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Abstract

Nitrogen dioxide (NOz), a priority air pollutant in Ireland, is a toxic gas released during
combustion processes, making traffic and transport major sources in urban
environments. Commercial NO2 monitors used by official monitoring bodies have low
spatial resolution and do not capture the complex distribution of NO2, particularly in
the presence of mobile sources, like vehicles, and low-cost electrochemical NO:2

sensing is not accurate or reliable enough for consistent air pollutant monitoring.

In this thesis, spectroscopic techniques were explored for achieving selective and
sensitive NO2 measurements at a reasonably low cost using LED light sources and
non-dispersive detectors for in sifu or remote applications. Two-channel spectroscopic
methods were simulated, and a narrowband two-channel system was tested in an
atmospheric simulation chamber to confirm a response to NO2, however, this system

was not sensitive to ambient NOz levels without appropriate signal amplification.

A single-channel wideband instrument was therefore built with improved sensitivity
but reduced selectivity to NO2. The single-channel instrument was used to measure
ambient NO2 near a primary school in Cork City to assess the feasibility of capturing
NO:z2 concentrations with high temporal resolution at a relatively low cost. The effect
of school traffic on local NO2 emissions was explored in the context of a street canyon

microenvironment.

This work aims to bridge the gap between expensive NO2 monitoring systems and
unreliable low-cost sensors and discusses the future development of a lower cost two-
channel NO: detector with a recommended instrument design and approximate cost

analysis.
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Chapter 1 Introduction

1.1 Air pollution

Major air pollutants in the troposphere

Air pollution causes major health and environmental problems across the globe. In
2016, the World Health Organisation (WHO) reported that 92% of the earth’s
population was exposed to harmful levels of ambient air pollution (World Health
Organisation, 2016). Monitoring ambient air pollutants allows official bodies to
identify areas where air quality is a concern. Strategies to improve air quality are
developed by assessing the local chemical regime and air pollutants (Yang et al.,
2022). Mitigation actions to improve air quality can reduce trace gas and greenhouse
gas emissions, benefitting human health and the environment in many ways. Air
quality is influenced by the trace gases and particulate matter present in the

atmosphere, particularly the troposphere.

The atmosphere is separated into several layers based on its temperature-altitude
profile, with the troposphere occurring from the surface up to about 10 km. Within the
troposphere, pressure decreases as altitude increases toward the tropopause (the upper
bound of the troposphere). The ‘boundary layer’ describes the lowest region of the
troposphere near the surface where the air is turbulent, mixing heat, moisture, and
pollutants. Above the troposphere is the stratosphere, which extends from 10 - 50 km
in altitude and contains most of the atmosphere’s ozone. This ozone layer absorbs high
energy ultraviolet (UV) solar radiation, preventing it from reaching the surface and
damaging living organisms. Absorption of UV radiation heats the stratosphere,
resulting in increasing temperatures with altitude. Beyond the stratosphere, the
mesosphere (50 — 80 km), thermosphere (80 — 500 km), and exosphere (> 500 km)
contain compounds and ions which absorb or scatter light. The following discussion
focuses on sources, sinks, and chemical processes in the troposphere, where human

€xXposurc occurs.
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Figure 1.1.  Structure of the atmosphere showing the troposphere (<10km), stratosphere (10-50km),
mesosphere (50-80km), thermosphere (80-500km), and exosphere (>500km).

Several components of the troposphere are major air pollutants. These include harmful
gases like nitrogen oxides (NOx), ground-level ozone (O3), sulfur oxides (SOx),
ammonia (NH3), and some volatile organic compounds (VOCs). Particulate matter, a
stable suspension of solid or liquid particles in air, is also a key pollutant. The sources

and reactions of these components are introduced below.

NOx, consisting of nitric oxide (NO) and nitrogen dioxide (NO2), is produced naturally
by lightning and wildfire events and human sources such as combustion processes in
industrial settings and internal combustion in vehicle engines. These processes also
produce particulate matter. Particulate matter (PM) suspended in a gas is referred to
as an ‘aerosol’ (Wayne, 2000). Primary aerosols are produced from a variety of
anthropogenic sources, including traffic, road dust, domestic and industrial burning,
as well as natural sources such as sea spray, sand, dust, and pollen. Secondary aerosols
are formed from the oxidation of precursor gases to form low volatility products which
condense on existing particles or nucleation of new particles in the atmosphere (Myhre
et al., 2013). While Os plays a vital role in the stratosphere by filtering out harmful
UV radiation, tropospheric or ground-level ozone is a toxic pollutant and contributes
to smog formation. Tropospheric O3 is generally a secondary pollutant formed after
the photolysis and reactions of VOCs or NOx, which are emitted from industrial and

traffic-related activities.



SOx, primarily sulfur dioxide (SO2), is a major contributor to shipping, industrial and
power plant emissions. SO: is also naturally produced by volcanic activity and can be
converted into sulfuric acid (H2SOa4) and sulfate particles in the atmosphere. Ammonia
is strongly associated with agricultural practices. It is released after application of
nitrogen-based fertilizers and from manure and reacts readily with H2SO4 and HNO3

to form secondary particulate matter.

Atmospheric chemistry processes are largely driven by radical species. The hydroxyl
radical (OH) governs daytime chemistry by oxidizing carbon monoxide (CO) and
hydrocarbons (HCs). At night, the nitrate radical, NOs, is the dominant oxidant but is
rapidly photolyzed during the day. O3 is also a major atmospheric oxidant. NOx and
SOx compounds also take part in these oxidation processes, with products like nitrous
oxide (N:20), methane (CH4), and methyl chloride (CHsCl) eventually being
transported to the stratosphere. These species contribute to the formation of radicals
such as NOx, HOx, and ClOx, which destroy stratospheric ozone and led to the

formation of an "ozone hole" (Wayne, 2000):

H+ 05 - OH + 0, (R. 1.1)
OH+0—H+0, R. 1.2)
OH + 05 — HO,+ 0, (R. 1.4)
HO, + 0 = OH + 0, (R. 1.5)
Net: 0+ 03 4 02 + 02 (R 16)
NO + 0; — NO, + 0, (R. 1.7)
NO, + 0 - NO + 0, (R. 1.8)
Net: O+ 03 4 02 + 02 (R 19)
Cl+ 05 — CIO + 0, (R. 1.10)
CI0+0 - Cl+0, (R. 1.11)
Net: 0+ 03 g 02 + 02 (R 112)



VOC:s are emitted from a range of solids and liquids, such as paints, solvents, domestic
and industrial cleaning supplies, and petroleum-based fuels as well as natural sources
such as plant and animal emissions. VOCs can contribute to the formation of ground-
level O3, aerosols, and groundwater contamination. HCs include terpenes (CioHie)
such as isoprene and a- and B-pinene which are emitted from trees and plants. Methane
and other light alkanes are also produced naturally by digestion processes in cattle and
wild animals and are emitted from natural wetlands like swamps and boglands.
Increased livestock numbers have resulted in rising methane emissions (Johnson &

Johnson, 1995; Maze et al., 2024).

Natural sources, like wildfires or volcanic activity contribute to air pollution. Wildfires
may be ignited by lightning, as in July 2002 in Quebec, Canada, when over 250 fires
were started by lightning strikes, burning over one million hectares of forest. Wildfires
are also driven by warm and dry conditions caused by climate change, and human
ignition (e.g., agricultural burning (Xu & You, 2023), land use changes, vandalism,
arson). In the USA, anthropogenic wildfires accounted for 84% of wildfires between

1992 — 2012 and 44% of the area burned (Balch et al., 2017).

Traffic-related air pollutants (TRAPs), often featuring in slow-moving traffic with
vehicles idling at intersections, are a serious contributor to air pollution in cities and
large towns. Additionally, tall buildings in cities can disrupt natural ventilation and
hinder pollutant dispersion (Chew & Norford, 2018). Topography plays a crucial role
as well, with cities situated in valleys experiencing heightened air pollution levels. For
instance, in the Po Valley, Italy, high urban and industrial emissions are amplified by
tropospheric temperature inversions caused by the Western Alps (Rendon et al., 2014).
Field observations in this thesis were carried out in Cork City, Ireland, which is

situated in a valley with predominantly narrow city streets.

Health and environmental impacts of air pollution

Air pollutants can have complex and often harmful effects on the environment in
which we live. There is strong evidence that air pollution has a serious effect on public
health (Liu et al., 2024). According to the World Health Organisation (2021) ambient

air pollution causes up to 3 million premature deaths globally every year. The
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Environmental Protection Agency (2021) reported over 1,300 premature deaths due to
air pollution in Ireland. Urban areas with high population densities see high
concentrations of traffic-related air pollutants (TRAPs) which include NO2, CO,
PAHs, VOCs and particulate matter (PMio and PM2.s), among other emission sources
(Boogaard et al., 2022). Humans are vulnerable to airborne pollutants because the
olfactory system draws pollutants into the lungs which can cause a wide range of
complicated health effects (Kang et al., 2024; S. Wei et al., 2021). Some pollutants
may exacerbate these health effects by reacting together within the lungs, as O3 has

been found to worsen the effects of PM2.s exposure (Jiang et al., 2024).

In December 2020, air pollution was recognised as the cause of death of 9-year-old
Ella Adoo-Kissi-Debrah, who suffered an acute asthma attack brought on by exposure
to high levels of air pollution in London, 2013 (7The Ella Roberta Foundation, 2024).
This was the first time poor air quality was identified in a coroner’s report as a cause
of death and highlighted the dangers of exposure to air pollutants, particularly for
vulnerable groups (Vilcins et al., 2024).

Although Adoo-Kissi-Debra’s death was the first to list air pollution as an official
cause of death, air pollution has long been associated with cardiovascular mortality
and sudden cardiac arrest (SCA). Zhao et al. (2020) investigated the link between
incidences of sudden cardiac arrest with PM, CO, NOz, Ox and SO2 concentrations up
to 3 days prior to onset in Japan. Pollutant concentrations were measured by a
monitoring station in the same region as the hospital. Daily incidences of SCA
increased with a 10 ug/m? increase in PM concentrations, with a similar effect noted
for other pollutants, highlighting that local pollutant monitoring is required to quantify
their effects on public health. As discussed by Luo et al. (2024), previous studies into
the onset of cardiac arrest triggered by acute air pollutant exposures only consider
already vulnerable patients. Long-term exposure to PM and NOx was found to increase
the risk of sudden cardiac arrest and intermediate cardiovascular diseases more than
was previously reported and Luo and coworkers recommended examining a link to the
development of chronic cardiovascular diseases, such as COPD. Local air pollutant

concentrations can heavily impact cardiovascular health.

PM:2.5s was shown to have a negative effect on cognitive function in school children in

China by Xu et al. (2023). Students were tested academically in a room with air
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purifiers turned on and tested again with the purifiers turned off. Test scores were
significantly higher when air purifiers were used, showing the effects of air quality on

mental health in addition to physical health.

Smog events have an acute and long-lasting effect on public health. Photochemical
smog occurs when NOz2 is photolyzed in the atmosphere, leading to the formation of
secondary particles and tropospheric ozone causing an orange or brown haze. Ozone
is a strong oxidant and is harmful to humans and vegetation (Wong et al., 2024). Os-
related respiratory deaths increased by 46 % globally from 2000 — 2019 (Dong et al.,
2024) due to increased ground-level concentrations of Os. The non-linear relationship
between NOx, VOCs and O3 is discussed further in Section 1.2. Increased deaths due
to O3 exposure were mostly seen during warm seasons because of increased

photochemical activity.

The Great London Smog of 1952 is a well-documented extreme air pollution episode
that directly caused 4,000 deaths and has been estimated to cause up to 12,000 deaths
including the months following the pollution event (Bell et al., 2004). The great smog
served as a natural experiment to observe the long-term effects of exposure to extreme
air pollution at a young age. Bharadwaj et al. (2016) found that exposure to the Great
Smog as an infant increased the likelihood of childhood asthma by 20 % and exposure
in early life increased the likelihood of developing asthma as an adult by 10 %. The
Great Smog had concentrations of SO2 and PM up to 4,000 pg/m> (Mills et al., 2022;
Wilkins, 1954). Emission regulations, new technologies and fuel have led to great
improvements in air quality in London and across wealthy countries over the last
several decades. However, adverse health effects persist as anthropogenic sources, like
fuel combustion, shipping, industry, and agricultural activities, still contribute to air

pollution.

Air pollutants also affect climate and the environment. Trace gases in the atmosphere
significantly impact the rate of production of stratospheric Os3. Trace gases such as
CHa4, N2O and fluorinated compounds (HFC, CFCs) contribute to the warming of the
atmosphere by absorbing low energy radiation. This causes a greenhouse gas effect
and raises the temperature of the Earth, contributing to global warming and climate
change. Atmospheric aerosols strongly affect the radiative forcing of incoming solar

radiation. Black carbon absorbs light and adds to atmospheric warming. Other
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aerosols such as nitrates and sulphates mostly scatter light, which increases the albedo
of the atmosphere and has a cooling effect. Particles also reduce radiative forcing by
acting as cloud condensation nuclei (CCN) and enhancing cloud cover (de Jonge et

al., 2024).

Wildfires emit greenhouse gases (CO2, CH4 and N20), PM2s and ground-level O3
precursors (CO, VOCs, NOx), as reported by the National Air Pollution Surveillance
(Schneider et al., 2021). Following wildfires in California in 2020, formaldehyde
(HCHO) and NOz2 emissions increased by 16 % and 9 % respectively (Jin et al., 2023).
NO: emissions were highly concentrated near active burning regions, whereas HCHO
emissions reached beyond their sources to urban areas. A larger increase in NO:2
emissions was observed in NOx-limited regions with larger HCHO emissions observed
in VOC-limited regions. Both regimes result in enhanced ground-level O3 production.
NOx emissions are also converted to peroxyacyl nitrates (PANs), particulate HNO3
and organic nitrogen-containing species (Peng et al., 2021). Wildfires are a major
source of air pollutants that leave surrounding urban areas detrimentally impacted in
terms of environment and public health (Cedefio Laurent et al., 2024; Maji et al.,

2024).

The impacts of these pollutants are not limited to the air alone — soil and water quality
are also affected. NOx and NH3 compounds react with water vapour in the atmosphere
to produce nitric acid, which forms acid rain. Nitrates are then deposited into soils,
increasing soil pH and degrading plant health. Nitrate compounds run off soils or
directly enter water systems, where excess nitrate causes eutrophication within water
bodies, degrading water quality and loss of biodiversity (European Commission, 2021;

Yang et al., 2008).

Guidelines & mitigation

The World Health Organization (WHO) compiles global air pollutant measurement
data as an indicator for the progress towards the Sustainable Development Goals and
air quality assurance in cities. The WHO introduced air quality guidelines that are
expert scientific recommendations based on established evidence of harms caused by

different air pollutants over different exposure times. The previous Air Quality
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Guidelines (AQGs) from 2005 were revised in 2021. These recent AQGs reduced the
recommended annual and daily limits of air pollutants across the globe for PMas,
PMio, O3, NO2, SO2 and CO (Table 1). These classical air pollutants are known for
their significant negative effects on public health globally. At the regulatory level, the
European Union (EU) set legal air pollutant limits based broadly on the WHO 2005
guidelines. Table 1.1 compares the WHO and EU limits. The most recent WHO
guidelines are considerably lower than the EU regulations, particularly for PM, NO,
SOz and CO. The EU limits are expected to be reduced in-line with the WHO
guidelines within the Ambient Air Quality Directive which will be in place by 2030.
This directive will drive EU member states towards a zero-pollution framework by

2050 (European Commission, 2021).

