ug is acceptable in terms
of reported carbon on a ‘clean’ filter following the ‘Zero Verification” procedure. All
‘Zero Verification’ procedures carried out were deemed ‘successful’. A punch (3.3
cm?) of the previously collected filter sample was placed on the ‘clean’ filter and one
thermal analysis cycle was performed. By providing the area of the punch, in cm?, the
TC content was calculated in pg cm.

Total Carbon Analyzer (Offline Mode)
»
»

y=1.04x-0.11, r*=0.993

DI ::'I 1ID 1l5 2IIJ
(OCEC Laboratory Instrument

Figure 5.28 Comparison of total carbon content determination (ug cm?) using two off-line techniques;
thermal-optical analysis (OCEC Laboratory Instrument, Sunset Laboratory Inc.) and thermal analysis
(Total Carbon Analyzer, Magee Scientific).

The thermal analysis of filter samples in ‘off-line’ mode were compared with the
conventional thermal-optical analysis which employed the EUSAAR_2 protocol
(Figure 5.28). Excellent correlation (r> > 0.99) was observed between the two
techniques. Assuming the thermal-optical analysis performed by the OCEC

Laboratory Instrument (Sunset Laboratory Inc.) determined the most accurate TC
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content, the percentage error in the TCA determination of TC ranged between 1.4%
and 28.7%. Figure 5.29 shows that, in general, the on-line measurement of total carbon
by the TCA is marginally greater than the off-line measurements, by the TCA (thermal
analysis) and the OCEC Laboratory Instrument (thermal-optical analysis). The
discrepancy is likely explained by the variable sampling periods; eight-hour filter

sample collection versus hourly on-line sampling.
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Figure 5.29 Total carbon concentration determined using various thermal and thermal-optical methods
of analysis; the OCEC Laboratory Instrument (Sunset Laboratory Inc.) and the Total Carbon Analyzer
(TCA-08, Magee Scientific) in on-line and off-line modes.

288



5.3.6 Comparison of Wintertime Air Quality in 2015, 2020 and 2021

The Source Apportionment of Particulate Matter in Urban and Rural Residential Areas
of Ireland (SAPPHIRE) project (2013-EH-MS-15) was commissioned by the
Environmental Protection Agency with the aim of identifying sources of PM2s in
residential areas of small towns in Ireland. Research was carried out by members of
the Centre for Research in Atmospheric Chemistry in University College Cork.
Measurement campaigns were conducted during the winter months in three small
towns in Ireland; Birr, Co. Offaly (November 2015 — January 2016), Enniscorthy, Co.
Wexford (January — February 2015) and Killarney, Co. Kerry (November — December
2014). The towns were selected based on certain criteria; no access to natural gas
supply, a population of < 15,000, and therefore outside areas subjected to the ‘Smoky
Coal’ ban, and a location where residents are likely to use solid fuel as a main source

of heating.

The project concluded that PM2s concentrations increased significantly during the
evening hours, often further exaggerated when wind speeds were low. PMas
measurements were particularly high in Enniscorthy; an average of 29.2 ug m= was
recorded over a 38-day period, while the WHO 24-hour average guideline was
exceeded on 42% of the days of the sampling period at this location (Wenger et al.,
2020). Solid fuel combustion related emissions contributed the majority of PM2s mass
at each location, 60%, 82% and 72% in Birr, Enniscorthy and Killarney, respectively,

while traffic emissions and sea spray had a minor influence on the total PM mass.

In recent years, numerous scientific, environmental and political campaigns have
heightened awareness surrounding the adverse effects poor air quality, including
increased levels of particulate matter, has on both human and planetary health. The
need to reverse the severe damage incurred on the Earth, and its atmosphere, by
humans is becoming increasingly obvious and urgent. A reduction in the emission of
greenhouse gases and particulate matter will be advantageous for both planetary and
human health. A number of studies have previously documented the positive impact
of limiting the use of certain solid fuels and particulate matter emissions
(Brimblecombe, 2006; Clancy et al., 2002; Goodman et al., 2009; Ma et al., 2019).
Severe pollution events in Ireland throughout the 1980’s were attributed to cold

temperatures and the increased use of solid fuel for domestic heating following the oil
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crisis in the 1970’s. Such severe episodes prompted the government to introduce a
number of measures to reduce the use of solid fuels, particularly bituminous coals. The
introduction of the ‘Marketing, Sale, and Distribution of Fuels Regulation’ in Dublin
in September 1990, colloquially known as the ‘Smoky Coal’ ban, resulted in a
significant decrease in black smoke concentrations (Buckley, 2019). Clancy et al.
(2002) reported a decrease in mortality associated with air pollution following the
implementation of the ban on the sale of bituminous coal in Dublin in 1990, while
Dockery et al. (2013) noted a reduction in hospital admissions consistent with the ban.
The ban was extended to include several new areas, including Enniscorthy, in
September 2020.

This section will focus on comparing the results of the SAPPHIRE project (January —
February 2015) with the current measurement campaign (January — February 2020)
and measurements made following the introduction of the ‘Smoky Coal’ ban in
Enniscorthy (December 2020 — January 2021) to identify and quantify any

improvements or deterioration in the ambient wintertime conditions (Table 5.8).

Table 5.8 Dates of sampling periods analysed for comparison of ambient wintertime conditions in
Enniscorthy.

Year Sampling Period

2015 08/01/2015 — 14/02/2015
2020 08/01/2020 — 18/02/2020
2021 08/12/2020 — 20/01/2021

290



5.3.6.1 Meteorological Conditions

Similar meteorological conditions were recorded during all measurement periods.
Figure 5.30 shows the daily maximum and minimum temperatures recorded during the
2015, 2020 and 2021 sampling periods. The daily-averaged wind speed is also
provided.

A similar range of temperatures were recorded in 2015 and 2021, while ambient
temperatures were slightly higher during the 2020 sampling period. However, there
was little variation in the recorded wind speed across all three sampling periods (4.99

< x <5.36), which is the most important meteorological factor in this context.

Temperature (°C)

(,_s W) paadg puipi

Maximum Temperature Minimum Temperature Wind Speed

BE 2015 BS 2020 B3 2021

Figure 5.30 Comparison of meteorological conditions during the 2015, 2020 and 2021 sampling
periods in Enniscorthy. Meteorological parameters were obtained from the Met Eireann weather
station located at Johnstown Castle, 24 km south east of the sampling site.
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Figure 5.31 Wind rose plot describing the wind speed and direction during the 2015, 2020 and 2021
sampling periods in Enniscorthy.
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5.3.6.2 Particulate Matter and Equivalent Black Carbon

The PM2s mass concentrations recorded in Enniscorthy decreased steadily since the
sampling period in 2015 (x = 29.2 ug m=) to an hourly average of 11.6 pg m=in 2021,
as shown in Table 5.9. Variation in instrumentation employed in the measurement of
mass concentration must be acknowledged; a TEOM was used during the 2015
SAPPHIRE project, while a FIDAS 200 was permanently installed prior to the 2020
and 2021 campaigns. The 2005 WHO guideline mean of 25 ug m= over a 24-hour
period was breached on 8 occasions in 2020 (19.1%) and on 2 occasions in 2021
(4.5%). This was a significant improvement on the number of exceedances in 2015
(42%). As in 2015, the highest concentrations of PM2s coincided with periods of low
wind speed. A considerable increase in PM mass concentration was observed in the
eveningtimes, rising sharply from approximately 15:00 onwards. This diurnal trend
was comparable to observations recorded in the SAPPHIRE report (Wenger et al.,
2020), despite considerably lower concentrations in latter years, indicating initial

benefits of solid fuel restrictions.

Black carbon, measured optically by the multi-wavelength aethalometer, was
investigated. Despite a continuous decrease in the mean hourly-average concentration
in equivalent black carbon between 2015 and 2021, similar maximum concentrations
were observed during the 2015 and 2020 sampling periods; 35.2 pg m= and 38.8 pg
m3, respectively. A substantially lower maximum level of eBC was recorded in 2021
(18.2 pg m®). Similar to the PM mass concentration, strong diurnal variation was
observed during all sampling periods; an intense evening peak attributed to solid fuel
combustion for domestic heating (Figure 5.32). Despite an overall reduction in
absolute concentrations, contribution from solid fuel related emissions to total eBC

remained relatively consistent.
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Figure 5.32 Diurnal profile of eBC measured in Enniscorthy during the 2015, 2020 and 2021 sampling
periods showing a strong peak in the eveningtime, attributed to emissions from solid fuel combustion.

A slight increase in eBCsr contributions to total eBC was observed between the 2020
(73%) and 2021 (83%) sampling periods. It is possible that it was caused by increased
solid fuel usage due to extended combustion hours associated with COVID-19 ‘stay-
at-home’ orders. However, it is also plausible that there was a reduction in bituminous
coal burning. As previously discussed, due to the infrared (IR) absorbing material
produced in coal combustion, these emissions may previously have been attributed to
the ‘traffic’ portion of total eBC. Following the implementation of the ‘Smoky Coal’
ban in September 2020, the source apportionment aethalometer model may have,

incorrectly, observed a reduction in ‘traffic’-related contributions.

The frequency distribution of the absorption Angstrém exponent recorded in
Enniscorthy during the 2015, 2020 and 2021 sampling periods are shown in Figure
5.33. Similar broad distributions were observed, with mean AAE values of 1.45, 1.47
and 1.54, respectively. The high frequency of AAE tending towards 2 indicated the
presence of solid fuel related emissions in the ambient environment. The increased
AAE recorded in 2021 suggests a stronger influence of UV-absorbing materials, as
indicated by the source apportionment analysis output (Table 5.9), potentially due to a
reduction in coal combustion emissions.
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Table 5.9 Hourly average eBC and PM s concentrations measured in Enniscorthy during winter sampling periods of 2015, 2020 and 2021.

2015 2020 2021

Mean (+ SD) Range Mean (+ SD) Range Mean (£ SD) Range
PM_s (ng m) 29.2 (£ 31.9) 0.0 -236.6 20.6 (£ 31.8) 0.3-350.3 11.6 (+ 13.2) 0.3-210.5
eBC (pg m?) 3.6 (+4.8) 0.01-35.2 2.4 (+ 4.9) 0.0-38.8 1.1 (+1.4) 0.0-18.2
eBC/PMys (%) 13.2 9.3 9.1
eBCsr/eBCrotal 0.80 0.73 0.83
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Figure 5.33 Frequency distribution of the absorption Angstrém exponent recorded in Enniscorthy
during the 2015 (top), 2020 (middle) and 2021 (bottom) sampling periods.
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5.3.6.3 Elemental and Organic Carbon

Ambient concentrations of organic, elemental and total carbon were assessed during
the 2015, 2020 and 2021 sampling periods. A summary of results from each
measurement campaign is provided in Table 5.10. Quartz fibre filter samples were
used to determine ambient carbonaceous aerosol, however the instruments, time
resolution and thermal protocols employed for analysis varied from year to year.
During the SAPPHIRE campaign (2015) a Semi-Continuous OCEC Carbon Aerosol
Analyzer (Sunset Laboratory Inc.) was used for filter sampling, 108 minute duration,
followed by 12 minute analysis using a modified version of the National Institute for
Occupation Safety and Health (NIOSH) 5040 protocol (Birch, 2003). This provided
average concentrations of elemental and organic carbon on a two-hour basis.
Collection and measurement of ambient samples during the 2020 campaign is outlined
in Chapter 2. Briefly, ambient samples were collected on quartz fibre filters using a
high volume air sampler (DHA-80, DIGITEL Elektronik GmbH) over an eight-hour
period and were subsequently analysed using an Organic Carbon/Elemental Carbon
(OCEC) Laboratory Instrument (Model 5L, Sunset Laboratory Inc.), which employed
the EUSAAR_2 protocol (Cavalli et al., 2010). Total carbon measurements were made
on-line using the Total Carbon Analyzer (TCA-08, Magee Scientific) during the 2020
and 2021 sampling periods. The ‘TC-BC’ method was employed to subsequently
determine the equivalent elemental and equivalent organic carbon fractions present in
each sample. Previous studies have concluded that total carbon concentrations
provided by common thermal protocols are comparable, however the quantification of
organic and, to a greater extent, elemental carbon content is dependent on such
protocols (Bautista et al., 2015; Karanasiou et al., 2015). This must be considered when

comparing results from both measurement campaigns.

Although comparable in 2020 and 2021, concentrations of EC and OC have decreased
significantly since 2015 (Table 5.10). Comparison of the mean OC/EC ratio during
each sampling period is usually indicative of a change in the dominant sources
contributing to the ambient carbonaceous aerosol. However, both elemental and
organic carbon contributions to PM2s mass concentrations appeared to remain
relatively constant between 2015 and 2020. This indicates that despite the marked
decrease in PM2s concentration, the dominant sources have remained relatively

unchanged. It is, therefore, likely that the inconsistency in OC/EC ratio is due to the
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inequivalent assignment of OC and EC content by different protocols employed in
analyses. However, comparison of thermal-optical analysis and thermal analysis
employing the ‘TC-BC’ method exhibited variation (2020). The SAPPHIRE report
concluded that ambient conditions were likely influenced by both biomass and coal
burning in 2015. The higher OC/EC ratio obtained during the 2020 and 2021 sampling
periods indicated that biomass has become the primary type of solid fuel used for
domestic heating, suggesting general compliance with the recent legislation. This is
further evidence of a change in the fuel mixture, consisitent with the increased AAE
values recorded in 2021 (x = 1.54), compared with 2015 (x = 1.45).

A significant reduction in the ambient concentration of each of PM1o, PM25 and eBC
was observed in the comparison of winter periods 2015, 2020 and 2021. The dramatic
decrease in ambient levels of pollutants following the curtailment of use of a single
fuel type (bituminous coal) provides scope for further restrictions of other types of
solid fuels to improve air quality. The dominance of solid fuel combustion emissions
in the environment has been established. Further chemical analysis is required to
discriminate between frequently used fuels and their respective contribution to total
mass concentration. By identifying the prevalence of each individual fuel type (i.e.
coal, wood and peat) the potential reduction in mass concentration can be estimated

pending further fuel usage restrictions in future.

Further long term measurements at this sampling site are required to continuously
monitor the impact of the ban on bituminous coal. Initial improvements in ambient air
quality are encouraging. Ideally, local residents will experience associated health

benefits similar to those reported by Clancy et al. (2002).
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Table 5.10 Organic and elemental carbon concentrations measured in Enniscorthy during the winter seasons of 2015, 2020 and 2021.