Table1.1.  WHO 2005 and 2021 Air Quality Guideline values along with the EU regulatory limits
for these pollutants. Long-term limits denote annual mean values, apart from O3 which
shows the peak season limit (average of daily 8-hour mean concentrations during 6
months of peak ozone concentrations). Short-term limits are based on 24 hour mean
values, except for the 2008 NO EU limit (*) which is 1-hourly.

EU Ambient
WHO 2005 WHO 2021 EU legal ) )
. e . Air Quality
Pollutant Guideline limit  Guideline limit limits 2008 o
s s . Directive 2024
(ng/m°) (ng/m°) (ng/m°) 5
(ng/m?)
Long-term 10 5 25 10
PMas
Short-term 25 15 - 25
Long-term 20 15 40 20
PMyo
Short-term 50 45 50 45
Long-term - 60 - -
O3
Short-term 100 100 120 100
Long-term 40 10 40 20
NO;
Short-term = 25 200 * 50
SO, 20 40 125 20
CoO - 4000 10000 4000

TRAPs are major contributors to air pollution in EU countries. Recognising this, the

EU has been setting increasingly strict vehicle emission standards since the
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introduction of EURO 1 vehicle emission standards in 1992. These standards limit
emissions of key exhaust pollutants for petrol and diesel cars for CO, PM,
hydrocarbons (HCs, THC) and non-methane hydrocarbons (NMHC) (Table 1.2 and
Table 1.3). Updated testing procedures were introduced with Euro III to better
represent real-world driving emissions and included limits for NOx emissions, with a
stricter limit set for petrol cars than for diesel. These NOx limits have been
progressively lowered in Euro IV (2005), V (2009) and VI (2014). Euro VII standards
are projected to be published in 2025 and will include limits for ammonia (NH3)
emissions for the first time. NH3 is formed from the decomposition of urea in the
selective catalytic reduction (SCR) and may be emitted as exhaust. As NOx emission
limits become more stringent, transport may become a major source of NH3 in urban
areas (Hopke & Querol, 2022). To ensure that these standards are adhered to,
widespread monitoring is required with fast time resolution so that emissions from
individual vehicles can be measured. This approach will deter the use of emission
control defeat devices, such as Volkswagen used in their 2009-2015 2.0-litre diesel
engine vehicles which emitted 10 to 40 times more NOx pollution than the EPA
standard in real world driving (Barrett et al., 2015).

Table 1.2.  Petrol EURO emission standards. Note that the HC+NOy limit was replaced by separate
HC and NOxy limits from EURO IIl. EURO V introduced PM and NMHC limits.

Petrol emission standards (g/km)

Standard CO PM HC+NOx NOx THC NMHC
EURO |
2.72 - 0.97 - - -
(1992)
EURO I
2.2 - 05 - - -
(1996)
EURO 11
23 - - 0.15 0.2 -
(2000)
EURO IV
1.0 - - 0.08 0.1 -
(2005)
EURO V
1.0 0.005 - 0.06 0.1 0.068
(2009)
EURO VI
1.0 0.0045 - 0.06 0.1 0.068
(2014)
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Table 1.3.  Diesel EURO emissions standards for passenger cars (g/km).. Note the addition of
individual NOy standards from EURO III.

Diesel emission standards (g/km)

Standard CcoO PM HC+NOx NOx
EURO |
2.72 0.14 0.97 -
(1992)
EURO 11
1.0 0.008 0.7 -
(1996)
EURO 111
0.66 0.05 0.56 0.5
(2000)
EURO IV
0.5 0.025 0.30 0.25
(2005)
EURO V
0.5 0.005 0.23 0.18
(2009)
EURO VI
0.5 0.0045 0.17 0.008
(2014)

The introduction of pollutant limits has improved air quality. Wong et al. (2024)
observed a 73% reduction in cancer risk from inhalation associated with limits on
diesel particulates, solvent and gasoline-related VOCs, and PAHs emitted during coal
and biomass burning. Between 2000-2004 there were 1707 cases of cancer per million
in Hong Kong, China and only 451 per million between 2016-2020. The reduction was
attributed to the correct classification of toxic air pollutants and mitigation strategies

based on data from a regional air quality monitoring network.

However, reducing air pollutant concentrations is not straight-forward. Complex
trends and reactions in the atmosphere were seen in China following the Clean Air
Actions in 2013 - 2017. For example, since O3 is a secondary pollutant and has a non-
linear relationship to NOx and VOCs, lower NOx emissions resulted in an increase in
ground-level O3 concentrations (Liu et al., 2023). A decrease in NOx emissions results
in a decrease in O3 in a NOx-limited chemical regime, but in a VOC-limited regime, a
decrease in VOC concentrations reduces O3 production while lower NOx emissions
increase O3 concentrations (Qian et al., 2019). During the first phase of China’s Clean
Air Actions, NOx, SO2, and PM25 emissions were reduced, but not VOC emissions.
As a result, O3 concentrations increased despite a general improvement in air quality.

The second phase of the Clean Air Actions included VOC emission reductions after
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recognising the need for coordinated NOx-VOC control to accurately reduce ground-
level O3 formation. Both NOx and VOCs have high spatial and temporal variability
and must be monitored closely to identify appropriate mitigation strategies. Dong et
al. (2024) demonstrated that reducing NOx emissions in the late-spring and early-
summer and controlling VOCs during spring and autumn resulted in a 10% reduction

in Os-related mortality.

The effect of air pollutant mitigation policies was reported by (Huang et al., 2024)
following the relaxation of fireworks restrictions in China during the Chinese Spring
Festival in 2023. By comparing restricted and unrestricted festivals, it was found that
unrestricted firework use accounted for 70 % of ambient PM2 5 concentrations (188
ug/m?). This study highlights the importance of implementing clean air policies to
reduce emissions and of regularly monitoring these sites to understand the local

chemical trends and sources.

Some cities have introduced low-emission zones (LEZ), ultra-low emission zones
(ULEZ) or clean air zones (CAZ) to tackle air pollution from vehicles. CAZ are areas
with a restriction on the standards of vehicles permitted to drive in the designated zone.
Holman et al. (2015) reviewed the effects of CAZ on European cities in five countries:
Denmark, Germany, the Netherlands, Italy and the UK. Zones that restricted both
light-duty passenger vehicles and heavy-duty vehicles (HDVs) saw a reduction in the
long-term average of NO: of up to 8%, and far greater reductions in PM
concentrations. Smaller decreases in emissions were observed in cities which only
restricted HDV use (Liu et al., 2023). The small observed effect of CAZ on NO:2
concentrations could be due to the high spatial and temporal distribution of NOx,
meaning that sources near the monitoring site could be masking changes in on-road

concentrations.

The composition of the vehicle fleet is also an important factor. Vehicles of Euro V
standard and beyond should emit relatively little NOx, so removing these vehicles from
CAZ would not have a substantial effect. Electric cars are also gaining in popularity
and release no NOz emissions. The Greater London Authority reported roadside NO2
reductions up to 53% in central London since the introduction of ULEZ which
restricted the use of cars and vans that did not meet EURO IV (petrol) or EURO VI

(diesel) standards (Greater London Authority, 2024). NO:2 concentrations even
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reduced by 9% in areas outside of London, highlighting the spatial distribution of
pollutants. Robust monitoring networks with good spatial-temporal resolution will be

required to measure the efficacy of CAZ to reduce urban air pollution.

Monitoring

There have been many advances in pollution measurement technologies in the last 20
years, giving a fuller understanding of tropospheric air pollutant concentrations and
trends. Most cities in high-income countries benefit from partial monitoring networks.
On the other hand, cities in low-income countries, as well as smaller cities, towns and
rural areas in most countries have little-to-no monitoring infrastructure due to high

costs and maintenance demands of instrumentation.

Regulatory monitoring is conducted by official designated agencies in expensive
monitoring stations. Instrumentation in these monitoring stations has excellent
sensitivity for detecting trace gases but is sometimes vulnerable to interferences,
particularly ozone. Such fixed location measurements therefore cannot provide the
spatial and temporal resolution required to properly assess exposures to NOo.
Typically, air quality instrumentation measure concentrations over a minute or more
and often only hourly or daily averages are reported to the public. While this
information is valuable to the public and governing bodies, the lack of spatial
resolution means that certain sources (such as passing vehicles in the traffic
environment) and locations are not captured by the existing monitoring infrastructure.
As aresult, this infrastructure cannot be used to accurately assess on-road compliance
with car emission standards or personal exposure to TRAP and other pollutants, such
as NOz. Many different factors can affect one’s exposure to poor air quality, including

proximity and mobility around pollution sources (Liu et al., 2023).

Pollutant concentrations vary from region to region which means that localised air
quality monitoring is important for citizens to make informed decisions. In Ireland,
the Environmental Protection Agency (EPA) has identified particulate matter (PM)
and nitrogen dioxide (NOz) as priority air pollutants. Traffic and transport are a major
source of nitrogen oxides (NOx), comprising nitric oxide (NO) and NO2, and PM

emissions largely come from solid fuel burning (Environmental Protection Agency,
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2023). Before these emissions can be reduced to healthy levels, local sources must be
identified and the pollutants’ chemistry in the atmosphere must be understood.
Continued monitoring of airborne pollutants is essential for developing air quality
forecasting. Forecasting disseminates information to the public about the local air
quality and has potential to reduce personal exposure to pollutants, especially among
vulnerable groups such as children, elderly, and those suffering from pre-existing
illnesses such as asthma. Services like air quality forecasting also raises public
awareness around air pollution and can encourage changes to less polluting

behaviours.

There has been much interest in the development of low-cost, portable sensors to fill
the gap created by standard monitoring stations. Low-cost sensors can complement
expensive regulatory monitoring infrastructure and lead to deeper insight into the
spatial and temporal characteristics of ambient air pollution and the sources and
transport of urban air pollutants (Byrne et al., 2023; Wei et al., 2024, Manchanda et
al., 2024; Okure et al., 2022). Portable low-cost sensors add a further dimension in
that they allow mobile measurements on board light vehicles and unmanned aerial
vehicles or on bicycles or in backpacks. Low-cost sensors require calibration which
can be carried out by colocation with stationary monitoring stations (Spinelle et al.,
2015). Low-cost sensors are simple to operate and well-suited to citizen science

projects.

Low-cost sensing has been used in multiple citizen science projects in Ireland in recent
years, including Clean Air Together (CAT) and the GLOBE programme (Global
Learning and Observations for the Benefit of the Environment) in schools. CAT has
engaged citizens living in Irish cities (Dublin, Cork, Galway, Limerick) to monitor
local NO: concentrations over a 4-week period using diffusion tubes. Passive
monitoring techniques like diffusion tubes sample air for several weeks at a time,
resulting in a long time-averaged measurement. Their time resolution is therefore
minimal but large numbers of tubes can give insight into the spatial distribution of
pollutants (Rowell et al., 2021). The CAT project created a snapshot map of NOz levels
across Cork City (Environmental Protection Agency, 2023) (Figure 1.2). The spatial
distribution of NOz2 indicated that the sources are strongly linked to traffic. Highest
concentrations were recorded in the city centre or on major national roads, with

concentrations above 20 pg/m?, more than double the 2021 WHO annual mean limit.
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This citizen science study indicated that NO2 pollution in Cork City is largely caused

by internal combustion engine vehicles (ICEV).

Figure1.2.
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Spatial distribution of NO, across Cork city in Oct 2022 as reported by Clean Air
Together citizen science project (Environmental Protection Agency, 2023b).

These citizen science projects highlight the growing interest in monitoring TRAPs

with high spatial resolution while engaging with the public on questions of local air

quality (Diez et al., 2024). Although these low-cost measurements provide high spatial

resolution, they only provide a one-month average concentration and do not capture

periods where emissions rapidly increase or decrease. The sensitivity, selectivity and

time resolution of low-cost sensing must be improved to identify and quantify

emission sources and encourage changes in public behaviours.

The remainder of this chapter focuses on NO2, an urban air pollutant strongly

associated with ICEV emissions. The anthropogenic and natural sources of NO2 and

its tropospheric chemistry, as well as the WHO and EU air quality limits and

guidelines,

will be discussed. Established measurement techniques and their

advantages and disadvantages will be reviewed in the context of urban air pollutant

monitoring.
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1.2 Sources, chemistry, and impacts of nitrogen dioxide

Sources of NO,

NO: is a brown gas emitted during combustion in industry, power and transport
sectors. In urban areas, it is primarily produced by petrol and diesel vehicles, with
heavy-duty diesel vehicles having the biggest impact. It is produced naturally by
lightning strikes, soil emissions and biomass burning (Griffin et al., 2021; L. Huang
et al., 2024; Huber et al., 2020). NO: is a major product of combustion when nitrogen-
containing fuel is burned, but NOx can also be formed from the nitrogen (N2) and
oxygen (O2) present in air under high temperature conditions. NO formed under these
conditions can be further oxidised to produce NO2 (Bratrakov, 2016). This is known

as the Zel’dovich mechanism and is shown below (Zel’dovich, 1946).

AAA
N,+0 — NO+N (R. 1.13)
AAA
N+ 0, — NO + 0 (R. 1.14)
NO + HO, - NO, + OH (R. 1.15)

NO2 produced from lightning (LNO2) follows the same mechanism where lightning is
the heat source. LNO2 has a longer atmospheric lifetime than NO: as it is formed in
the upper troposphere where temperatures and thus reaction rates are slower (Zhang

et al., 2023). LNOz2 does not generally impact air quality due to its altitude.

The burning of fuel in vehicle engines is a major source of urban NO2 pollution.
Although tailpipe emissions typically have more NO than NO:z (Bishop et al., 2022),
NO is readily oxidised to form secondary NOa. Selective catalytic reduction (SCR)
aftertreatment systems in diesel vehicles have helped to reduce on-road NOx emissions
since their introduction in 2011 (Jung et al., 2019). SCR aftertreatment techniques
were introduced when European car standards were tightened to reduce vehicle
emissions. SCR systems first inject a urea solution into the exhaust gas which

thermally decomposes to NH3 and adsorbs onto the catalyst-coated SCR substrate.
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Gaseous NOx can then be reduced by the adsorbed NH3, to nitrogen and water (Yuan

et al., 2015). The overall SCR reaction can be expressed as:
4NH} (ads) T 2NO + 2NO, — 4N, + 6H,0 (R. 1.16)

Since this conversion relies on thermal decomposition, SCR convertors are less
effective at removing NOx emissions at lower temperatures, such as short or low speed
journeys after a cold start (Gao et al., 2021; Fu et al., 2013). A 2021 study reported
that heavy-duty diesel vehicles (HDDVs) accounted for 30% of total NOx emissions
from the transport sector in London, where over 96% of the bus fleet comprised diesel
and diesel-hybrid buses (Phantawesak et al., 2022). The study found that retrofitting
buses to improve SCR systems lowered NOx emissions by a factor of 1.7, but this
figure varied with driving conditions. If SCR converter temperatures were low, NOx
was not converted efficiently to N2 and H20O. The time of year was also found to have
a large impact on SCR efficiency as lower winter temperatures reduced NOx

conversion efficiency.