2015 202058 2021

Mean (+ SD) Range Mean (+ SD) Range Mean (+ SD) Range
TCsunset (ng M3) - - 6.1(x7.5) 0.5-35.3 - -
TCrca (ng m?3) - - 7.0 (+ 10.0) 0.0 - 63.6 5.9 (+ 7.0) 0.0-87.0
OC (ug m?3) 9.6 (+12.2) 0.5-75.8 4.9 (+6.0) 0.4-27.7 - -
eOC (ug m3) - - 59 (£8.3) 0.0-51.8 5.1 (+6.0) 0.0-717
EC (ng m?3) 2.9 (+3.5) 0.0-22.1 1.2 (£ 1.6) 0.0-76 - -
eEC (pg m?) - - 1.1(+1.8) 0.0-13.1 0.8 (+1.1) 0.0-15.3
OC/EC 4.0 05-711 5.3 25-124 - -
eOC/eEC - - 7.7 - 7.3 -
PMzs (pg m) 29.5 (+ 30.7) 0.7 —205.2 14.6 (+ 15.8) 0.4-117.4 11.6 (+ 13.2) 0.3-210.5
OC/PMzs 0.29 0.05-0.88 0.28 0.06 — 0.52 - -
eOC/PMy5 - - 0.36 - 0.45 -
EC/PMg2s 0.08 0-0.48 0.06 0.01-0.17 - -
eEC/PM2s - - 0.06 - 0.10 -

888 Analysis of ambient samples collected during February 2020 (03/02/2020 — 23/02/2020).
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5.4 CONCLUSIONS

The temporal variability of particulate matter mass concentration, equivalent black
carbon and the contribution of dominant sources to the ambient carbonaceous aerosol
in the small town of Enniscorthy, Co. Wexford was investigated between December
2019 and November 2020. The measurements clearly exhibit a strong seasonal
dependence. Although solid fuel burning emissions were never eliminated entirely at
any point throughout the monitoring campaign, contributions were at a maximum

during the colder, winter months.

PM mass concentration demonstrated significant temporal variation. Highest and
lowest concentrations were recorded during the winter ( Xpy,, = 23.7 pg m3, Xpm, s =
19.8 pg m®) and summer (Xpy,, = 9.1 pg M>, Xpy,, = 5.6 pg m®) months,
respectively. Analysis of the data collected continuously by the multi-wavelength
aethalometer between December 2019 and November 2020 provided strong evidence
of the temporal variability associated with equivalent black carbon concentration and
composition in Enniscorthy, Co. Wexford. The highest concentrations of eBC were
observed during the winter months. A mean wintertime eBC concentration of 2.30 ug
m-3 was determined, while a maximum hourly average of 41.08 ug m= was recorded
in December 2019. A combination of the prevalent emissions from solid fuel
combustion for residential heating purposes and low temperatures with the potential
to cause temperature inversions, particularly in the eveningtime, gave rise to the
considerable levels of eBC measured during the winter period. Pollution dispersion
was limited during periods of low wind speed. In contrast, summertime concentrations
were significantly reduced; with levels below 3.5 ug m= between June and August
2020.

A discernible diurnal pattern was observed in the concentrations of both PM2s and
eBC. A strong evening peak was observed during the winter, spring and autumn
seasons, attributed largely to solid fuel combustion, following source apportionment
analysis which employed absorption Angstrém exponent values of 0.9 and 1.68 for
traffic-related and solid fuel combustion emissions. Little diurnal variation was
observed during the summer months when a low level of PM2s and eBC was present
consistently throughout the day. The AAE recorded by the aethalometer software

provided an indication of the ambient aerosol composition. The seasonality associated
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with the distribution of AAE was recognised; a broad distribution between 1 and 2 was
observed over the course of the winter, while a narrow distribution with a mean value
of 1.23 was obtained during the summer months. The distribution of AAE values
recorded throughout the spring and autumn seasons was perhaps one of the most
interesting findings of this campaign. A tri-modal distribution, suggestive of multiple
contributing sources, was observed in spring (x = 1.39, ¥ = 1.38) and autumn (x =
1.38, ¥ = 1.36). The influence of combustion of various fuel types (e.g. coal, peat,
wood) on the ambient aerosol was initially thought to be central to the observation,
however a similar pattern was not observed during winter when solid fuel combustion
was most prevalent. It is possible that anthropogenic activity indirectly influenced this

unique AAE distribution by enhancing SOA production of biogenic origin.

Quartz fibre filter samples, collected throughout February 2020, were analysed using
thermal-optical methods for the determination of total carbon content (0.4 ug m= —
35.26 ug m=). TC accounted for an average of 34.5% of PM2s during the sampling
period. TC concentration was highest in samples collected between 15:00 and 23:00,
corresponding to the time of day when solid fuel combustion was widespread. The
contribution of organic carbon to TC was relatively consistent throughout the day;
80.96%, 81.18% and 86.77% in the morning, evening and nighttime, respectively. A
comparison between the EC fraction of filter samples and optical eBC measurements
was used to derive a MAC value representative of this location (9.48 m? g* at 880
nm). A complete seasonal assessment of carbonaceous aerosol requires sample
collection throughout the year, with shorter sample collection intervals, would provide
a clearer diurnal profile. In addition, detailed chemical analysis would afford a
comprehensive evaluation of the temporal variability of dominant sources and the

atmospheric processes influencing the ambient aerosol composition.

The Total Carbon Analyzer was employed in the continuous measurement of ambient
total carbon for the duration of the measurement campaign. Similar to other parameters
measured, the on-line measurement of total carbon demonstrated distinct temporal
variability. TC concentrations were at a maximum during the winter (x = 9.30 ug m-
%), while the lowest concentrations were recorded during the summer months (x = 1.68
ng m?). A strong diurnal trend in TC was also observed, particularly in winter when a
pronounced evening peak was detected, consistent with PM2 s and eBC measurements.

Despite reduced concentrations of TC in comparison to winter, similar diurnal profiles
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were recorded in spring and autumn, however there was little diurnal variation

throughout the summer.

The new ‘TC-BC’ method, developed by Rigler et al. (2020), was evaluated in the
unique environment, dominated by solid fuel combustion emissions, and compared to
conventional thermal-optical methods of determining elemental and organic carbon
content. The lowest mean concentrations of eEC and eOC were recorded during the
summer months, coinciding with the period when the mean eOC/eEC ratio was at a
maximum. It is possible that the organic portion of the ambient aerosol was strongly
influenced by SOA during the summer, leading to an increase in the ratio. It is also
possible that the application of an incorrect value for b, the proportionality parameter,
caused an overestimation of the OC fraction. A site-specific b value (0.71) was derived
using the EC concentration determined using off-line thermal-optical methods.
Application of the updated b value improved the accuracy of the on-line measurement
of eEC, and increased the average eOC/eEC ratio. On-line measurement of TC at a
high time resolution is extremely beneficial. Precise distinction of the eEC and eOC
fractions requires application of an accurate value of b. It is therefore recommended
that filter samples, both spatially and temporally representative, are simultaneously
collected and analysed using conventional thermal-optical methods. The use of an
accurate proportionality parameter is essential, particularly in an environment with

considerable temporal variability in carbonaceous aerosol composition.