Atmospheric chemistry of NO,

NO:z is a key part in major chemical processes in the atmosphere. It is reactive and has
an atmospheric lifetime of several hours. The reactivity of NO2 and the distribution of
its sources results in high spatial and temporal variability in urban centres. (Pommier,
2022) Concentrations of NOz in cities usually peak in the morning and evening with
rush-hour traffic (Edwards et al., 2024) and are suppressed in the afternoon largely
through photolysis.

NO:z2 is photolyzed by sunlight below 400 nm. Photolysis produces NO and a free
oxygen radical (Oe) which is highly reactive in the atmosphere and a precursor to the

formation of ozone (O3). The NO formed can also be oxidized to regenerate NOx.

A<400nm
NO, ——— NO + 0 R. 1.17)
O'+02_)O3 (R. 1.18)
0 - +NO - NO, (R. 1.19)
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NO:z acts as a precursor to ozone formation, but its photolysis product also acts as an

O3 sink to reform NOz:

NO + 05 —» NO, + 0, (R. 1.20)

Tropospheric O3 concentrations are generally increased by NOa2. Ground-level ozone
poses health risks, adds to secondary PM formation and is a major contributor to smog
events (Z. Dong et al., 2024; Ryftel et al., 2019). Limiting NOx can reduce or increase
tropospheric ozone concentrations depending on whether the active chemical regime
in the area is NOx- or VOC-limited, as shown during China’s Clean Air Strategy 2013
- 2017. A negative correlation between O3 and NO2 concentrations in European cities
was also reported by Wolf et al. (2022). This anti-correlation is most distinct in VOC-
limited regions where high NO: concentrations can also lead to the formation of
secondary aerosols such as ammonium salts that contribute to haze events in the
wintertime (U.S. Environmental Protection Agency, 2008; Wang et al., 2023; Yombo
Phaka et al., 2023).

NO:2 and NOs, the nitrate radical and an important nocturnal oxidant, are in a
temperature-dependent equilibrium with N20Os. NO3 can be formed from NO2 and Os.
N20s concentrations are driven largely by O3, relative humidity and NO2 (Chen et al.,

2024).

N,O; & NO, + NO; (R. 1.21)

NO, 4+ 0; - NO; + 0, (R. 1.22)

N20s and NO3 contribute to O3 production and removal. N2Os also plays an important
role in heterogeneous chemistry, where it reacts with chloride ions to form CINOz, a
photolytic precursor of daytime chlorine radicals (Mielke et al., 2013) which

consumes stratospheric ozone.

NO:z2 also reacts with the hydroxyl radical, OHe, to form nitric acid, HNOs3, impacting
water, soil and plant health (Lobell et al., 2022). This reaction is particularly relevant
for LNO:2 where there are usually high water vapour concentrations (Wayne, 2000).
HONO is also produced in this reaction, which is an important precursor to the OH

radical (Ermel et al., 2018).
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2NO, + H,0 - HONO + HNO, (R. 1.23)

Monitoring reactive nitrogen chemistry requires high spatial and temporal resolution
to account for the short atmospheric lifetime, mobile sources, and geographical
distribution of NO2. NOx emissions contribute significantly to the chemistry of the
atmosphere and accurate measurements can lead to improved chemical transport

models (Peng et al., 2021) and pollution forecasting.

Health impacts of NO,

Exposure to NO: is associated with increased cardiovascular and respiratory mortality.
A study of the short-term effects of ambient air pollutants on public health in 29
European cities (Katsouyanni et al., 2001) showed that an increase in 10 pg/m* of PM
with diameter < 10 um (PMio) was associated with a 0.19% rise in daily mortality in
cities with low NO2 levels, but 0.80% in cities with high NO: levels (although the
results may have been skewed by the health of the sample and differences in climate).
Air quality data was averaged over 24-hours in each city, giving poor time resolution.
Meng et al. (2021) investigated the effect of short-term exposure (1-3 days) to NO2
across 398 cities worldwide. They found a strong linear correlation between NO2
concentrations and non-accidental deaths; the correlation increased when accounting
for other TRAP, such as CO, SOz and O3, but decreased by 19% when accounting for
PM, indicating that PM and NO:2 emissions are linked. By increasing the sample size
and area of study, Meng et al. (2021) overcame some of the limitations of the earlier
European study, finding that a 10 pg/m® rise in NO2 concentration increased
cardiovascular and respiratory mortality by 0.37% and 0.47% the following day. An
increased risk of cardiovascular and respiratory mortality was also shown to be
associated with long-term exposure to low levels of NO2 (< 53 ppb annual mean) (Shi
et al., 2022), highlighting the importance of monitoring even low levels of NOz2 to
improve public health. The efficacy of EURO standards in the city of Milan was
investigated by Crosignani et al (2021). The measured emissions were compared to a
model which assumed the vehicle fleet complied with relevant diesel EURO standards.

A breach of 6.6 pg/m® in vehicle emission standards led to 547 additional
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cardiovascular and respiratory deaths. NO2 has a clear negative impact on public

health and requires robust monitoring to identify areas of concern

Long-term exposure to NO2 has been found to increase cases of allergic rhinitis,
causing eye irritation and sneezing (Luo et al., 2023). NOz2 also causes inflammation
of the lungs, and exposure is particularly dangerous for those already suffering from
respiratory illnesses such as asthma. Patients are vulnerable to asthma attacks in the
presence of allergens or air pollutants (Cheng et al., 2022). NO2 has a strong
correlation with asthma onset and diagnosis. Cheng et al. found that for each
incremental increase of 5 ug/m? of NO, the risk of asthma onset increased. A similar
correlation was found by Liu et al. (2023) who observed an increase in hospitalisations

for respiratory illnesses when NO:2 concentrations increased.

Air pollutants, including NO2 and PM, pose a threat to pregnant women. Goin et al.
(2021) found a linear correlation between exposure to NO2 and risk of preeclampsia
and other hypertensive disorders, a result of increased blood pressure resulting from
the oxidative stress caused by NOaz. They therefore recommended that pregnant

women be included in “at-risk” categories in air quality reporting.

A link has been found between prenatal exposure to NO2 and anxiety and depression
in male offspring (Li et al., 2022). Increased exposures can disturb the natural
metabolism of placental neurotransmitters and lead to neurodevelopmental disorders
and high-risk diseases. Air pollutants have been shown to increase the risk of anxiety
and depression and impair cognition in adults (Li et al., 2021). Crooijmans et al. (2024)
suggested that exposure to NO2 under the age of 2 can affect attention span and
working memory since the prefrontal cortex develops slowly throughout pregnancy
and childhood. For males, the negative cognitive effects of NO2 may last longer
because their brains take longer to mature than females’. Improvements in air quality
and reduced exposure to NO2 were associated with a lower risk of dementia in older
women (Wang et al., 2021). The correlation held after accounting for
sociodemographic, lifestyle and clinical factors, establishing that exposure to NO2 in

later years contributes to pathological brain aging and risk of dementia.

NO: emissions clearly have a large impact on public health, leading to increased deaths

as well as medical costs borne by society. Changes in air quality guidelines and
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policies must be informed by relevant local measurements and monitored to ensure

compliance with updated standards.

Air Quality Guidelines for NO,

The World Health Organization (WHO) has laid out air quality guidelines and limits
to aid authorities in reducing the negative health impact of air pollutants such as NOx.
A review of current NO2 concentrations and their correlation to health effects was
carried out to choose a guideline limit value. Huangfu & Atkinson (2020) found a
positive linear relationship between NO2 exposure levels per 10 pg/m* and COPD and
acute respiratory mortality. The lowest 5™ percentile concentrations were considered
and the average lowest reported NO:2 concentration was 8.8 pg/m? (Carey et al., 2013;
Tonne & Wilkinson, 2013; Turner et al., 2016), which still saw significant health
effects. This was used as a starting point and a long-term NO limit of 10 pg/m? was
recommended. Interim guidelines of 30 and 20 pg/m> were also released to help
authorities reduce NOz levels incrementally from the previous limit of 40 pg/m?’
Short-term limits were also assigned to NO2, given the health effects discussed Section
1.2. It was found that daily concentrations are approximately a factor of 2.5 higher
than annual mean concentrations (Liu et al., 2019). This led to the introduction of a

24-hour mean limit of 25 pg/m?in 2021.

The legal EU limit is currently based on the 2005 WHO limit of 40 pg/m® and is
expected to be reduced in line with the interim targets laid out by WHO. The EU is
currently working towards lowering NO2 limits in all member states by 2030 (The
European Parliament, 2024). To quantify the efficacy of the new lower limits, NO2
monitoring must be sensitive to concentrations below 10 pug/m?, selective to NO2 and
give fast, real-time measurements. Many European cities have breached the previous
limits of 40 pg/m?® (European Commission, 2017) so infractions of the new, lower
limits are expected, emphasising the need for improved monitoring frameworks and

the ability to identify the greatest sources of pollution.
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Transport of NO,

NO:z has spatially heterogeneous sources and is chemically active in the atmosphere
(Section 1.2 Sources, chemistry, and impacts of nitrogen dioxide) which leads to large
variations in NO2 concentrations across space and time. Emissions follow a diurnal
trend with a morning and evening peak that align with peak traffic times (Voiculescu
et al., 2020). Concentrations are high in the morning due to surface emissions with a
low mixing height and therefore less dilution. In the afternoon, NO2 concentrations
reduce due to photolysis. NO2 emissions are also lower over the weekend compared
to weekdays, and during the summer compared to the winter (Anderson et al., 2021).
The lifetime of NOx emissions has been shown to be non-linearly dependent on
concentration and is controlled by the active chemistry in a given air mass. In a VOC-
limited regime, the lifetime increases with increasing NOx concentrations. The inverse

is true for NOx-limited regimes (Laughner & Cohen, 2019).

Surface winds also affect the mixing rate of NO2 and other transport emissions away
from the source site. Lower wind speeds result in increased NO2 concentrations close
to sources, giving characteristic NO2 decay gradients that depend on the region’s active
ambient chemistry and physical parameters such as wind speed and direction (Ahmad
et al., 2024). Dressel et al. (2022) reported that inhabitants of residential properties
near busy roads had a high attendance at doctor visits for asthma and respiratory issues
as well as hypertensive disorders during pregnancy, showing that residents near NO2

sources are exposed to higher concentrations and related health risks.

NO:2 emissions can be transported over state boundaries and can lead to an imbalance
between emission contribution and exposure. Trans-boundary emissions must
therefore be considered in air quality guidelines. Remote sensing techniques are
typically used to measure NO2 vertical column densities to analyse the large-scale

spatial distribution of the gas.
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Figure 1.3. Country fractional contributions to total EU NOy emissions in 2021 for countries with
populations between 3 and 12 million. Data based on European Union Emission

Inventory Report 1990-2021 (European Environment Agency, 2023).

The EU has laid out restrictions and limits for ambient pollutant concentrations which
all member states must meet. Figure 1.3 shows the contributions of smaller EU
countries to the total EU NO2 emissions in 2021 (European Environment Agency,
2023). Emission contributions increase with population as expected. In Ireland,
emissions are predominantly caused by urban sprawl and dependence on car travel.
Emissions vary from country to country and can be transported across borders,
skewing emission source data. Region-specific monitoring is required to attribute

emissions to the correct state and measure the efficacy of air quality policies.

Disparities in NO2 exposure have been linked to socio-demographics such as race,
ethnicity and income. In New York City, increased NO2 concentrations were observed
in non-white areas (28-30%) and areas that fell under the poverty line (25%) (Dressel
etal., 2022). The COVID-19 pandemic and resulting lockdown measures also revealed
significant inequalities in NO: distribution. Before 2020, predominantly white areas
had 3 times less NO:2 than non-white areas. During the pandemic, the greatest
reductions in emissions were seen in non-white and Hispanic areas, probably driven
by reduced vehicle numbers on major roads and highways near these areas (Hunter
Kerr et al., 2021). The same holds when accounting for income and educational

background. Proximity to sources is the major cause of these inequalities, as poorer,
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non-white areas are usually built up around busy roads and industrial activity.
Localised monitoring is needed to ensure legislations to improve air pollution
inequalities are being enforced and new NO:2 sources are not introduced to over-

burdened areas.

In many areas, school children are exposed to increased NO2 concentrations at drop-
off and pick-up times due to high levels of localised traffic. Children are especially
vulnerable to negative health effects from pollution because their bodies are still
developing. Because they have a higher breathing rate, they inhale high levels of
emissions compared to their body size. Social and economic demographics also
influence school children’s exposures. Children who are part of minority groups are
less likely than white children to live and attend school in an area below the WHO air

quality guidelines (Bechle et al., 2023).

1.3. Measurement of nitrogen dioxide

Modelling the chemical transport of pollutants shows that traffic is a major source of
emissions, but NO2 monitoring frameworks lack the spatial and temporal resolution to
confirm that these exposures are from the transport sector. Hyper-localised data was
obtained using a Google streetcar with mobile monitoring equipment to assess
subjects’ personal exposures in the US (Qi et al., 2022). Pollution levels in the area of
study were below the required guidelines at that time (World Health Organization
Regional Office for Europe, 2006), underlining the need for more stringent air quality
regulations and monitoring systems that can accurately measure the impact of updated

regulations.

The development of novel NO2 monitoring techniques that overcome the limitations
of existing approaches is a topic of continuing research. Many research groups are
aiming to create NO: sensors that are more compact, lower cost and sensitive to
ambient NO2 mixing ratios (Bailey et al., 2024; Kuhn et al., 2022; Womack et al.,
2022; Yang et al., 2023; Zheng et al., 2024a; Zhou et al., 2022). This section reviews

commercial monitoring systems and the limitations of these approaches.
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Chemiluminescence

The standard approach to monitoring NOx for regulatory purposes is based on the
chemiluminescence produced when NO in the sample reacts with excess O3 to form
NO:z. The newly formed NO2 product has excess energy which is released as infrared
radiation and detected by photomultiplier tubes. This measurement is therefore
fundamentally a measurement of NO. To measure NOx (NO + NO2), the analyser
draws sample air over heated molybdenum to reduce NO2 to NO. By successively
switching between measurements of NO and NOx, an inferred NO2 concentration is
obtained (Teledyne, 2010). Chemiluminescence measurements are sensitive but are
susceptible to interferences from ambient ozone, humidity (which enhances
chemiluminescent quenching), alkyl and peroxy nitrates (Alam et al., 2020; Kebabian
et al., 2008; Suzuki et al., 2011) and may be better suited to measuring total nitrogen
oxides. These monitors are not readily portable and take single point measurements,

typically averaged over 1 — 15 minutes.

Low-cost sensors

Conventional air quality monitoring requires a big financial investment, special
expertise for running and maintaining equipment and is therefore limited in terms of
spatial coverage. Low-cost sensors based on metal oxides, electrochemical reactions,
gas diffusion or particle scattering have been used to create large sensor networks that
can capture the spatial distribution of air pollutants (Byrne et al., 2024; Dallo et al.,
2021; Giordano et al., 2021; Okure et al., 2022). Low-cost sensors require careful
calibration (for example, through co-location with regulatory air quality monitoring
stations) and can complement regulatory monitoring stations by providing greater

information on the spatial distribution of pollutants (Manchanda et al., 2024).