The results obtained during the winter period of the measurement campaign were
compared with measurements previously recorded as part of the SAPPHIRE campaign
(2015) and were also used to evaluate the effectiveness of the bituminous coal ban
recently introduced in Enniscorthy. Examination of quantitative and qualitative
components indicated changes in carbonaceous aerosol concentration and composition
in the intervening years. The mean hourly average PM25 concentration has reduced
from 29.2 ug m=to 20.6 pg m between 2015 and 2020, and decreased further to 11.6
ng m= in 2021. A similar decrease in mean hourly average eBC concentration was
observed; from 3.6 pg m= (2015) to 2.4 ug m (2020), however a similar range in
minimum and maximum absolute values was detected. A strong diurnal pattern in both
PM2s and eBC was observed during each measurement campaign; a considerable
increase in eveningtime concentrations was attributed to solid fuel combustion

emissions. Despite a significant decrease in absolute concentration between 2015
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(mean hourly eBC = 3.6 pg m) and 2021(mean hourly eBC = 1.1 ug m=), the overall
average contribution of eBCsr to total eBC remained relatively stable (range: 73% -
83%). Elemental and organic carbon content was determined by thermal-optical
methods (Sunset OCEC Laboratory Instrument, Sunset Laboratory Inc.) and thermal
methods (Total Carbon Analyzer, Magee Scientific). The mean concentration of both
species decreased between 2015 and 2020. The OC/EC ratio determined during each
campaign was also compared. Wenger et al. (2020) concluded that the OC/EC ratio of
4.0 calculated in 2015 was indicative of aerosol influenced by biomass and coal
burning. The higher ratios calculated in 2020 (5.3 using the conventional thermal-
optical method and 7.7 using the ‘TC-BC’ method) and 2021 (7.3) were suggestive of
aerosol increasingly influenced by biomass burning. However, in the absence of a
detailed chemical composition profile, it is difficult to determine whether the cause of
this shift is due to a change in predominant sources impacting the ambient aerosol, or
the variation in temperature protocols and methods of analysis. Initial results highlight
the considerable reduction in mass concentration observed in Enniscorthy over the
duration of the three winter periods, providing early indications of the positive effect
of the ‘Smoky Coal’ ban. In order to assess the long-term effectiveness of this ban,
continuous measurements are required, alongside interrogation of local sales figures

of various solid fuels.
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6.1 COVID-19 (SARS-CoV-2) PANDEMIC

Early 2020 saw an unprecedented event on a global scale. On December 31, 2019 cases
of ‘viral pneumonia’ with unknown causes were reported by the Wuhan Municipal
Health Commission in the People’s Republic of China. One month later, on January
30, 2020 the director of the WHO declared the outbreak a public health emergency of
international concern. The novel coronavirus, named COVID-19, which caused severe
respiratory illness began rapidly spreading globally. The first case of COVID-19 in the
Republic of Ireland was reported on February 29. By March 11, 2020 the WHO had
characterised COVID-19 as a pandemic, following alarming levels of transmission and
severity of the disease. On the same day, the first death from COVID-19 was

announced in Ireland.

In an effort to control the spread of this deadly virus, a number of measures were put
in place, resulting in a total societal and economic shutdown worldwide. Interruptions
to economic and industrial activity resulted in rapid improvements in air quality, in
addition to a reduction in greenhouse gas emissions and a decrease in water and noise
pollution (Elsaid et al., 2021; Kroll et al., 2020; Rume & Islam, 2020). Such significant
improvements in air quality meant that the Himalayan mountains were visible from
the Indian state of Punjab for the first time in decades. The usually murky canals in
Venice, Italy ran clear due to the lack of boat traffic.

A significant improvement in air quality, associated with lockdown measures, has been
documented globally. Considerable reductions in levels of NO2 and PM were observed
compared with levels in previous years (European Environment Agency; Gualtieri et
al., 2020; Menut et al., 2020; Wang et al., 2020), as large as 63% (Wuhan, China) and
61% (Berlin, Germany) (Habibi et al., 2020). Figure 6.1 illustrates that significant
decrease in NO2 concentrations in major cities in Europe, measured by the Copernicus
Sentinel-5P satellite. Owing to the significant contributions of traffic emissions to
ambient air pollution, a reduction in mass concentration was inevitable with such
considerable reduction in the number of vehicles on the roads. In the UK there was a
69% reduction in overall traffic counts during lockdown periods. Reductions in NO>
(38.3%) and PMa2s (16.5%) were identified from measurements at 129 monitoring
stations compared with measurements from the same period in previous years

(Jephcote et al., 2021). A decrease of up to 50% in traffic occurred in parts of
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California, USA. Correspondingly, reduced concentrations of NO2 and PM2s were
observed, compared with measurements recorded during the same period of the
previous five years (Parker et al., 2020). Evangeliou et al. (2021) estimated an average
11% reduction in ambient BC concentration across Europe as a result of strict COVID-

19 lockdowns, with countries most severely impacted by the disease experiencing the

most dramatic decrease in BC levels, most notably in France (42%), Germany (21%)
and UK (13%).

= LT

Figure 6.1 NO, concentration over major European cities. Image contains modified Copernicus
Sentinel data (2019-20), processed by KNMI/ESA (ESA, 2020).
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In order to limit the spread of the virus in Ireland, schools, colleges and childcare
facilities were closed on March 12, and by March 27 the public was ordered to stay at
home and travel was permitted within 2 km of homes, with the exception of essential
workers (medical, supermarkets, transport). These public health restrictions remained
in place until May 18, when the permitted radius from home was extended to 5 km.
By June 2020, intercounty travel within the Republic of Ireland was reinstated. With
case numbers rapidly increasing during the Autumn, nationwide restrictions were
reintroduced, limiting travel to within 5 km of homes, on October 21 for a period of
six weeks. Intercounty travel was allowed for the Christmas period from December
18. Large social gatherings, in addition to the evolution of the Alpha variant, first
documented in the United Kingdom in September 2020 (World Health Organization,
2021a), led to a rapid increase in case numbers and forced public health experts to
advise a nationwide ‘Level 5’ lockdown from December 24, 2020. The third wave of
COVID-19 peaked in Ireland in January 2021, with the announcement of 8,248 new
cases on January 8, as shown in Figure 6.2.
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Figure 6.2 Number of new COVID-19 cases reported daily in the Republic of Ireland by the Health
Service Executive (February 2020 - August 2021). Data was obtained from the Health Protection
Surveillance Centre (HPSC, 2021).
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Public health advice to work from home where possible, in addition to the restrictions
on travel limited to 2 km and 5 km, respectively, beyond the home, resulted in a
considerable decrease in traffic volumes. Significant reductions in traffic volumes
were observed on all major roadways during lockdown periods, including on the M11
(Enniscorthy), as shown in Figure 6.3, M50 (Dublin) and N40 (Cork). The most
notable reduction was observed during the first lockdown (March 27 — May 18, 2020)
as the pandemic took hold in Ireland. This open access data was obtained from the
Transport Infrastructure Ireland (TII, 2021).

Enniscorthy (M11)
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Figure 6.3 Temporal profile of hourly traffic counts on the M11 (Enniscorthy) between January 2020
and May 2021. COVID-19 lockdown periods are highlighted in orange.
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6.2 PARTICULATE MATTER

As outlined in Chapter 5, PM mass concentrations have been decreasing in
Enniscorthy in the past number of years. It is difficult to determine whether any
decrease in PM2s was due to a pattern of gradual decrease, the impact of restrictions
introduced to reduce transmission of COVID-19 or following the extension of the ban
on the sale of bituminous coal to include Enniscorthy in September 2020. Figure 6.4
shows the range and mean monthly concentrations of PM2s recorded in Enniscorthy
between May 2018 and May 2021.

(IR T AT
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Figure 6.4 Distribution of PM2s measured in Enniscorthy (May 2018 - May 2021).