Most commercially-available NO:2 sensors (e.g., AlphaSense, Cairclip, Urban AirQ)
are based on electrochemical reactions where NOz2 diffuses through a membrane and
is chemically reduced at a working electrode to generate a current. A counter electrode
produces an opposing current to balance the working electrode (Mijling et al., 2018).
These sensors are normally equipped with temperature and relative humidity monitors

because the response to NOz2 is highly dependent on these parameters. Extracting

30



useful data from low-cost sensor networks requires complex modelling such as
multilinear regression, machine learning and deep learning to increase sensor accuracy

(Jain et al., 2021; Kim et al., 2024).

Electrochemical NO2 sensors are also vulnerable to interference from O3 which causes
an underestimation of NO:2 concentrations, an effect that is amplified in rural
measurements where NO2 concentrations are low and O3 concentrations are high
(Spinelle et al., 2015). Spinelle and coworkers tested the accuracy of O3 and NO2 low-
cost sensors in a semi-rural environment and found that the hourly Data Quality
Objectives were not met for electrochemical NO2 sensors, likely due to low

concentrations, making these sensors unsuitable for official pollutant monitoring.

Electrochemical sensors cannot function correctly above 30 °C and can be irreversibly
damaged by hot summer conditions, making them unsuitable for applications in hot
climates or near combustion sources (Papaconstantinou et al., 2023). Chemiresistive
sensors are thermally stable and withstand high temperatures. They can be used in
exhaust or smokestack emission monitoring at mixing ratios in the range from 0.25 to
2 ppm (Yang et al., 2023). Chemiresistive sensors work by attracting NO2 to a polymer
where it can easily abduct electrons, thus creating more mobile holes and decreasing

resistivity.

Diffusion tubes are small, capped plastic tubes with a mesh under the cap that is coated
in triethanolamine (TEA), a chemical that absorbs NO2 (Kirby et al., 2000). Analysing
the changes to the TEA gives an indicative average for NO2 concentrations over
several weeks. Diffusion tubes are inexpensive and widely used in citizen monitoring
campaigns and can provide information on the spatial distribution of NO2 (Department
for Environment Food & Rural Affairs, 2022; Environmental Protection Agency,
2023; Okure et al., 2022). However, they are not suited for monitoring temporal

variability of pollutants.

Citizen science projects benefit from low-cost sensing as large spatial distributions of
pollutants can be measured. Low-cost sensor networks are ideal for use in urban
regions where there are areas and times with high exposure risks that may not be
captured by regulatory instruments. Wearable sensors have even been developed that
can give information on personal exposures to pollutants (Tryner et al., 2023).Low-to-

middle income countries with minimal monitoring may benefit the most from low-
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cost sensing networks, making air quality information available where previously

none existed.

While there have been many advancements in low-cost sensing, NO2 sensors are still
not accurate enough to impact change in policy or behaviour. In Europe, NO2 is the
most popular gas-phase pollutant to be measured in low-cost monitoring campaigns,
highlighting the need for novel low-cost methods for detecting this toxic pollutant
(Okorn & Iraci, 2024). Low-cost, light-based detection of NO2 may bridge the gap in
selectivity, reliability and accuracy of regulatory and low-cost monitoring (Giordano

etal., 2021).

Spectroscopic Measurement of NO,

Spectroscopic techniques based on the absorption or fluorescence of the target species
can be used to measure atmospheric trace gases. NO2 has a highly structured and
unique absorption spectrum. Spectral methods with good sensitivity to NO:2 include
cavity-enhanced absorption spectroscopy, cavity-attenuated phase-shift spectroscopy,
cavity ringdown spectroscopy, differential absorption LIDAR (light detection and
ranging), differential optical absorption spectroscopy, gas correlation spectroscopy,
photometry, interferometry, photoacoustic spectroscopy and laser-induced

fluorescence. These techniques will be discussed in this section.

Optical Cavity Techniques
Cavity ring-down spectroscopy (CRDS)

Cavity ring-down spectroscopy, first reported by O’Keefe & Deacon (1988) uses high
finesse optical cavities which reflect light pulses many times through the sample,
transmitting a small fraction of light after each round trip. The intensity of light
decreases exponentially over time (Wheeler et al., 1998). Light decays within the
cavity due to mirror losses, Mie and Rayleigh scattering, and absorption and scattering
in the sample. The decay rate, or ‘ring-down time’, of the light pulse is determined by
the cavity mirror reflectivity, spacing between the mirrors and the concentration of an

absorbing gas in the cavity (Zalicki & Zare, 1995). When there is no absorbing gas in
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the cavity, the ring-down time, 70, only depends on the mirror reflectivities, R, and
mirror separation, /:
l

o = “a 1.1

where c is the speed of light in m/s. The sensitivity of the absorption measurement
improves with increasing cavity mirror reflectivity, which increases the light
pathlength through the sample. The ring-down time decreases with sample absorption.
Wada & Orr-Ewing (2005) detected between 0.2 — 80 ppb of NO2 with a limit of
detection of 0.1 ppb in 50 seconds using a continuous wave laser and a photomultiplier
tube (PMT) and Mazurenka et al. (2005) found an upper limit of 150 ppt also using a
laser and PMT. CRDS has been used for exhaust NO2 and NO measurements with an
upper limit of 29 ppm by increasing the integration time to 7 minutes (Evertsen et al.,
2002). CRDS systems typically have a good temporal resolution on the order of
minutes (Evertsen et al., 2002; Fuchs et al., 2008; Wada & Orr-Ewing, 2005). Fast-
Fourier Transforms (FFT) can be applied to the CRDS fitting algorithm to give real-
time ring-down decay fitting (Mazurenka et al., 2005), improving the temporal

resolution but reducing the upper concentration limit.

CRDS typically uses lasers rather than broadband sources, such as LEDs, because the
decay becomes multiexponential if the spectral width of the light source is wider than
the molecular absorption feature. Quantitative measurements of gas absorption can be
made when the spectral distribution of the broadband light source is known. DOAS
analysis can also be performed on broadband sources to analyse interfering species

that absorb in the same spectral region (Ball & Jones, 2003).

CRDS is suitable for field measurements of NOz, provided that a particle filter is used
to reduce scattering from particles and that other absorbers such as ozone in the
spectral region are corrected for. Osthoff et al. (2006) constructed an instrument
consisting of three optical cavities that used CRDS to measure NO2, NO3 and N20Os
simultaneously for airborne measurements. NO2 was measured up to 200 ppb with a
detection limit of 40 ppt in 1 second, giving an attractive measurement range and time
resolution for ambient air quality monitoring. Taking regular zero-air measurements
in which NO2 was scrubbed from the inlet line also improved sensitivity and system

stability (Castellanos et al., 2009).

33



Monochromatic CRDS measurements are vulnerable to interferences from gases that
absorb in the same wavelength region as NOz. Information on concentrations of other
gases is therefore required to correct NO2 concentrations (Osthoff et al., 2006). CRDS
instrument sensitivity may also degrade with field use since it depends on the high
reflectivity of the cavity mirrors, which can become dirty over time and so require

regular cleaning and maintenance (Wheeler et al., 1998).

Cavity-enhanced absorption spectroscopy (CEAS)

Cavity enhanced absorption spectroscopy (CEAS) has been widely used for trace gas
detection in the atmosphere (Liu et al., 2016; Wang et al., 2017). The Beer-Lambert
relation (Equation 1.2.) implies that increasing the pathlength through the sample

results in a larger decrease in intensity for a given sample.
log [ = NoL 1.2

Like CRDS, CEAS systems use optical cavities comprising two planar-curved mirrors
with a high reflectivity coating (R > 99%) causing light to be reflected back and forth

between the mirrors many times, thereby creating a long effective path length through
the sample. Optical cavities increase the absorption sensitivity by a factor of ﬁ. The

minimum detectable concentration of the system decreases as the reflectivity increases
and thereby lengthens the effective path length. The characteristics of optical cavities

will be discussed further in Section 1.4.

While initial CEAS systems used lasers as light sources, Fiedler et al. reported the first
use of incoherent broadband light sources in 2003 (Fiedler et al., 2003). Their initial
demonstration of incoherent broadband cavity-enhanced absorption spectroscopy
(IBBCEAS) used a xenon arc lamp, grating monochromator and photodiode array to
determine the light absorbed within an optical cavity to measure the absorption of
molecular oxygen and gaseous azulene. IBBCEAS instruments do not require
sophisticated electronics such as feedback loops and have a relatively simple optical
set-up. However, they require substantial post-processing algorithms to analyse the
absorption spectra. Broadband light sources do not require mode matching when
coupling light into the optical cavity, as is the case with lasers. The relatively wide

spectral coverage of broadband light sources allows multiple absorbing gases to be
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measured simultaneously (Nam et al., 2022; Wang et al., 2023; Washenfelder et al.,
2008; Yi et al., 2021). Aerosols scatter light and may interfere with absorption
measurements, so a PTFE filter is often used to remove particulates from the sample

(Zheng et al., 2018; Zheng et al., 2024).

The reflectivity of the cavity mirrors must be calibrated in CEAS and IBBCEAS for
quantitative absorption measurements. Several calibrations methods have been used.
The difference in Rayleigh scattering between two gases (often He and N2) is
commonly used but requires external gas supplies. The response to a known gas
concentration may also be used to calibrate the mirror reflectivity, or the relationship
between the phase shift in the cavity and the modulated signal frequency, as in CAPS
measurements. Purging cavity mirrors with an external air supply protects the mirrors

and maintains their high reflectivity.

Light emitting diodes (LEDs) are appealing light sources for IBBCEAS systems
because they have a broad spectral output, low power consumption and a long lifetime
(Zheng et al., 2018). They typically have a lower optical power output than lasers or
arc lamps, are safer to use, and much less expensive. IBBCEAS systems with LEDs
have been used to quantify NO2 concentrations with sub-ppb limits of detection in a
compact instrument (Langridge et al., 2008; Wang et al., 2017; Wu et al., 2014; Zheng
et al., 2024). Typically, high power LEDs that require active temperature control are
used with collimating optics to increase light throughput in the system (Womack et al.,
2022). LED emitters are vulnerable to spectral shifts from fluctuations in supply
current or voltage and ambient temperature. Therefore, it is important to consider

active temperature control and voltage regulation for LED light sources.

Sensitive photodetectors are required to monitor the LED cavity output, such as
grating spectrometers equipped with charge-coupled device (CCD) detectors, or non-
dispersive detectors like photomultiplier tubes or silicon photomultipliers (Bailey et
al., 2024). Zheng et al. (2024) reported a mini-IBBCEAS system that could be
mounted on an unmanned aerial vehicle (UAV) for measuring vertical column
densities of NOz. This system used a short optical cavity (<l1lcm) with a grating
spectrometer and charge-coupled device (CCD) to measure <0.1 ppb of NO2 with a
time resolution of 2 seconds. Precise wavelength calibration and absorption cross-

sections are required to analyse the spectral data. UAVs are attractive for low altitude
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airborne monitoring as they are cheap compared to manned aircraft. However, UAVs
have low payloads and require that devices are small, light and run automatically,

making IBBCEAS a desirable option.

The sensitivity of CEAS systems can be improved by modulating the light source and
using phase-sensitive detectors (PSD). Phase-sensitive detection mixes a signal and
reference waveform that are modulated at the same frequency. The output signal is
then low pass filtered to observe the selected frequency. PSD and lock-in amplification
will be discussed further in Section 1.4.3. Zhou et al. (2022) used amplitude-
modulated CEAS (AM-CEAS) to measure ambient NO2 with a detection limit of 8 ppt
in 30 seconds. It is important to note that AM-CEAS does not require the modulation
frequency to be matched to the induced phase shift in the optical cavity, as is the case
in cavity-attenuated phase-shift spectroscopy (CAPS). The optical cavity produced an
effective path length of 3.26 km. The reflectivity was preserved by employing a PM
filter, rather than using an external purge gas supply. This instrument used a multimode
diode laser with an emission at 405 nm and output power of ~150 mW and
photomultiplier tube (PMT) detector. The laser required active temperature and current
control, an optical isolator to reduce laser feedback, and a bandpass filter to reduce
stray light. Although the Zhou AM-CEAS achieved excellent sensitivity to ambient
NOz, the system has drawbacks of high-cost and complex control electronics. Laser-
driven systems also require precise optical alignment and high mechanical stability.
These requirements are relaxed for LED systems as the broadband emission diverges,

creating a larger spot size that is less sensitive to small misalignments.

IBBCEAS systems can be improved further by increasing the light throughput using
high-power, directional light sources such as superluminescent LEDs (SLEDs)
(Denzer et al., 2009). SLEDs combine the broad spectral characteristics of LEDs with

the narrow dispersion angle characteristic of a laser and are well-suited for quantifying
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gas species with broad spectral features. SLEDs are not yet widely used in trace gas

sensing but are a promising emerging light source.

Cavity-attenuated phase-shift spectroscopy (CAPS)

When a modulated light signal is passed through an optical cavity, a characteristic
phase-shift is seen as a distortion in the transmitted waveform. The phase-shift is
determined by device properties (absorption cell length, cavity mirror separation and
reflectivity and light modulation frequency) and the absorption coefficient of the

sample. The relationship between these variables is (Kebabian et al., 2008):

cotd = cotd, + %a,\,oz (T,P)y 1.3
where 9, and 9 are the phase-shift in NO2-free air and the sample air, respectively. a
represents the absorption coefficient of NO: at a fixed temperature (7) and pressure
(P), c 1s the speed of light, f'is the modulation frequency and y is the mixing ratio of
the target gas.

Kebabian et al. (2008) reported a CAPS instrument that used a blue LED centred at
440 nm with a 20 nm bandpass. The LED was modulated at 16 kHz. This instrument
achieved a limit of detection of < 0.06 ppb with a 10 s response time using a vacuum
photodiode. A Nafion dryer was also used to reduce humidity, but it had a negligible
effect on NO2 measurements because water vapour absorbs weakly at 440 + 20 nm.
The instrument was susceptible to other spectral interferences, such as glyoxal
(CHOCHO) and methylglyoxal (CH3COCHO) which absorb in this region. However,
NO2 absorbs more strongly here by a factor of approximately 5 and urban
concentrations of glyoxal and methylglyoxal are typically an order of magnitude lower
than NO:z (Thalman & Volkamer, 2010). The CAPS method therefore offers attractive
sensitivity for NO2 detection; however, it is vulnerable to spectral interferences and

requires active temperature control to reduce drifts in the signal baseline.
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Other long-path measurements
Photometry

Photometry measures the absorption of a species based on the wavelength-dependent
absorption cross-section. A compact folded tubular photometer was developed by
Birks et al. that made direct measurements of gas phase NO2 absorption using a blue
LED centred at 405 nm and a photodiode (Birks et al., 2018). The compact system
consisted of a 2.1 m folded tube with mirror modules to fold the light path several
times across a moderate spatial footprint. Although laser light sources provide more
output power and directionality, the system used LED as the more stable light source.
An LED with a low output power was used to reduce photodissociation of NO2 (< 420
nm) during the measurement (Burkholder et al., 2015; Wilkinson et al., 2010). These

practical limits will be considered for the systems discussed in Chapter 2 onwards.

Long path absorption photometry (LOPAP) is used to detect trace gases including
NO2z, HONO and NO after reaction in a solution. LOPAP NO:2 measurements can be
vulnerable to interferences. Villena et al. removed O3 and HONO from the sample flow
and reacted NO2 with a Griess-Saltzman reagent to produce a brightly coloured dye
solution whose absorbance was measured using a tunable white light diode and a
spectrometer (Saltzman, 1954; Villena et al., 2011). The effect of system fluctuations
such as temperature, pressure and relative humidity was reduced by taking regular
zero-air measurements where NO2 was scrubbed from the sample. In addition, the log
ratio of the light intensity at two distinct wavelengths was measured to suppress
variations in the light source intensity. High sensitivity was achieved by using a long
Teflon tube, resulting in a limit of detection of 2 ppt in 3 minutes. The time resolution
and light throughput of the system degrade as the light path increases so path lengths
of a few metres are used in LOPAP systems (Kleffmann et al., 2006; Kleffmann &
Wiesen, 2008). These path lengths set upper concentration limits (e.g., > 300 ppb
(Villena et al., 2011)) which might be unsuited for monitoring environments that have
periods of high pollution levels. Choosing wavelengths with lower absorption cross-
sections causes the absorption to saturate at a higher concentration, increasing the
upper bound. While LOPAP systems offer exceptional sensitivity to gases like HONO

and NOg, their time resolution is only moderate, interferences can be a major problem,
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and the handling and changing of liquid solutions makes them unsuited to many

applications.

Differential absorption LIDAR (DIAL)

Light detection and ranging (LIDAR) is a common remote sensing technique. In
atmospheric applications, LIDAR uses pulsed lasers to measure the range-resolved
composition of the atmosphere based on the inverse relationship between the
transmitted light and the light path length. Differential absorption LIDAR (DIAL) uses
the LIDAR principle at two or more closely separated wavelengths, Ao and Aog; at
which the target species has a large difference in absorption cross section (Volten et
al., 2009). The resulting difference in backscattered light at each wavelength can be
used to calculate the number density of the target. Choosing nearby wavelengths
minimises broadband interference from aerosol backscattering and other spectral
interferences as the Rayleigh and Mie scattering effects are approximately constant

1(Aon)
(o)

system drift on measured NO:2 concentrations (Su et al., 2021). The selection of these

over small differences in wavelength. Monitoring log( ) reduces the effect of

wavelengths can be achieved using tunable lasers or LEDs with narrow bandpass
filters. Su et al. (2021) found that high concentrations of ambient aerosols were
problematic in DIAL measurements using two wavelengths. They used a modified 3-
wavelength approach, where wavelengths with low, medium, and high absorption

cross-sections (07 (1) < 0,(4,) > 03(43)) across an absorption peak were used.

LEDs can replace lasers as light sources in DIAL measurements, reducing power
demand and vulnerability to electrical fluctuations. Shiina et al. (2019), developed a
mini-LIDAR instrument for atmospheric detection. LEDs with sufficient output power
were found to be an effective light source for LIDAR measurements. LEDs were found
to have a relatively stable output over long periods so active temperature control was
not required. Since LED beams diverge far more than laser beams, collimating optics
must be used to efficiently transmit light through the atmosphere. A photomultiplier
tube was also used as a detector in this instrument as DIAL measurements require high

amplification for weak signals and a fast time response.
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DIAL measurements can be applied to gases other than NO: that have structured
absorption features. SOz vertical profiles were measured by Fujii et al. (2001) using a
3-wavelegnth DIAL approach with a measurement error < 1.1 ppb. Liu et al. have
developed a compact CO2 LIDAR system that could be applied in the space industry
for Mars missions (Liu et al., 2024), measuring CO2 column densities and surface
pressures and temperatures to deduce atmospheric pressure profiles. DIAL is a robust
and powerful method for measuring gas absorptions in the atmosphere using long path
lengths, provided suitable operating wavelengths, light sources and detectors are

chosen.

Differential optical absorption spectroscopy (DOAS)

Differential optical absorption spectroscopy (DOAS) techniques analyse atmospheric
absorption spectra that are typically recorded using grating spectrometers and charge-
coupled devices (CCD) by comparing with known absorption cross-sections of the
target species. Overlying spectral structures can be removed through separating the
narrow and broadband absorption features to resolve changes in the signal of interest.
Long path measurements can have high variability in light sources and light path due
to fluctuations in the atmosphere, so absolute intensity measurements are not viable
for this type of measurement. A differential approach effectively eliminates these
variations. Interferences such as aerosol scattering are usually present as broadband
structures in absorption spectra (Platt & Stutz, 2008). Overlying structures are
removed based on reference absorption cross-sections convolved with the instrument
resolution, and filtering should be applied to all reference and measured spectra
equally. Optical detection systems can observe reductions in the optical density of
Fraunhofer emission lines, known as the Ring effect (Grainger & Ring, 1962). Some
trace gas absorptions can be an order of magnitude smaller than the apparent Ring
effect which led Solomon et al. (1987) to propose a ‘Ring spectrum’ in 1987 so that
this spectrum could be removed from measured spectra. This correction was applied
to simultaneous NO2 and O3 measurements at McMurdo station in Antarctica, 1987,
which supported evidence of the ‘ozone hole’, where reactive chlorine radicals
consumed O3 products, leading to reduced formation rates and a ‘hole’ in stratospheric

ozone coverage (Mount et al., 1987).
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The detection limit, Dy;p,;r, of @ DOAS instrument can be expressed in terms of the

noise level, o, and a given number of pixels, n.

Diimir = 0 X 1.4

n—1
Stutz and Platt validated this expression using DOAS with least squares fitting. Sub-
ppb detection limits were reported for O3, NO2, SO2 and HCHO when overlapping
spectra were separated by fitting to literature cross-sections (Stutz & Platt, 1996).
Residual spectral structures of random noise or stray ambient light interfered with
these measurements, particularly in passive DOAS systems which use scattered

sunlight as a light source.

Active DOAS systems use artificial broadband light sources such as Xe arc lamps or
LEDs. Arc lamps offer a spectrally wide (~1000 nm) and high-power emission profile
which allows simultaneous monitoring of many different absorbing species. Xe arc
lamps have been used with DOAS systems to measure over long path lengths (<1 km)
with good sensitivity. Telescopes are used to collimate and project light across large
distances, as well as to collect and focus light into fibres connected to spectrometers
(Lee et al., 2008). However, arc lamps require large power supplies and high voltage
sources to ignite. Other disadvantages include the risk of explosion of the high
pressure lamps, relatively short lamp lifetimes (< 2000 hours), and formation of O3 in
the vicinity of the lamp (Kern et al., 2006). These disadvantages have contributed to a

decline in arc lamp use as light sources.

LEDs are an attractive alternative to arc lamps because they are low cost, safer to
operate, have long lifetimes, and have comparable spectral power density to arc lamps
at their peak emission wavelength. LED emission spectra can also be approximated to
a Gaussian curve, simplifying fitting regimes (Ab-Rahman et al., 2012; Bauer, 2021;
Jin et al., 2013). However, Fabry-Pérot étalon-induced structures in the LED emission
spectrum can interfere with DOAS measurements when LEDs are not kept at a stable
temperature (Kern et al., 2006). This effect was investigated by Sihler et al. (2009)
who found that tilting the LED emitter removed étalon effects and increased the
radiant flux transmitted through the system. If the active emission area is sufficiently

large, then the light intensity is independent of the tilt angle of the emitter.
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Implementing these techniques improved the limit of detection over a long (~ 6 km)

path length by a factor of 2.

A low-cost compact DOAS system was demonstrated by Bacaoco et al. (2020) that
used an LED emitting 430-450 nm, fibre optics, CCD spectrometer and emitter and
receiver telescopes. NO2 and aerosols were simultaneously measured across a 547 m
path length in the Philippines. NO2 concentrations ranged between 100 and 600 ppb.
The aerosol optical thickness was derived from measured spectra by subtracting the
NO: absorption contribution. Capturing the full spectral response makes DOAS a

powerful tool for simultaneous trace gas and aerosol measurements.

Laser driven light sources (LDLS) have more recently been used with DOAS systems.
They have a wide spectral output like an arc lamp but have superior stability, spectral
radiance, and lamp life. They produce high-power emission and improve the signal-
to-noise ratio (SNR) (Li et al., 2017). LDLS used with fibre optics to collect
transmitted light give higher light throughput, better optical coupling and reduced
stray light within the system. Nasse et al. (2019) used a LDLS DOAS system to
measure trace gas concentrations in Antarctica, including NO2, ClO and BrO.
Measurements were averaged over 2-40 minutes with an NO:2 detection limit of 180
ppt in 2 minutes and 138 ppt in 40 minutes. Their system used a simplified optical
design with a single telescope to send and receive light. LDLS systems require precise

optical alignment and are vulnerable to misalignment and atmospheric variability.

Optimisation of spectrographs in DOAS systems has been discussed by (Platt et al.,
2021). Most spectrograph resolutions are limited by the product of the free entrance
area and the solid angle of acceptance of the optics, known as the étendue. To increase
the spectral resolution, the entrance area is increased together with the acceptance
angle (F number). Parallel identical instruments can also be used to increase the spatial
averaging and thereby the instrument resolution without affecting the physical

dimensions.

DOAS techniques are widely used to validate satellite measurements from instruments
such as the Geostationary Environmental Monitoring Spectrometer (GEMS), and
TROPOspheric Monitoring Instrument (TROPOMI). PANDONIA Global Network
comprises a network of ground-based DOAS instruments (PANDORA) measuring
UV-vis absorption (Edwards et al., 2024; Rawat et al., 2024). GEMS measures
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scattered sunlight to record NO2 column densities with a spatial resolution up to 7X7.7
km?every hour (< 10 readings a day depending on season). These measurements often
overestimate ground-level NO:2 because the tropospheric and stratospheric
contributions cannot be clearly separated (Lange et al., 2024) and higher surface level

NO:z2 concentrations in urban areas cannot be resolved (Ha et al., 2024).

Gas correlation Spectroscopy (GCS)

While spectroscopic methods can be highly selective to trace gases in the atmosphere,
they are less suited to real-time imaging measurements of NO2 as they have poor
spatiotemporal resolution and require longer acquisition times to improve spatial and
spectral resolution. Kuhn et al. demonstrated a novel NO:2 imaging sensor based on
gas correlation spectroscopy (GCS) (Kuhn et al., 2022). This system used a reference
“absorbing” gas cell with a high concentration of the target gas and an “empty” cell
containing air to be sampled. Light transmitted through each cell is recorded by a
camera. The absorbing cell acts as a spectral filter across the full absorption of NO-.
GCS measures the logarithmic ratio of channel 1 and channel 2, minimising the effect

of other spectral interferences and instrument drift.

This method requires active temperature control, especially within the absorbing cell
where fluctuations in temperature may affect the stability of the gas concentration due
to the temperature-dependent equilibrium of NO2 with N204 (Platt & Stutz, 2008).
Employing two cameras for detection means that the detector signals are vulnerable
to variations in the optical path induced by differences in path length or NO:

concentrations in the path.

Interferometry

Fabry-Pérot interferometers (FPI) have been widely used for atmospheric
measurements (Bonilla-Manrique et al., 2019a; Kuhn et al., 2021; F. Liu et al., 2021;
Wang et al., 2011a). FPI have also been applied in real-time space monitoring for
capturing events such as fast radio bursts, pulsars and rotating radio transients

(Murphy et al., 2021) and have high time and spectral resolution.
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FPIs consists of two parallel planar mirrors with reflective coatings which allow
incident light to be reflected between these surfaces a number of times depending on
the mirror separation, d, and the refractive index of the medium between the parallel
mirrors, n. Interference between the reflected and transmitted beams leads to
transmission of high order interference patterns (Jacquinot, 1960). A detector array
captures the intensity of different spectral channels. The spectrum shifts due to small
changes in the incidence angle, a. This angle dependence is used to separate the

spectrum into different channels for spectral analysis.

FPI allow greater light throughput than commercial grating spectrometers and can
increase the spectral resolution of spectroscopic systems while maintaining portability
and fast response times (Jacquinot, 1954; Zhong et al., 2024). Different interferometry
methods, such as Sagnac interferometry and Mach-Zehnder interferometry are
common techniques for sensing and communications and have been used for trace gas
and VOC detection (Khan et al., 2020). These methods use optical fibres to split and
recombine light beams and monitor the induced interference between beams. FPI have
been integrated into photoacoustic spectroscopy systems to replace traditional
piezoelectric detectors (Kohring et al., 2011a). When a gas absorbs radiation, the
internal energy increases which allows a modulated laser that is resonant with species’
absorption features to create pressure waves which can be monitored by a microphone,

piezoelectric detectors or FPI (Wheeler et al., 1998).

Although interferometers greatly improve spectral resolution, grating spectrometers
typically have suitable resolution for measuring ambient or trace gases in the
atmosphere. Interferometers require additional optics for order sorting and are not
widely available, unlike grating spectrometers. Interferometers are also susceptible to

external vibrations and changes in temperature or relative humidity.

Photoacoustic spectroscopy (PAS)

Photoacoustic spectroscopy is a well-researched detection method that can be applied
to solid, liquid and gas samples (Li et al., 2011). PAS will be discussed here in the
context of trace gas detection. PAS works by passing a modulated light beam through

a photoacoustic resonant cell containing the target absorber. The absorbing gas is
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heated periodically at the modulation frequency, creating a periodic pressure change,
or ‘pressure wave’ (Wang et al., 2011). The amplitude of the pressure wave depends

on the light intensity, absorber concentration and its absorption cross-section.

The periodic pressure wave was conventionally detected using condenser or piezo-
electric microphones. However, these electronic microphones are not appropriate for
use at high temperatures or relative humidities and are vulnerable to electromagnetic
interference. A cantilever-based approach was reported by Laurila et al. (2006) which
used an interferometer to detect the periodic deflection of a cantilever in response to
an induced pressure wave. Laurila and coworkers could detect CO2 with a limit of
detection of 0.23 ppm using this technique. A similar approach was taken by Wang &
Yu (2010) who placed a diaphragm near the end of a fiber optic so that the periodic
movement of diaphragm could be detected by a Fabry-Pérot interferometer. They
found that the system sensitivity was limited by the diaphragm size and thickness.
Tuning forks have also been widely applied to PAS systems, but they are vulnerable

to thermal noise and require stable temperature conditions (Kohring et al., 2011).

Liu et al. (2009) and Riick et al. (2018) used an off-beam configuration for
straightforward alignment that did not have to be aligned through the tuning fork. This
technique provided high quality resonance amplification that increased the system
sensitivity. PAS benefits from sensitive and selective detection of trace gasses as well
as a linear response to increasing concentrations (Wang et al., 2011). PAS systems can
be configured into a compact instrument (Bonilla-Manrique et al., 2019) provided that
appropriate amplifiers can be built into small circuitry. PAS has been widely used for
the detection of gasses such as CO2 (Laurila et al., 2006), O2 (Kohring et al., 2011),
NHs (Bonilla-Manrique et al., 2019), H2O (Liu et al., 2009) and NO2 (Kerschhofer et
al., 2018; Yiet al., 2011).