A direct comparison of particulate matter from year to year does not take into account
meteorological differences, which are known to have a major impact on air pollution.
Therefore, weather normalisation was performed to accurately investigate the effect of
the COVID-19 restrictions on ambient air quality. Measurements of PM2 s recorded in
Enniscorthy in 2018 and 2019 were used to train a random forest model. This model
normalised data for meteorological conditions and subsequently predicted the daily
concentration of PM2 s in a business-as-usual scenario, i.e. if lockdown measures had

not been implemented. The rmweather R package (version 0.1.51) was used for this
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process (Grange & Carslaw, 2019; Grange et al., 2018). The predicted and observed
concentrations were compared (Figure 6.6). Prior to the introduction of COVID-19
restrictions (01/01/2020 — 27/03/2020) the predicted and observed levels of PMa s were
in agreement. The observed concentrations deviated from the predictions following
the implementation of public health restrictions. The severity of restrictions varied
throughout 2020 and 2021. This was reflected in the inconsistency in predicted and
observed concentrations of PM2 s in Enniscorthy. On average, the restrictions resulted

in a significant reduction (37%) in PM2s mass concentration during lockdown periods.

Calculating the cumulative sum (CUSUM), first described by Page (1954), is a
sequential analysis technique, typically used in statistical quality control to monitor
change detection. It allows for the detection of small shifts by calculating the
cumulative sums of deviations from the target value. In this case, it is used to highlight
the decrease in mass concentration from the predicted values as a consequence of the
public health restrictions. The mean distribution of the cumulative difference between
predicted versus observed concentrations of PMa s prior to implementation of public
health restrictions indicated that the model was a good fit (Figure 6.5). The bias was
emphasised during lockdown periods, when observed concentrations varied from
those predicted by the model. As the situation briefly returned to business-as-usual
between the first and second lockdown periods, the curve exhibited a marked plateau.
Similarly, a significant reduction in NO2 in comparison to previous years, associated
with traffic emissions, was observed at several monitoring stations in Ireland (EPA,
2021). Despite uncertainties associated with the overall reduction in acute hospital
admissions during the period due to increased pressure on the health system and
widespread fear of infection, Quintyne et al. (2021) concluded that the reduction in
ambient NO; due to transport restrictions was associated with a reduction in hospital

admissions for respiratory system diseases in Dublin city and county.
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Figure 6.5 Cumulative difference in predicted versus observed PM,s concentrations in Enniscorthy
during COVID-19 lockdown periods which are highlighted in orange.
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Figure 6.6 Rolling average (5 days) of daily levels of PM2s in Enniscorthy; predicted versus observed, between January 2020 and June 2021.
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6.2.1 Equivalent Black Carbon

There was no obvious decrease in equivalent black carbon concentration measured in
Enniscorthy following the introduction of COVID-19 restrictions. The levels appeared
to follow a typical seasonal trend; decreasing equivalent black carbon concentrations
in spring due to warmer weather, resulting in reduced demand for solid fuel burning
in domestic heating. An increase in eBC was observed in autumn and winter, however
these concentrations do not reach similar high levels observed the previous winter. It
Is difficult to determine whether this decrease is associated with the implementation
of COVID-19 restrictions, the extension of the ‘Smoky Coal’ ban to include

Enniscorthy, or an overall reduction in solid fuel combustion for domestic heating in

the locality.
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Figure 6.7 Temporal profile of hourly average eBC concentration measured in Enniscorthy (December
2019 - January 2021). COVID-19 lockdown periods are highlighted in orange.

Application of the Zotter parameters, asr = 1.68 and arr = 0.9, allowed for the source
apportionment of solid fuel combustion and traffic-related emissions of the total eBC
measured. As anticipated, seasonal variation was observed in the contributions from
each main fuel source; solid fuel burning related emissions were dominant during the

winter months, while traffic-related emissions were the largest contributor during the
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warmer, summer months (Figure 6.8). Seasonal variation in the source apportionment
of eBC was likely, regardless of the implementation of COVID-19 restrictions.
Without long term measurement of eBC at this monitoring site, the degree to which
the contribution of each source was influenced by the imposed restrictions cannot be
confirmed. However, an obvious interruption to the typical trend of decreasing
contributions from eBCsr to total eBC between December and July was not detected.
Similarly, there was no significant variation in contributions from traffic-related

emissions to total eBC that can assuredly be attributed to the restrictions.
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Figure 6.8 Monthly source apportionment of total ambient eBC measured in Enniscorthy (December
2019 - January 2021).

The diurnal pattern of eBC+r was investigated during periods with and without
COVID-19 restrictions, showing little variation (Figure 6.9). Considering the dramatic
reduction in traffic volume (Figure 6.3), the absence of significant changes to levels of
eBCry is indicative of the minor role of traffic-related emissions in this environment.
The AAE recorded in Enniscorthy was also examined for ‘normal’ periods during
spring and autumn 2020 and when COVID-19 restrictions were in place. There was

little variation in the mean AAE recorded which suggests that the restrictions did not
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have a strong influence on the ambient aerosol composition. A narrow range of AAE
values were observed during the spring lockdown (March 27 — May 17, 2020), in
comparison to periods throughout the season without restrictions (March 1 — March
26 and May 18 — May 31, 2020). This was likely due to a decrease in solid fuel
combustion for residential heating owing to the time of year. The opposite is true in
autumn, when restrictions introduced in late autumn (October 21, 2020) presumably
coincided with increased solid fuel burning as the ambient temperature decreased.
These results further emphasise the strong impact of solid fuel combustion in the

locality and the negative implications for ambient air quality.
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Figure 6.9 Diurnal profiles of eBC+, recorded in Enniscorthy during lockdown (dashed line) and business as usual (solid line) scenarios (December 2019 - November

2020).
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Figure 6.10 Frequency distribution of AAE recorded in Enniscorthy in spring and autumn 2020, during normal and lockdown periods.
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6.2.2 Carbonaceous Aerosol

Total carbon was measured in Enniscorthy throughout the various levels of restrictions
using a Total Carbon Analyzer (TCA-08, Magee Scientific). Similar to the equivalent
black carbon trends observed, the total ambient carbon appears to follow a typical
seasonal trend in an environment dominated by solid fuel burning; maximum and

minimum concentrations throughout winter and summer months, respectively.

Due to the longevity of the lockdown periods, it is difficult to compare the lockdown
measurements with mean seasonal measurements without long term records of total
carbon concentration at this monitoring site. Table 6.1 provides a summary of the mean
concentrations of TC, eEC and eOC measured throughout each season (December
2019 — November 2020) and during each lockdown period. The ratio of organic to
equivalent elemental carbon (eOC/eEC) is also included. Mean seasonal values
obtained for spring and autumn include measurements recorded during the first (March
27 — May 17, 2020) and second (October 21 — December 1, 2020) lockdown periods.
In general, there is little difference in mean values recorded during each lockdown

period and the corresponding seasonal mean.
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Figure 6.11 Temporal profile of hourly TC concentration measured in Enniscorthy (December 2019 -
January 2021). COVID-19 lockdown periods are highlighted in orange.
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Table 6.1 Comparison of mean seasonal TC, eEC and eOC concentration measured in Enniscorthy between December 2019 and November 2020 and during each lockdown
period. Site-specific proportionality factor (b = 0.71) was employed for eEC and eOC determination.