Laser-induced fluorescence (LIF)

Laser-induced fluorescence, first reported by Zare and Dagdigian (1974), uses a laser
to excite a molecule from its ground-state to an excited state. The excited molecule
spontaneously relaxes to its ground state, emitting photons that can be detected by

sensitive photodetectors. Compounds have unique absorption and fluorescence

45



spectra, giving LIF good specificity to target species. The wavelength selection should
consider interfering molecules and the cross product of the maximum fluorescence

and the laser intensity at a given wavelength (Thornton et al., 2000).

LIF measures NOz2 directly and so has better specificity than established but indirect
techniques like chemiluminescence. Suzuki et al. (2011) compared LIF to CL
measurements and found that CL overestimated NO2 concentrations, particularly in
high-O3 environments. The specificity of LIF was demonstrated by George and
O’Brien (1991) by scrubbing sample air of NO2 every 10 s (50% duty cycle) — no
fluorescence signal was seen in NOz-free air. George and O’Brien achieved good

sensitivity to NO2 with a limit of detection of 450 ppt in a 20 s sampling time.

LIF has been used to measure NO2 with excellent sensitivity. Fong and Brune (1997)
reported a limit of detection of 280 ppt in 2.5 minutes; Thornton et al. (2000) reported
a detection limit of 15 ppt in 10 s for the measurement of tropospheric NO2. LIF is
also appropriate for monitoring urban NOz. Using a laser wavelength of 226 nm, Peng
et al. (1995) measured NO: with a detection limit of 10 ppb in 3 minutes. There is a
large peak in oxygen fluorescence at 225 nm that interfered with the NO2 measurement
and degraded the detection limit. Dari-Salisburgo et al. (2009) measured NO2 with a
limit of detection of 10 ppt in 60 s at 532 nm with a single pass optical configuration.

LIF instruments are generally used in research applications.

1.4 Signal enhancement in spectroscopic measurements

Spectroscopic techniques often deal with low levels of light, either from long optical
path lengths or substantial optical filtering for the selection of a wavelength region of
interest. This section presents several optical and digital techniques for increasing

system sensitivity by enhancing signal amplitude and reducing noise.

1.4.1 Optical cavities

The sensitivity of in situ absorption measurements can be increased by employing

high-finesse, optical cavities, as is used in CRDS and CEAS approaches (G. Wang et
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al., 2023). An optical cavity typically comprises two high reflectivity (HR) mirrors
with a curved, reflective inner surface. The HR coating on the mirrors combined with
their curved geometry, causes light of a specific wavelength to resonate within the
optical cavity and be reflected multiple times. A small amount of light is transmitted
through the cavity mirrors. Optical cavities dramatically increase the path length of

light through the sample. Consider the Beer-Lambert equation:
in(A
n =) L5

As the pathlength, L, increases, the minimum detectable concentration decreases,

improving the sensitivity of the system overall. An optical cavity increases the

pathlength by a factor of ﬁ, where R is the cavity mirror reflectivity:

In(3)a-r)

oL

N = 1.6
Light must be geometrically constrained within the cavity and certain stability criteria
must be fulfilled. The so-called g-parameters describe the cavity stability in terms of
its geometry, which is defined by mirror separation, d, and radii of curvature, »; and
r2, of the two mirrors. If the cavity is unstable, photons will not be retained in the
cavity. The g-parameters are defined as:

d

gl’z :1__ 1.7

71,2
The cavity is stable if 0 < g, g, < 1 is satisfied. The range of accepted g-parameters
is represented graphically in Figure 1.4 (Spuler & Linne, 2002). An optical cavity can
be described as a symmetric resonator when both cavity mirrors have the same radius
of curvature and therefore g, = g,. If the mirror separation equals the radius of
curvature, the mirrors have the same focal point and g; = g, = 0. This is the confocal
cavity configuration and gives the highest signal throughput (Fiedler et al., 2007).

However, confocal cavities are sensitive to alignment and near-confocal arrangements

are preferred (Kebabian et al., 2007).
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The mirror reflectivity, R, largely dictates the improvement in sensitivity. As R — 1,
photons travel an increasingly long path within the cavity, increasing the sensitivity to
sample extinction. A drawback of higher mirror reflectivities is that less light is
transmitted out of the cavity. There is therefore a trade-off in terms of light throughput
and effective pathlength of light in the cavity. Although mirrors of a lower reflectivity
have shorter effective pathlengths in the cavity, their greater transmission makes it
easier to measure signals with standard detectors (Dasgupta et al., 2014). In addition,
less reflective mirrors cost less. In this thesis, where the target species, NO2, is
typically found at moderate concentrations, lower reflectivity systems have been used

to achieve suitable sensitivity at moderate system cost.
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Figure 1.4. Graphical representation of criterion for stable cavities. The cavity is stable if (g1, g2) lies

within the shaded region.

1.4.2 Balanced detection

Balanced detection is a useful technique for reducing common-mode noise in the
system. Common-mode noise (CMN) describes interferences that equally affect the
reference and signal paths in a detection system. CMN can be caused by
radiofrequency or electromagnetic interference, fluctuations in the power supply or
light source, as well as environmental factors, such as cloud cover, and changes in

atmospheric transmission. CMN has a large effect on the measurement accuracy and
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reduces the signal-to-noise ratio of a system. When both wavelength signals originate
from the same light source, fluctuations or drift in the system should be common in

both signals. CMN can be reduced by using balanced detection techniques.

The basic principle of balanced detection is that a reference channel and signal channel
are measured and compared, either by subtraction or division (normalisation), so that
noise that is common to both signals is cancelled out. The resulting balanced signal
can then be amplified to further increase the signal-to-noise ratio. Balanced detection
removes the need for regular background measurements, which are otherwise needed
for small changes in signal (Hobbs, 1997). For balanced detection, both beams must
travel an almost identical light path until they reach their respective detectors. This
ensures that fluctuations in the light path occur equally in both signals. It is also
important that the optical power striking each detector is approximately equal so that

small changes in intensity can be observed (Haller & Hobbs, 1991).

Hobbs described ultrasensitive laser measurements with balanced detection with the
ability to measure fractional changes in intensity below 10 (Hobbs, 1997). According
to the Beer-Lambert relation (Equation 1.5), the minimum detectable number density
decreases when smaller changes in intensity can be measured. While measuring two
photocurrents produced by laser absorption, a noise canceller is applied to suppress a
large noise floor. This noise canceller works by applying feedback independent of the
signal path to adjust the ratio of the photocurrents so that when they are subtracted the
resulting DC component is zero. The result is that common-mode noise in the system
is suppressed. Hobbs reported that this noise cancelling approach has some pitfalls:
the signal is highly dependent on the beam position and polarisation, light detectors
must have uniform responses, incidental étalon fringes can be problematic, and

electrical components used in the circuit building must be carefully selected.

Balanced detection with two independent light sources has been previously used in
spectroscopic measurements. Chen et al. (2020) used two lasers at wavelengths near
405 nm, where NO2 has strong absorption. The ratio of these laser signals was recorded
to measure NO2 without the collective noise of broad baseline features such as aerosol
extinction interference. This instrument was capable of making real-time

measurements with high time resolution and good sensitivity.
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Soldevila et al. (2016), also used balanced detection techniques to improve single-
pixel camera imaging in the presence of ambient or background noise. The frame rate
of the camera was increased by a factor of 2 by taking a differential, balanced
measurement and dependence on environmental light was removed. This has potential
applications in infrared imaging and real-time biological imaging where small changes

in signal need to be captured.

1.4.3 Lock-in amplification

Lock-in amplification is a signal processing technique that is used to measure small
AC signals that are masked by noise. Absorption measurements often measure low
levels of light that vary slowly over time. These signals are difficult to detect in the
atmosphere where they are usually obscured by high-level, low frequency optical
interference and noise (Dorrington & Kiinnemeyer, 2002). Amplitude modulating the
signal at frequency, v, moves it away from low frequency noise and allows the use of
phase-sensitive detection to pick out the signal at a specific reference frequency and
phase. Signal not modulated at the reference frequency is excluded. Modulation also

allows discrimination of an active light source from background light.

Phase-sensitive detection (PSD) mixes the reference frequency signal with the
detected signal of interest, resulting in sum and difference frequency components. A
low-pass filter isolates the difference component, rejecting noise and interference at
other frequencies. The resulting signal is then amplified to give a high signal-to-noise
ratio (SNR). Lock-in amplification (LIA) takes advantage of PSD but reduces noise

further by synchronising the reference and measurement signal.

To understand how the signals are mixed, first consider a periodic signal V(T).
V(t) = Vg4 sin(wT) 1.8

where Vg, is the signal amplitude and T is the period. The angular frequency w can
be expressed as w = 2% = 2nf. As stated in Fourier’s theorem, functions can be

written as a sum of trigonometric or exponential functions of suitable frequency and

amplitude (Torzo & Delfitto, 2022). The LIA produces a DC output that is proportional
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to the amplitude of the modulated input signal. The LIA used in this research was a
Stanford Research Systems SR830 (Stanford Research Systems, 1993). The functional
block diagram for the SR830 is shown in Figure 1.5. The amplified input signal is
multiplied by the reference signal by a PSD. The output of the PSD, Vpsp, can be

expressed as two AC signals.
VPSD = Vsieref Sin((usigt + Hsig) Sin((l)reft + gref) 1.9

where Vsig and Vier are the signal and reference voltage, respectively, wsig and wrer are
the signal and reference angular frequency and 6sig and Oer are the signal and reference
phase, respectively. The PSD output is then passed through a low-pass filter which

eliminates both AC signals when wg;g # wyer. For equal angular frequencies, the

difference component of the signal is expressed as a DC signal:
1
Vesp = 3 VsigVrer cos(AB) 1.10

where A@ = 65, — 0,.¢. The phase difference, Ag, of the output signal can be set to
zero by adjusting the phase of the reference signal so that Vpgp only depends on the
amplitude of the input and reference signal. A second PSD multiplies the signal by a
reference signal which has been shifted 90°. This results in ‘in-phase’ (X) and

‘quadrature’ (Y) components:

X = Vsigcos0 1.11
Y = Vgi4sin6 1.12
R=vVX2+Y2=Vg, 1.13

When 6 is zero, X measures the signal and Y is zero. The magnitude vector, R, gives

the magnitude of the signal independent of phase.
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(Stanford Research Systems, 1993)

The sensitivity and stability of the LIA can be optimised by modifying the time
constant, reference frequency wy.r, and gain. Optimisation of these parameters is

discussed in Chapter 3.

Lock-in amplifiers have many potential applications, including environmental
monitoring where gas concentrations are relatively low and masked by large
background signals (De Marcellis et al., 2012, 2017; Gong et al., 2020; Maya-
Hernandez et al., 2014; Zhang et al., 2020). Measurements through the atmosphere are
often masked in noise and photodetectors respond to frequencies outside the range of
interest. LIAs significantly reduce the effect of these signal interferences and allow
small changes in signal to be observed. Spectroscopic systems may have low light
levels due to the use of long light paths or optical filtering to select a spectral range,

making LIAs appealing for signal processing.

Most commercial LIAs are expensive benchtop instruments and unsuited for portable
or mobile measurements. For development of low-cost and compact instruments, low-
cost digital LIA systems have recently been developed for optical detection
techniques, including optical spectroscopy and imaging (Fonseca et al., 2022; Nadgir

etal., 2021; Wang et al., 2017), photoacoustic spectroscopy (Kerschhofer et al., 2018),
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and non-linear spectroscopy (Uhl et al., 2021). An open access digital lock-in amplifier
(OLIA) using a microcontroller was reported by Harvie and De Mello (2023) for
optical detection applications (Harvie et al., 2021). OLIA is suitable for low-cost
portable sensor development —it has a build cost of only $35 and is the size of a credit
card. An internal 3.3 V reference square wave generated by the microcontroller can be
used drive an LED, allowing the reference and measured signals to be inherently
synchronised. Methods to control the LED input current and voltage are discussed in
Chapter 3. A graphical user interface allows the user to set the time constant, input
gain and reference source (internal/external), and to record the output signal amplitude

(R), in-phase and quadrature components (X and Y), noise (S) and phase (¢).

1.4.4 Signal filtering

Digital filtering processes may be applied to data and can improve the SNR of a
system. Kalman and Savitzky-Golay filtering techniques will be discussed in this

section in the context of trace gas detection schemes.

Kalman filtering is an attractive signal processing technique for trace gas monitoring
that improves the sensitivity of small, noisy signals while maintaining a similar time
response. In contrast, simple arithmetic averaging reduces the system’s time resolution
and reduces the number of data points (Van Veen & De Loos-Vollebregt, 1990). During
a measurement, the Kalman filter monitors the current signal state and its variables.
When the next measurement is available the signal state variables are updated using a
weighted average favouring variables with greater certainty (Fang et al., 2017),
allowing continuous filtering that can be done in real time (Brunner et al., 2011; Xia
etal., 2021). The Kalman filter is therefore an adaptive filter and can adjust to changes
in the statistics of the signal, although large variations in signal can affect the accuracy

(Leleux et al., 2002).

Kalman filtering has been used to improve the sensitivity of the measurements of trace
gases such as NO2, glyoxal (Fang et al., 2017), SOz (Tang et al., 2009), NH3 (Leleux
et al., 2002)and methane (Xia et al., 2021). It has also been used on low-cost NO2 and
O3 sensor data and significantly improves the agreement with reference monitors

(Christakis et al., 2023). Zhou et al. could improve sensitivity by a factor of 23 by
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using an adaptive Kalman filter that reduced variations in noise even further (Zhou et

al., 2019).

Savitsky-Golay (SG) filtering can also be applied to environmental data to improve
measurement sensitivity without misrepresenting the signal features by suppressing
noise (Ji et al., 2022; Zhang et al., 2018). This is achieved by fitting subsets of
neighbouring data points with a low degree polynomial, resulting in convolution
coefficients that are then applied to the next subset to give a signal that has been
smoothed from the centre of each subset (Liu et al., 2022; Savitzky & Golay, 1964).
SG filtering has simple input parameters (window and polynomial order) and
accessible software libraries and packages, making it a superior filter for low-cost
measurements that require high temporal resolution (Zhang et al., 2018). However,
system perturbations may decrease the filter accuracy since the polynomial order and
window are empirically set by the user. Adaptive SG filtering that updates these
parameters has been shown to enhance sensitivity of measurements by a factor of 5
(Zhang et al., 2021). SG filtering has been applied to the detection of many trace gases
to improve the signal-to-noise ratio (Chen et al., 2021; Li, 2011; Liu et al., 2022).

1.5 Thesis objectives and outline

This thesis considers spectroscopic methods for detecting NO: with high time
resolution in an urban traffic environment. To reduce the cost of the spectroscopic
systems, LED light sources and non-dispersive photodetectors are explored as detector
components. A narrowband two-channel approach is explored, and a single-channel
wideband instrument is tested in the field for its applicability to measuring urban NOx.
This work adds to the active field of developing low-cost NO2 sensors and monitoring

instruments and is an active research space with continuing advancements in the area.

Chapter 2 describes two-channel spectroscopic methods for fast, selective detection of
NO:z. The two-channel schemes are achieved using either optical or gas filters. The
response of each method to NO2 and relevant interfering compounds is simulated, and
the advantages and disadvantages of the methods is discussed, primarily within the

context of urban NO2 monitoring.
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An optical system for a novel two-channel ratiometric approach is characterised in
Chapter 3 and optimisation methods are reported. A single-channel wide bandpass

CEAS system is described and characterised.