Dates TC (ng m?3) eEC (ug m®) eOC (ug m3) eOC/eEC

Winter 01/12/2019 — 29/02/2020 9.30 1.73 7.57 6.10
Spring 01/03/2020 — 31/05/2020 5.34 0.77 4.57 8.64
Lockdown 1 27/03/2020 — 17/05/2020 5.06 0.72 4.34 8.83
Summer 01/06/2020 — 31/08/2020 1.68 0.23 1.45 8.55
Autumn 01/09/2020 — 30/11/2020 4.09 0.72 3.37 6.53
Lockdown 2 21/10/2020 — 30/11/2020 5.09 0.91 4.19 6.45
Lockdown 3 24/12/2020 - 20/01/2021 6.75 0.87 5.88 8.70
Lockdown 3 21/01/2021 — 12/04/2021 ND ND ND ND
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6.3 CONCLUSIONS

Seasonal variance influenced pollutant concentrations throughout the sampling period
in Enniscorthy, Co. Wexford. In line with studies carried out across the globe of
several air pollutants, according to the model predicting levels based on previous years,
the introduction of public health measures to limit the spread of COVID-19 resulted
in a 37% reduction in concentration of PM2s, on average, in Enniscorthy. Without long
term measurements of equivalent black carbon or total carbon, it is difficult to assess
the effect that the lockdown measures had on the ambient pollutant concentration by
modelling a ‘business-as-usual’ scenario at this location. However, dramatic
reductions in equivalent black carbon and total carbon coinciding with public health
restrictions were not observed in Enniscorthy. Source apportionment analysis yielded
predictable results, largely influenced by seasonal variation. Considering the dramatic
reduction in traffic volumes in the locality, little change in total eBC and eBCr
concentration was indicative of the prevalence of solid fuel combustion and the
dominance of this source in its contribution to total ambient black carbon. Traffic-
related emissions evidently have little impact on the ambient levels of equivalent black

carbon in Enniscorthy compared to solid fuel burning for home heating.
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7.1 SUMMARY

Long-term measurements of ambient carbonaceous aerosol were recorded at several
unique monitoring locations around Ireland over the course of this research, including
regional and urban background, coastal, residential and roadside sites. The multi-
wavelength aethalometer provided real-time information concerning the optical
properties of the ambient aerosol and allowed for the determination of equivalent black
carbon concentration. Source apportionment analysis ensued with the application of
absorption Angstrém exponents (o)) proposed by Zotter et al. (2017). In order to
account for the complex, multi-fuel environment, the absorption exponents were used
to discriminate between traffic and solid fuel combustion related emissions, rather than
traffic and wood burning emissions, as is common in Europe. The source
apportionment analysis resulted in the identification of major sources contributing to
total equivalent black carbon concentrations at each location. Off-line techniques were
used to analyse quartz filter samples collected as part of wintertime measurement
campaigns. Thermal-optical methods were employed in the quantification of total,
elemental and organic carbon content, while evaluation of the biomass burning tracer

levoglucosan involved an anion-exchange chromatographic method.

Off-line measurements of elemental and organic carbon allowed for an estimation of
site-specific OC/EC ratios, indicative of the influence of biomass and fossil fuel
burning sources. Site-specific mass absorption cross-section values (m? g*) were
determined through the correlation of thermally derived elemental carbon and
optically derived equivalent black carbon. The concentration of the molecular marker
compound levoglucosan, primarily associated with biomass combustion, was assessed
and compared with corresponding aethalometer measurements and source

apportionment output.

7.1.1 Spatial Variability

A summary of the absolute concentrations of equivalent black carbon, elemental
carbon, organic carbon and levoglucosan measured during winter (December, January
and February) over the course of three years (2017 — 2020) at each monitoring site are
provided in Table 7.1.
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Measurements were made at three regional background sites; Carnsore Point (CP),
Mace Head (MHD) and Malin Head (MLN), and an urban background site at
University College Dublin (UCD), between December 2017 and February 2018,
inclusive. The highest concentrations of each species measured were observed at UCD,
located in a predominantly residential area of Dublin. Source apportionment of data
analysis of eBC measurements collected by the aethalometer indicated that traffic-
related emissions contributed a high percentage of the total equivalent black carbon
concentration at Carnsore Point (83.6%), Malin Head (69.7%) and University College
Dublin (59.5%) measured each month over the course of the wintertime field

campaign.

Subsequent campaigns at Pearse Street, Dublin and Enniscorthy, Co. Wexford
provided further insights into the spatial variability of ambient carbonaceous aerosol
at urban roadside and rural town/residential locations, respectively. As anticipated,
high levels of eBC were observed at Pearse Street, where instruments were deployed
adjacent to a busy roadside that experienced a consistently high volume of traffic.
Source apportionment analysis indicated that traffic-related emissions accounted for
74% of the total eBC, on average throughout the winter. In contrast, solid fuel
combustion related emissions accounted for 72% of the total eBC recorded in
Enniscorthy during the winter months. Over the course of the winter sampling period
the absorption Angstrom exponent recorded by the aethalometer varied with location.
At regional background and predominantly residential urban sites, a broad bi-modal
distribution was observed, indicative of multiple sources contributing to ambient
aerosol. A narrow distribution, with mean and median values of 1.14 and 1.12 were
observed at Pearse Street, confirming traffic-related emissions as the major source at
this site.

Ambient elemental, organic and total carbon concentration was determined through
thermal-optical analysis of quartz filter samples. Mean EC and OC concentrations
were low at the regional background sites (CP, MHD, MLN). Highest average
concentrations of EC and OC were recorded at Pearse Street (3.11 pug m?3) and
Enniscorthy (4.95 pg m=), respectively. Differing sampling periods must be
considered when comparing the parameters. OC/EC ratios, indicative of the dominant
fuel type, demonstrated spatial variability. The ratio determined for all sites, with the

exception of Pearse Street, were suggestive of environments dominated by biomass
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burning emissions. In general, thermally derived EC correlated well with the on-line
measurement of eBC and allowed for determination of site-specific MAC values
which ranged from 6.96 m? g (Mace Head) to 12.64 m? g (University College
Dublin) at 880 nm. The spatial variability of the MAC value reflected the local
characteristics of ambient aerosol. The thermal-optical method of determining EC
concentration presumably provides the same value regardless of the molecular
composition. Oftentimes EC consists of carbon ring structures which can incorporate

impurities, and thus impact the absorption properties.

Ambient concentrations of levoglucosan, mannosan and galactosan were determined
using anion-exchange chromatographic methods. High levels of levoglucosan
recorded at each of the background sites, particularly Carnsore Point (x = 40.3 ng m
%) and Malin Head (x = 43.4 ng m™®), indicate significant solid fuel usage. The mean
concentrations measured in central (Pearse Street) and suburban (University College
Dublin) Dublin were comparable to mean concentrations recorded in London (Fuller
et al., 2014). Levoglucosan concentrations were well correlated with eBCsr at most

sites, particularly Carnsore Point, Malin Head and Pearse Street (r? > 0.8).

In locations where absolute concentrations were extremely low (regional background
sites, particularly Mace Head), it is difficult to assess the accuracy of the aethalometer
model. Mean hourly average eBC concentrations of 0.27 ug m=, 0.12 ug m=and 0.28
ng m were measured at Carnsore Point, Mace Head and Malin Head, respectively,
between December 2017 and February 2018. Source apportionment analysis employed
an AAE pair of 0.9 and 1.68 for traffic and solid fuel combustion related emissions.
The model estimated traffic-related contributions accounted for, on average, 84% and
70% of the total eBC measured at Carnsore Point and Malin Head, respectively. In
such sparsely populated areas, it is unlikely that such a large portion of the total eBC
should be attributed to traffic emissions. In coastal locations, there is the possibility of
influence from shipping emissions, but more likely, is the impact of coal combustion
on ambient conditions. Future research including detailed analysis of the aerosol
composition, using instruments such as an ATOFMS or ACSM, would provide
additional data required to accurately assess the appropriateness of the aethalometer

model, and AAE values, in such environments.
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The highest concentration of all species measured were recorded in populated
locations; University College Dublin, Pearse Street and Enniscorthy. As reported by
numerous previous studies, aerosol composition can vary widely from region to
region. Within these populous areas, source contribution can vary; traffic-related
emissions were the dominant source at both sampling sites in Dublin, while solid fuel
combustion was the major contributor to ambient equivalent black carbon measured
in Enniscorthy. This research has highlighted the spatial variability of carbonaceous
aerosol, specifically black carbon, and the significant influence from anthropogenic

activity, common to all locations.
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Table 7.1 Range and mean hourly average eBC concentrations recorded at each monitoring site during wintertime. Range and mean concentrations of TC and levoglucosan

are also provided. The sampling period of the measurements are outlined in the relevant chapters.