Chapter 4 demonstrates the efficacy of the two-channel ratiometric method and reports
the performance of the detection system in an atmospheric simulation chamber by
comparison with chemiluminescence monitors or robust spectroscopic techniques,
such as DOAS. A wideband CEAS instrument was built and tested in atmospheric
simulation chambers to assess its ability to measure ambient NO2 concentrations in a

traffic environment, and its performance is characterised.

Chapter 5 details field measurements carried out in Cork City in close proximity to a
primary school. This measurement campaign spanned 2 months and gave insights into
the relationship between school pick-up and drop-oft times and NO2 concentrations
and tested the wideband CEAS instrument in a traffic environment. This chapter
discusses the performance of the instrument and suitability for field measurements,
and gives recommendations for reducing local air pollution around schools to improve

the health and well-being of schoolchildren.
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Chapter 2 Theory and Simulations of Two-channel

Absorption Spectroscopy

2.1 Theoretical development of two-channel ratiometric

spectroscopy

A principle of operation proposed in this thesis is based on differential absorption
spectroscopy in two spectral channels using non-dispersive spectral selection. A
wideband single channel method is also discussed and developed further in Chapters
4 and 5. Spectroscopic techniques typically use dispersive detectors such as grating
spectrometers to monitor light intensity at different wavelengths. The resulting
absorption spectra can be fitted to reference absorption cross-sections. Alternatively,
if appropriate optical filtering is employed such that only the wavelengths of interest
fall on the photodetector, then non-dispersive detectors such as photodiodes or

photomultiplier tubes may be suitable.

Non-dispersive infrared spectroscopy (NDIR) is a common technique for sensing
gaseous compounds with strong line absorptions in the IR region such as NO, NO2,
CO, CO2, H20, O3, NH3 and CH4 (Dong et al., 2017; Popa & Udrea, 2019; Xing et al.,
2018). NDIR techniques typically require robust signal amplification to achieve an
appropriate signal-to-noise ratio for measuring ambient gas concentrations. This
chapter develops the theory of a two-spectral channel approach to detect NO2 in the
visible region of the spectrum. The goal of this approach, in combination with LEDs
and non-dispersive detectors, is to achieve a fast, selective, and cost-effective
spectroscopic sensor in the visible light region for NO2, with intended use in urban
settings and traffic microenvironments where mixing ratios of tens of ppb are

common.
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Monitoring the relative change in intensity of strong and weak NO:z-absorbing
wavelengths is expected to give significant selectivity to NO2 and mitigate the effect
of interferences from other absorbers that do not have the same structured absorption
features as NOz. The approach is similar to that in DIAL measurements where “on”
and “off” wavelengths are produced by a tunable laser and beam paths are identical
(Su et al., 2021; Volten et al., 2009). Closely spaced operating wavelengths are
recommended for DIAL applications so that changes in optical depth from
interferences and aerosols are approximately spectrally flat in the on and off channels

(Liu et al., 2024).

The two-channel method uses a single broadband light source that is split into two
narrow spectral channels after passing through a gas sample. The use of a single,
broadband light source and a single optical path through the atmosphere allows
common-mode noise to be suppressed. Fluctuations in the intensity of the light source
are readily removed in a ratiometric measurement — that is, by taking the ratio of the
two wavelength channels. Changes in atmospheric transmission along the light path
are minimised as the light path through the sample is the same for both wavelengths.
This chapter will use simulations to demonstrate that the two channel approach has
good selectivity to NO2 and could be applied to other absorbing gases with highly
structured absorption spectra, such as SO2 (Kuhn et al., 2019), by choosing a light
source, cavity mirrors and bandpass filters to match the corresponding absorbing

wavelengths.

Chemical compounds absorb light at different wavelengths depending on electronic
transitions within the compound. NO2 absorbs light across the UV/visible region
between 250 and 650 nm with structured spectral absorption; at some wavelengths, a
large differential absorption occurs at closely spaced wavelengths. The two channel
method is based on the Beer-Lambert law which relates the observed intensity to the

sample’s extinction at a given wavelength, 4, and time, #:
I(A,t) = I,(A, t)exp (—e(A, t)L) 2.1

where lo(/, ?) is the initial light intensity and /(4, ) the light intensity after absorption
occurs, £(4, t) is the sample extinction coefficient (cm ™), and L is the path length (cm).

The Beer-Lambert law allows gas concentrations to be calculated from measured light
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intensities in a given experimental system. For two wavelengths A; and A2, the

corresponding light intensities, /:(41, t) and I2(42, f), can be written as

11 = 110 eXp (_glL) 22
12 = 120 exp (_EzL) 23

where 7;0(A) and I20(A) are the initial light intensities at wavelengths 4; and A.. Here,
the wavelength and time dependence of /o, /, and € have been omitted for brevity (i.e.,
Lo = L0(A4,t), etc.). The ratio of the two intensities is then:

() z
I Io/ \exp (—&2L) .
or more conveniently expressed as

In (’—1) =In (’1—0) —L(g — &) 25

Iz I20

Assuming both wavelength channels are quasi-monochromatic and spectrally stable

(i.e., that (;1—0) is constant with time), the difference in extinction at the two
20

wavelengths can be determined.

In scenarios such as NO: in urban environments, a single (target) absorber can
dominate the difference in extinction at two wavelengths:

& =Noy + & 2.6

52 = NJZ + SC 27
where N is the number density of the target gas (molecules cm™), o; and o, are the
absorption cross sections of the target at A; and A2, and ¢, is the spectrally flat
extinction arising from other gases and particles (i.c., £.(1;) = €.(4;)). In this case,

& —& =N(0o, —0,) = NAo 2.8

where Ao = (g7 — ;). Substituting Eq. (5) gives the absorber concentration:

ln(g—g)— ln(;—;)

LAc

N = 2.9

Thus, if the intensity ratio of the light source, (51—0), in the absence of sample
20

absorption is known, the concentration of the target absorber N can be determined
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based on the measured ratio at two intensities where a large difference in cross section
occurs and contributions of other absorbers are negligible.

The minimum detectable N of a two-channel system can be reduced by increasing the
path length. Conventionally, the pathlength of a compact optical system is increased
by using a multipass cell, a long physical pathlength through the atmosphere (such as
with long path DOAS), or optical cavities. Using optical cavities produces an effective
pathlength, Leg, of

L

where R is the cavity mirror reflectivity. For cavity transmission, the concentration is

related to the fractional change in the intensity as follows:

1n(’1—°)— ln(%) (1-R)

I20
LAo

N = 2.11

The selectivity of the two-channels 1s dependent on matching 4; and A2 to the spectral
absorption features of the target species. The bandwidth of each channel must be

carefully considered to avoid overlapping spectral features in the two-channels.
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Figure 2.1  (a) Response of I, and I, for small changes in lo. (b) Change in ratio of I./l, for small
changes in lo. The ratio is constant, compared to the single channels which depend

linearly on Io.

2.2 Application of two narrow channels for NO, detection

The absorption spectrum of NO2 must be carefully considered to select the optimum
operating wavelengths of the instrument, 4, and A,. Figure 2.2 shows that NO2 has
highly structured absorption features, with large changes in absorption cross section
between nearby wavelengths, especially between 430 — 450 nm. The few atmospheric
gases that absorb in this region include glyoxal, methylglyoxal, as well as H20O, O3 and
the Oz dimer. These gases have smaller absorption cross-sections and (for the
dicarbonyl species) lower concentrations than NOz. Interfering absorptions from these
other gases are less likely in urban measurements where ambient NO2 concentrations

are elevated. (Horowitz et al., 2001; Thalman et al., 2015; Thalman & Volkamer,
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2010). The effect of interferences on NO2 measurements will be explored through

Python simulations in Section 2.3.
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Figure 2.2 Absorption cross-section of NO; reported by Coquart et al. (1995) from 400 — 500 nm
with 0.01 nm spectral resolution. Inset: Absorption spectrum reported by Voigt et al.
(2002) from 360 — 800 nm with 0.004 nm spectral resolution.

An appropriate narrow dielectric filter whose transmission bandwidth matches the
width of the chosen absorption features can be used for spectral selection. Such narrow
bandpass filters (nBPF) are commercially available (e.g., from Semrock) and have a
FWHM of approximately 1.7 nm at blue wavelengths. A narrow bandpass (dielectric)
filter isolates specific wavelengths by passing light through two highly reflective
surfaces separated by layers, similar to a Fabry-Perot Interferometer (FPI), resulting
in efficient transmission of a relatively narrow, well-defined range of wavelengths,

while blocking other, unwanted wavelengths.

The central transmission wavelength (4,) of the filter can be shifted to shorter

wavelengths (44) by increasing the angle of incidence, 6; (Hecht, 2002):
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2.12

2
n

/19 = AO\/l - <—OSII’1(91)>
iy

where noand nrare the refractive indices of air and the dielectric medium, respectively.
The wavelength-angle dependence of the nBPF allows the operating wavelengths to

be selected by turning the filter, provided the beam has been appropriately collimated.

A two-channel detection scheme can, in principle, select both operating wavelengths
using a single nBPF. Both beams must be aligned through the nBPF at precise angles,
0, and 6,, to produce the desired operating wavelengths, 4; and 4,. Figure 2.3 shows
an optical configuration with minimal optical components. The optimum optical

configuration will be discussed in Section 3.2.
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Figure 2.3. Narrow two-channel detection scheme with a single nBPF. M: planar mirror, PD:
photodiode.
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The two-channel method has some advantages over established spectroscopic
measurement techniques. It is less vulnerable to direct spectral interferences, unlike
the CAPS method reported by Kebabian et al. (2008), which can be affected by
compounds such as glyoxal and methylglyoxal which absorb in the visible (blue)
region. A narrowband two-channel method has reduced sensitivity compared with
CAPS because the narrow spectral range reduces the signal amplitude. Interference
from aerosol extinction can also be reduced using multiple-wavelength detection (Su
et al., 2021). Elastic scattering of photons by aerosols and the air is described by Mie

and Rayleigh extinction coefficients which vary with wavelength as follows:

ey(A) = eyod™@ 2.13
ER(A) == O-ROA_‘LCCLL'T 214

The Mie scattering is dependent on the aerosol loading conditions in the sample of
interest. Values of emo and a close to zero are found for clean air, whereas coefficient
values > 1 indicate air with a high concentration of particulate matter (Ponczek et al.,
2022; Sigrist et al., 1994; Xue et al., 2019). The Rayleigh scattering in this wavelength
region is relatively weak and the response is largely unchanging since Rayleigh

scattering is dominated by scattering of Oz and N2 molecules in air, whose
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concentrations vary little with changes in ambient pressure and temperature. A more
prominent Rayleigh scattering effect may be seen from water vapour since the
concentration can vary considerably in the atmosphere. The effects of these scattering
processes will be considered for different 2-channel methods simulated in this chapter.
If high aerosol concentrations are expected, a PTFE particle filter may be used in in

situ measurements to remove particles from the gas sample.
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Figure 2.5 (a) Mie scattering over 400-500 nm shown for low aerosol loading (blue and orange
lines), medium aerosol loading (red and green lines) and high aerosol loading (purple

line) over 1 km pathlength. (b) Rayleigh scattering in air varying with wavelength.

A two-channel measurement is also less susceptible to environmental changes and
light source fluctuations. Assuming these changes will be reflected approximately
equally in both operating wavelengths, they are largely cancelled out when signals are
divided by each other, as demonstrated in Figure 2.1. The ratiometric approach gives
the system good common-mode noise rejection (CMNR) and a stable measured signal.
This method can be used in both in situ and long atmospheric path configurations,

making it a potentially powerful environmental monitoring tool. The two-channel
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sensor could facilitate fast measurements with a response time on the order of seconds,
improving on the temporal resolution of commercial monitors which typically average

data over a minute to an hour.

The approach envisaged here also aims to be relatively low-cost compared to
conventional air quality monitoring equipment. Both 4; and A2 are produced from the
same light source, and the system does not necessarily require a reference lamp or gas
cell as in other spectroscopic methods (Kuhn et al., 2022). The use of a broadband
(LED) light source reduces the cost compared to laser-based instruments and lowers
safety risks to the user. Reduced risk would make the system more attractive for use
in citizen science and engagement projects which could see the public using or even
building their own spectroscopic instrument. Modulating the light signal also allows
discrimination against ambient background light which is particularly useful for long
path measurements during the day. In other spectral fitting methods like DOAS, the

solar spectrum must be removed to correct for daylight.

There are also drawbacks to a two-channel approach. The two-channel approach
contains inherently less spectral information than a full spectral measurement. The
reduced spectral information limits the approach to detecting a single target species.
In contrast, approaches like DOAS and IBBCEAS measure much richer spectral
information and can quantify multiple absorbing compounds concurrently. Moreover,
the spectral resolution of the method is not especially high, partially reducing the
selectivity to the target species. Using a nBPF to select the system’s operating
wavelengths removes most of the spectrum of light resulting in low levels of light
incident on the photodetector. This means use of more sensitive detectors (e.g.,
photomultiplier tubes) or of a less sensitive detector (e.g., a photodiode) with lock-in
amplification to discriminate the signal from surrounding noise. To compare 4; and 42
accurately, their path lengths must match exactly and the initial optical power on each

detector must be equal (Haller & Hobbs, 1991).
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2.3 Simulated responses

Narrowband two-channel method

To evaluate the potential of the two-channel method to measure ambient NO2 in the
presence of interfering compounds, the theoretical response to these compounds was
simulated. The bandwidth of a narrow bandpass filter (Semrock Maxline laser clean-
up filter, LLO1-442-12.5; centre wavelength 441.6 nm and typical bandwidth of 1.7
nm) was first characterised. Figure 2.6 shows the spectrum of light from a blue LED
centred at 435 nm and split into two paths using a beam splitter, each of which was
redirected through a narrow bandpass filter at different angles. One of these curves
was fitted with a Gaussian curve, which agreed closely with the measured transmission
band (Fig. 2.7), as shown by Ab-Rahman et al. (2012) and Bauer (2021). The fitted
Gaussian curve represents the instrument response with a full-width at half-maximum
(FWHM) of 0.6067 nm, corresponding to a bandwidth of 1.36 nm. This Gaussian

function is therefore used in further analysis of the system response.
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Figure 2.6. Measured transmitted intensity of a collimated beam from an LED, split into two paths
and passed through a narrow bandpass filter (Semrock LL01-442-12.5) at different angles

of incidence.

Convolving a high resolution NO2 absorption spectrum (Coquart et al., 1995) with the

fitted Gaussian curve for different peak wavelengths shows the spectral features at the
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system resolution (Fig. 2.8). As expected, the convolved spectrum has lower spectral
resolution than the literature spectrum, but high and low absorption features can still
be seen clearly. The reported literature values for the absorption cross-section at 435
and 438 nm are 8.0x107" and 3.3x10°'? cm?/molecule, respectively. These absorption
features are reduced by ~25% in the simulated system output with absorption cross-

sections of 6.5x107" and 4.3x10' cm?/molecule at 435 and 438 nm, with a ratio

Zassnm — 1 5. Similar absorption cross-sections are found at 437.3 nm and 439.4 nm

0438nm

0439.4nm

where the ratio of absorption cross-sections is = 1.5. The suitability of a range

0437.3nm

of wavelength pairs for the detection of NO2 will be explored later in this section, with
a focus on suppressing interference from other absorbing gases. The two-channel
method may be applied to any closely spaced peaks and troughs in the absorption

spectrum of the target gas.
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Figure 2.7. Gaussian fit of A; showing a curve at 430 nm with FWHM 0.6067 nm.