eBC (ug m3) TC (ng m?) Levoglucosan (ng m=)

Mean Range Mean Range Mean Range
Carnsore Point Regional background 0.27 0.0-5.36 1.38 0.26 —4.78 40.3 2.6 -149.3
Mace Head Regional background 0.12 0.0 -2.97 0.45 0.06 —1.87 15.2 05-37.8
Malin Head Regional background 0.28 0.0-4.10 1.99 0.18 - 5.55 43.4 0.8-151.7
University College Dublin  Urban background 0.80 0.0-17.18 3.54 0.87-16.64 149.3 33.1-1090.1
Pearse Street Urban roadside 4.88 0.2 -27.58 7.56 243-18.36 173.8 15.5-877.7
Enniscorthy Rural town 2.30 0.0 - 41.08 6.14 045-3526 - -
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7.1.2 Temporal Variability

Long-term monitoring campaigns at University College Dublin (September 2017 —
August 2018), Pearse Street (September 2018 — August 2019) and Enniscorthy
(December 2019 — November 2020) revealed a distinct temporal variability associated
with equivalent black carbon concentrations. There was a substantial difference in eBC
levels measured in summer and winter, particularly in locations strongly influenced by
solid fuel combustion. Maximum hourly average concentrations of eBC were recorded
during the winter at University College Dublin (17.18 pg m™) and Enniscorthy (41.08
ug m), while the highest level of eBC at Pearse Street (38.76 pg m=) was recorded
during the autumn. The lowest mean concentrations were recorded during the summer
at all three sampling sites. Concentrations were assumed to be exacerbated due to
limited pollution dispersion caused by a low boundary layer during the winter months.
Inefficient pollution dispersion was also observed during periods of low wind speed at
each location. The mean concentrations of eBC measured in Enniscorthy (2.30 ug m-
%), a small rural town, were significantly higher than those measured in a large
suburban area of Dublin (0.78 ug m=) over a similar time period during the winter
months, likely due to enhanced emissions from solid fuel combustion for domestic
heating. A summary of the seasonal eBC concentrations recorded is provided in Table
7.2.

Strong diurnal trends were observed at each location and exhibited seasonal variability.
There was little diurnal variation in eBC concentrations during the summer months at
sampling sites located at University College Dublin and Enniscorthy. Modest diurnal
variation was observed on weekdays (Monday — Friday) at Pearse Street, where
relatively low concentrations were recorded during the summer months (X = 2.17 pug
m-3). Levels of eBC began to increase from 06:00, consistent with morning rush hour,
and remained reasonably constant throughout the day until 19:00, when concentrations
began to decrease. However, little variation was detected in eBC concentration over
the weekend (Saturday — Sunday) at this location throughout the summer period. There
was relatively no difference between weekday and weekend diurnal profiles observed
at University College Dublin and Enniscorthy during the summer months. In contrast,
the wintertime measurements exhibited considerable diurnal variation at each
sampling location. Strong morning and eveningtime peaks were observed and

attributed to traffic and solid fuel combustion emissions, respectively, at
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predominantly residential sites; University College Dublin and Enniscorthy.
Compared to the average weekday profile, the morning ‘traffic peak’ is reduced and
delayed at the weekend in both locations. The wintertime concentrations measured at
Pearse Street follow a similar diurnal pattern, a strong morning and evening peak,
however both peaks were largely attributed to increased volumes of traffic at these
times. Although it is not considered a dominant source of black carbon at Pearse Street,
there is undoubtedly some influence from background solid fuel combustion

emissions.

Source apportionment analysis was used to evaluate the seasonal variability of
dominant sources at each location. Traffic-related emissions accounted for 73%, 80%
and 65% of total eBC measured at University College Dublin (urban background),
Pearse Street (urban roadside) and Enniscorthy (small, rural town), respectively,
during the summer months. Despite an overall reduction in percentage contribution,
traffic remained the major contributor to ambient levels in the winter at University
College Dublin (60%) and Pearse Street (74%), while solid fuel combustion emissions

were identified as the dominant source of eBC in Enniscorthy during the winter (72%).

The AAE measured by the aethalometer were also indicative of aerosol composition
and contributing sources. Little temporal variation was observed in the distribution of
AAE recorded at Pearse Street. The narrow distribution was suggestive of a single
dominant source and the relatively stable mean seasonal AAE (1.09 < x < 1.14) was
consistent with traffic-related emissions. This confirmed the output of the source
apportionment model which indicated that traffic accounted for 74%, 78%, 80% and
78% of total equivalent black carbon measured in winter, spring, summer and autumn,
respectively, at this location. A broad range of AAE values, exhibiting bi- and tri-
modal distribution, were observed throughout winter and autumn at University College
Dublin, indicative of multiple contributing sources. The shift in AAE towards 2 during
the winter months suggested that solid fuel combustion was a major contributor.
During the summer months, a narrow distribution, with a mean of 1.17 was observed,
consistent with considerable contributions from traffic during this period. The
distribution of AAE recorded in Enniscorthy during the winter and summer were as
anticipated; a broad distribution with a mean AAE of 1.47 indicative of significant
contribution from solid fuel combustion emissions during the winter, and a narrower

distribution with a reduced AAE (i = 1.23) during the summer when solid fuel burning
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is considerably less prevalent. Spring and autumn yielded interesting results in the
form of a broad, tri-modal distribution, which could be interpreted as multiple sources,
including wood, peat and coal burning for domestic heating, contributing to the
ambient aerosol. However, this tri-modal distribution was not observed during the
winter, when solid fuel burning was most prevalent and, according to the aethalometer
source apportionment model, accounted for over 70% of the ambient black carbon
measured. Approximately 60% of eBC measured in spring and autumn at this location
was attributed to solid fuel burning. It is possible that anthropogenic activity, including
traffic emissions and significant contributions from solid fuel combustion, could
enhance secondary organic aerosol formation of biogenic origin. Detailed chemical

analysis of the aerosol composition is required to validate this hypothesis.

The results presented here demonstrate the significant temporal variability associated
with concentration and composition of carbonaceous aerosol, particularly in locations
with considerable contributions from solid fuel combustion during winter. They
confirm the strong link between solid fuel combustion and poor air quality in
residential locations. Average concentrations of eBC measured during the winter were
more than double those recorded during the summer months at UCD and Pearse Street,
while average hourly wintertime concentrations recorded in Enniscorthy were
approximately 6 times larger than summertime measurements. While acknowledging
the influence of natural factors, including meteorology, the significant decrease in eBC
concentration in summer is an indicator of the improvement in air quality that could

be attained if solid fuel usage was reduced.
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Table 7.2 Spatial and temporal comparison of eBC concentrations measured in three unique environments in Ireland.

University College Dublin

September 2017 — August 2018

Pearse Street

September 2018 — August 2019

Enniscorthy

December 2019 — November 2020

Urban background Urban roadside Rural town

Equivalent Black Carbon (ug m)

Mean Range Mean Range Mean Range
Winter 0.78 0.00-17.18 4.88 0.22 - 27.58 2.30 0.00 - 41.08
Spring 0.68 0.00 - 10.78 3.02 0.07 -12.77 1.08 0.01-20.08
Summer 0.37 0.00 - 5.68 2.17 0.04 —14.09 0.37 0.00 - 3.32
Autumn 0.54 0.00 - 5.94 5.65 0.00 - 38.76 0.98 0.00 - 23.48
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7.2 PERSPECTIVES

This work highlights the complexity of ambient carbonaceous aerosol and clearly
demonstrates the strong influence of anthropogenic activity. In spite of occasional
exacerbation due to meteorological conditions (e.g. low boundary layer, low wind
speed), the spatial and temporal variability of carbonaceous aerosol is inherently linked
with anthropogenic activity, particularly in relation to solid fuel combustion and
traffic-related emissions. This was most evident in wintertime and especially in

residential locations where solid fuel burning for domestic heating was most prevalent.

A reduction in black carbon emitted to the atmosphere would alleviate the associated
negative implications on climate and human health. Black carbon is now widely
recognised as a significant radiative forcing agent and is associated with various health
problems, including cancer, respiratory and cardiovascular disease and birth defects.
The effectiveness of the ‘Smoky Coal’ ban introduced in Dublin in 1990, and its
extension to include other urban/populous areas in subsequent years, has been well
documented (Clancy et al., 2002; Dockery et al., 2013; Goodman et al., 2009). The
current study has demonstrated the persistent significant contribution from solid fuel
burning to total ambient black carbon, accounting for over 40% and 70% in University
College Dublin and Enniscorthy, respectively, during the winter heating season. The
ban on the sale and consumption of bituminous coal is to be extended nationwide in
September 2022, in combination with new restrictions to encompass smoke emission
rates of any manufactured solid fuel and moisture content of commercially sold wood
(Department of the Environment, Climate and Communications, 2021). Bituminous
coal is easily controlled as it is imported and is exclusively available through
commercial entities. However, regulating the use of peat and wood will be
considerably more difficult to enforce as it can be harvested on private property. It is
important that planned restrictions are accompanied by significant investment and
incentives to promote the use of renewable and non-polluting methods of heating.
Similarly, in order to successfully reduce the contribution from traffic-related
emissions in urban areas, public transport networks must be upgraded and expanded
to serve suburban and regional commuters, in combination with extension of
pedestrian and cycling infrastructure with improved safety measures. In addition, an

expansion of the national monitoring network to incorporate the aethalometer and
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Total Carbon Analyzer is required in order to facilitate the accurate assessment of the
efficacy of the proposed actions.

The work presented in this thesis includes results from several instruments deployed
at six unique sampling locations over a three year period, for on- and off-line
quantitative and qualitative analysis of the ambient carbonaceous aerosol. Central to
each campaign was the aethalometer (AE33, Magee Scientific). This instrument
provided quantitative data in real-time. Application of the source apportionment model
developed by Sandradewi, Prévoét, Szidat et al. (2008) provided an indication of the
dominant sources contributing to the total ambient black carbon measured. The AAE
output by the aethalometer also provided information concerning aerosol composition
based on optical properties. However, as discussed in relation to the interesting
distribution of AAE values recorded in Enniscorthy in spring and autumn, additional
instrumentation is required for a more detailed chemical analysis in order to confirm
hypotheses. The employment of on-line and off-line techniques, including aerosol
mass spectrometry (AMS) and gas chromatography/mass spectrometry, in future
investigations would provide greater insight into local aerosol composition. This study
has demonstrated the efficacy of the aethalometer. However in a complex, multi-fuel
environment, further development of the source apportionment model is required for
a more accurate determination of the contribution of all solid fuel types, rather than
combining all fuel types into a collective ‘solid fuel’ category. The current
aethalometer model is biased towards continental conditions which focuses mainly on
wood burning and road traffic, without account for coal combustion or shipping

emissions, relevant in the Irish context.

When coupled with the Total Carbon Analyzer (TCA-08, Magee Scientific) hourly
measurements of equivalent elemental and organic carbon were obtained, through the
application of the ‘TC-BC’ method (Rigler et al., 2020). This automated instrument
renders conventional, thermal-optical methods of determining elemental, organic and
total carbon redundant, if the purpose of the monitoring is, exclusively, to assess the
carbon content of atmospheric aerosols in terms of absolute concentration. The Total
Carbon Analyzer has the capacity to provide near real-time data, allowing the user to
monitor diurnal changes in aerosol composition, which is not possible with 24-hour
filter sample collection. The labour intensive maintenance and off-line analysis of filter

samples, in addition to disadvantages associated with filter sample collection over
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prolonged sampling periods, can be avoided by using the Total Carbon Analyzer.
However, in doing so, data based on species volatility obtained during the stepwise
temperature protocol used in conventional methods is lost, forfeiting the opportunity

for further detailed investigation of aerosol composition.

Detailed chemical analysis is essential for the purposes of a quantitative and qualitative
research campaign. It is advantageous to incorporate filter sampling collection in order
to obtain a comprehensive evaluation of aerosol composition through off-line
analytical techniques including thermal-optical methods to determine elemental and
organic carbon content (stepwise fractions) and chromatographic methods for
identification and quantification of organic tracers such as levoglucosan. Filter
samples are also required for the determination of site-specific mass absorption cross-
section value and proportionality factor (b) employed in the ‘TC-BC’ method, both of
which should be representative of the season in which measurements take place.

Despite the influential role of black carbon as a positive radiative forcing agent, it is
not a specified air pollutant in Irish or European legislation and a dedicated monitoring
network is yet to be established in Ireland. In order to inform models used for the
predictions of future concentrations and to develop targeted mitigation strategies to
limit emissions of black carbon, and carbonaceous aerosol in general, detailed
information of the dominant sources is required. Targeting BC would target
combustion emissions directly which account for a significant portion of total mass
concentration. An extensive national network measuring particulate matter (PM1o and
PMas) is predominantly operated and maintained by the Environmental Protection
Agency, in partnership with local authorities, state bodies and universities. Expansion
of this monitoring network to include an aethalometer and a co-located Total Carbon
Analyzer would have the capacity to perform source apportionment analysis of
carbonaceous aerosol in real-time. There are several advantages to this combination of
instruments, all of which would be highly beneficial to authorities tasked with air
quality management. Both instruments require little maintenance following initial
installation. They operate automatically and can recover from power outages. Remote
monitoring of the operation of both instruments is possible and continuous operation
allows for real-time measurement and source apportionment analysis of ambient black,
elemental, organic and total carbon. Such data is crucial to accurately monitoring

levels of harmful pollutants and associated dominant sources.
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The substantial negative impact of anthropogenic activity on both air quality and
climate is widely recognised. Various abatement targets, strategies and policies have
been developed and ratified internationally to rectify the problem, however, to date,
industrial and political willpower has been lacking, and thus the damaging situation
persists. The planet is now at a point where major changes are required to dramatically
reduce emissions in an effort to improve air quality and reverse the current climate
crisis. The future of air quality management will rely heavily on models to predict
concentrations of harmful pollutants on a local, regional and global scale, necessitating
a substantial amount of accurate spatially and temporally representative data. In
Ireland, long-term measurements of ambient levels of carbonaceous aerosol could be
achieved through a national network with the ability to perform quantitative and
qualitative analysis in real-time by incorporation of on-line instruments capable of
characterising the carbonaceous fraction of ambient aerosols, such as those employed
in this research and discussed above. On-line analysis of bulk properties inherent in
the carbonaceous fraction of ambient aerosol would extend the capability of air quality
monitoring networks by providing information on the sources of particulate pollution

in near real-time.
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