The effect of spectral interferences such as glyoxal and methylglyoxal was obtained
by convolving the Gaussian filter function with the literature absorption cross sections
(Horowitz et al., 2001; Meller et al., 1991). Figure 2.9 shows that glyoxal has
considerable differential structure around 450 nm whereas methylglyoxal has much
smaller features in its spectrum. Flowerday et al. (2023) used the differential

absorption of glyoxal between 450 and 460 nm to measure glyoxal down to 10 ppt.
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Figure 2.8. NO. absorption cross section spectrum with 0.01 nm resolution (from Coquart et al.
(1995)) compared to the spectrum convolved with the Gaussian function describing the
band pass filter transmission bandwidth. The convolved absorption spectrum allows the

absorption cross-section values at the system’s resolution to be estimated.
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Figure 2.9. Absorption cross section spectra of NO,, glyoxal, methylglyoxal ozone and the oxygen
dimer, O., convolved with a gaussian function of the narrow bandpass filter transmission
band. NO; has the larger absorption cross section and more highly structured absorption

features across most of this region compared to glyoxal and methylglyoxal.

In urban air, concentrations of glyoxal and methylglyoxal are typically at the ppt-level,

ranging between 0-500 ppt for glyoxal and 0-570 ppt for methylglyoxal (Mitsuishi et
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al., 2018; Thalman et al., 2015). Therefore, in an urban traffic environment where NO2
concentrations are easily an order of magnitude higher, these gases are not expected
to strongly influence measured NO:2 concentrations. In environments where glyoxal
and methylglyoxal could be appreciable interferences, one strategy would be to use a
two wavelength method at above 460 nm, since the absorption of both interfering
species reduces substantially above 460 nm, whereas NO: still retains significant

structure in its spectrum.

Use of a narrow bandpass filter to choose the system operating wavelengths allows
selection of operating wavelengths that are less affected by these interfering
compounds. Given the values discussed for NO2 absorption cross-sections at 435 and
438 nm, the differential cross-section, 4a, is 2.2%10'° cm?*/molecule. The convolved
glyoxal response has absorption cross-sections of 7.9x102° and 1.2x107"
cm?/molecule at 435 and 438 nm, respectively, resulting in a differential absorption
cross-section of 0.4x10°'° cm?/molecule, almost three times smaller than the effect of
NO: for the same concentration. The convolved methylglyoxal response has
absorption cross-sections of 1.074x10™" and 1.056x10™" cm?/molecule at 435 and
438 nm, with a resulting differential absorption cross-section of 0.018x10°"
cm?/molecule, two orders of magnitudes smaller than the NO: response. Interference
from methylgloxal absorption is therefore expected to be negligible in most settings
where NO:2 concentrations are much higher than methylglyoxal. From this analysis,

435 and 438 nm are appropriate operating wavelengths for this system.

Beyond 460 nm the spectral interference from glyoxal and methylglyoxal is negligible,
however, these wavelengths are beyond the band pass of this system (420-460 nm).
The magnitude of the NO2 absorption cross-section also decreases. There may also be
greater interference from O3 and O4 which absorb more strongly above 460 nm.
Considering different values for 4; and A2, 437.3 nm and 439.4 nm for example, the
differential absorption cross-sections for NO2 remain over an order of magnitude

higher than those of glyoxal and methylglyoxal.

Possible interference from Mie scattering by aerosols and Raleigh scattering in air
must be considered. To simulate different aerosol environments, different loading
parameters were explored. The extinction coefficient, a, increases with aerosol

concentration and is dependent on the particle size and composition. Lv et al. (2017)
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reported that a = 0 represents a clean environment with Cpy = 10 ug/m3 and that
a > 1 represents an extremely polluted environment (Cpy > 150 pg/m3) when
relative humidity is less than 90%. In clean conditions, the aerosol optical depth varies
slowly with wavelength, with a small effect on the narrowband retrieval for a
ratiometric two-channel system. As aerosol loading increases, the slope of the optical
depth function increases, creating more interference in ratiometric two-channel
measurements as the difference between nearby wavelengths is increased. Choosing
operating wavelengths that are sufficiently close will reduce the effect of aerosols on

the measured NOz2 signal.

The simulated change in ratio of two channels with increasing gas mixing ratios over
a 100 m pathlength is shown in Figure 2.10. The spectral interference from
methylglyoxal (MGLY) is negligible at these mixing ratios, especially considering
MGLY is typically at sub-ppb levels in urban environments. The response to glyoxal
(GLY) is larger, resulting in a positive interference and over-estimation of NOa.
Nevertheless, GLY occurs at sub-ppb mixing ratios in urban environments; at these
concentrations the effect on NO2 measurements will also be minor (Garcia-Alonso et
al., 2006; Li et al., 2022; Washenfelder et al., 2008). Low and medium aerosol loading
conditions also yield a small interference signal, whereas high concentrations of
particulate matter would affect the system selectivity to NOx. If the particulate matter
concentrations are known, then the contribution of aerosols can be estimated to correct

the NO2 concentration measurement.

Two channel measurements depend on the ability to discern small changes in the ratio
of channels against background noise. Increasing the path length of the measured
signal increases the sensitivity to a given sample absorption and larger changes in the
ratio of beam intensities (Equation 2.8). The effect of pathlength is shown in Figure
2.11 for 100 ppb of NOa2. A long path length can be achieved using a long open path,
as in remote sensing applications, or an optical cavity for in situ measurements. For
air quality monitoring systems, a limit of detection (3c) of less than 5 ppb is desirable,

based on the 2021 WHO Air Quality Guidelines as discussed in Section 1.2.
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Figure 2.10. Simulated change in ratio of 437.3 and 439.4 nm channels (%) at a range of mixing ratios
for a pathlength of 100 m. Note that glyoxal (GLY) and methylglyoxal (MGLY) are
typically found at sub-ppb mixing ratios in urban areas.

At low ambient concentrations the change in ratio is below 0.1%, therefore signal
amplification to improve the SNR, such as lock-in amplification (Section 1.4.3), a
highly sensitive detector, such as a photomultiplier tube or grating spectrometer, is
required to discriminate small signals from large background noise levels. For
applications with much higher NO2 concentrations such as continuous emissions
monitoring (Carslaw & Beevers, 2005; Wang et al., 2023) (where mixing ratios are
above 100 ppb), the two-channel approach will have a stronger response. In the traffic
microenvironment, spikes of high NO:2 concentrations are expected due to passing
vehicles and these emissions will have a wider effect on urban air quality (Anderson
et al., 2021; Bishop et al., 2022; Schreier et al., 2019). A detection system with high
time resolution and good sensitivity to NO2 with a high upper concentration limit is

required to study fast-moving mobile emission sources.
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Figure 2.11. Simulated change in ratio of 437.3 and 439.4 nm channels (%) at a range of pathlengths
for a 100 ppb mixing ratio. Note that GLY and MGLY are typically at sub-ppb levels in

urban areas.

Operating Wavelength Selection

When choosing a sensor system’s operating wavelengths, the full NO2 absorption
spectrum and the differential absorption spectrum must be considered. The NO2
absorption spectrum has an underlying broadband baseline with narrowband
structured features superimposed. To analyse the differential absorption cross-section
(Ao = ayp, — 0gg) of NO», its absorption cross section spectrum (gypz) Wwas
smoothed to identify the broadband absorption (op;) and calculate Ag. Although the
highest absolute absorption cross-sections are found around 400 nm, the differential
absorption is not especially large with Ac = 1.4x10™" cm?/molecule. Below 400 nm,
the absorption features are less structured and interferences from aerosol scattering
and absorption by a wider range of gases would be greater than at longer, visible

wavelengths.

Wavelengths greater than 490 nm have a moderate differential absorption up to Ac =
2.0x10" cm?/molecule, even though the absolute values of the absorption cross-
sections are 2-3 times smaller than the peak absorption. Interference from O3

differential absorption may also become an issue at these wavelengths, as seen in
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Figure 2.9. Therefore, the optimal operating wavelengths for maximum sensitivity to
NO:z is between 430 — 450 nm where the differential absorption is sufficiently large (>
2.0x10! cm?/molecule). The responses of a selection of strong and weak absorbing
wavelengths to NO2 and interferences (GLY, MGLY, aerosols, O3 and water vapour

(H20)) were simulated to determine the most favourable pair.
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Figure 2.12. (a) NO, absorption cross section spectrum as reported by Harwood and Jones (1994)
(0.15 nm resolution). The moving average (orange line) captures the underlying

broadband absorption of NO,. (b) The differential NO, cross section spectrum showing
narrowband absorption features.
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Figure 2.13. Simulated two-channel response for selected wavelength pairs to increasing mixing ratios
of NOy, GLY, MGLY, O3, H20 and aerosols under different loading conditions at (a)
405.0 and 407.0 nm, and (b) 413.5 and 416 nm

74



~
o
N

(%)

Ratio of channels

435 nm & 438 nm

—e— NO;
251 —— GlY
—o— MGLY
201 — HO
-~ Low aerosol s
15 Med. aerosol - -
--#- High aerosol P
10
0.5
0.0 "’\0\’\;
0.5 1 . . ,

0 100 200 300 400 500
Mixing ratio (ppbv)

437.3 nm & 439.4 nm

(b) 251 —— NO;
—— GLY
—e— MGLY
F20| — K0
= -+ Low aerosol
w Med. aerosol
g 157 - High aerosol
(= -
S -
i< -
] -
w 1.0 T
© o
o -
=]
]
& 0.5
0.0 ==
0 100 200 300 400 500
Mixing ratio  (ppbv)
439.4 nm & 442 nm
(C) —e— NO; L
25{ —— 6Ly L
—e— MGLY L
9 —— H:0
<20 -
-#- Low aerosol -
n Med. aerosol L
8 154 ~—*- High aerosol L
<
o
=
v
5 1.0
o
=1
2
0.5
0.0

Mixing ratio  (ppbv)

Figure 2.14. Simulated two-channel response for selected wavelength pairs to increasing mixing
ratios of NO2, GLY, MGLY, O3, H20 and aerosols under different loading conditions

at (a) 435.0 and 438.0 nm, (b) 437.3 and 439.4 nm, and (c) 439.4 and 442.0 nm.
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Figure 2.15. Simulated two-channel response for selected wavelength pairs to increasing mixing ratios
of NO,, GLY, MGLY, O3, H,0 and aerosols under different loading conditions at (a)
469.7 and 474.4 nm and (b) 483.5 and 489.0 nm.

The percent change in ratio of 405.0 and 407.0 nm for increasing gas concentrations
is shown in Figure 2.13(a). The response to NO2 is weak due to the small differential
absorption cross-section, Ag = 2 X 10722 cm?/molecule. Absorption by interfering
species has both a positive and negative effect and would lead to over- and
underestimations of NO2, depending on the composition of the sample. Figure 2.13
(b) shows the strong NO2 response of 413.5 and 416 nm with a small effect from
glyoxal and methylglyoxal. However, there is a large positive impact from high
concentrations of aerosols that would lead to overestimation of NO2 concentrations by
a factor of 2. The influence of scattering is larger because these wavelengths are
separated by almost 3 nm, making the system response more vulnerable to interference

from aerosol scattering (Liu et al., 2024).

The response of wavelength pairs between 430 — 450 nm with the largest differential
absorption are shown in Figure 2.14. Wavelength pairs of 439.4 and 442.0 nm (Figure
2.14 (c)) have a weaker response to NO2 than 435.0 and 438.0 nm (Figure 2.14 (a)),
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and 437.3 and 439.4 nm (Figure 2.14 (b)) due to a lower differential absorption. The
wavelength pairs 437.3 and 439.4 nm (Figure 2.14 (b)) have better selectivity,
particularly to aerosols, owing to the closer spacing of wavelengths. In highly polluted
areas and without particle filtering, aerosol scattering could lead to overestimation of
NO: concentrations. There may be a small effect from water vapour present in the air,

as was observed by Bailey et al. (2024).

Longer wavelength pairs above 460 nm were also considered as this region has
excellent selectivity to NO2 compared to other absorbing gases. However, wavelengths
of peaks and troughs in the NO2 absorption spectrum are further apart at longer
wavelengths, making the system more susceptible to interference from aerosols.
Interference from glyoxal and methylglyoxal is negligible at these wavelengths.
Ozone also absorbs at these wavelengths, but the absolute and differential absorption

cross-sections are small compared with NO2, as shown in Figure 2.15.

Based on these simulations, 437.3 and 439.4 nm were chosen as suitable operating
wavelengths for the two wavelength channels owing to their considerable differential
absorption cross-sections and the moderate influence from interfering absorption by
other species. This spectral region also benefits from readily available LEDs with high
output power and directionality, and standard commercially-available narrow
bandpass filters. LEDs give better spectral stability than lasers as their broadband
structure varies more slowly with wavelength (Birks et al., 2018). A further practical
consideration is that the laboratory had existing optical cavity mirrors with high
reflectivity around 440 nm, saving the cost of purchasing custom cavity mirrors. On
the detector side, silicon photodiode responsivity extends into this region, although it
is relatively low (R > 0.10) compared to the responsivity maximum around 760 nm.
Careful amplification of such photodiode signals, or use of an alternative detector with

better responsivity to blue light, must be considered.

Influence of filter bandwidth

When using bandpass filters, the sensitivity and selectivity of the two-channel
approach depends on the FWHM of the narrow bandpass filter used for wavelength
selection. The spectral response of a Semrock filter (LL01-442-12.5, measured
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bandwidth = 1.36 nm) was compared to one wider case, 2.0 nm (Figure 2.16), and two

narrower bandwidth cases, 0.4 and 0.8 nm (Figure 2.17). The spectral resolution of the

system improves as the bandwidth decreases, making the differential structure of the

NO:z absorption spectrum more prominent, giving rise to larger values for 4o and thus

reducing the minimum detectable number density, V. In general, narrower bandwidth

should also improve selectivity to the target species compared to other absorbing

gases.
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Figure 2.16. Convolved system response for bandwidths: (a) 1.36 nm, the actual bandwidth of the
Semrock filter, and (b) 2.0 nm.
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Figure 2.17. Convolved system response for bandwidths: (a) 0.8 nm and (b) 0.4 nm. The resolution

improves as the bandwidth narrows.

A narrower filter allows high and low absorbing wavelengths to be chosen more
precisely and minimises spectral overlap of the channels. In contrast, the resolution
deteriorates as the bandwidth increases to 2.0 nm, reducing the differential response
to NO2 (Figure 2.18). Greater resolution can make the system more vulnerable to
instabilities in the spectral selection of the two channels because gars varies more
quickly with wavelength. Such uncertainty in the wavelength selection would
contribute to the uncertainty in 4o and hence in the retrieved calculation. The narrow
bandwidths considered are not based on commercially available filters but show the
potential resolution of the system with appropriate optics that could, in principle, be

custom fabricated.

There is a strong negative linear correlation between Aono2 and bandwidth with a slope

of -1.5 cm? molecule nm™!. The absorption cross-section values for NO: and

interfering absorbers are summarised in Table 2.1. Changes in the filter bandwidth
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have a smaller effect on the differential glyoxal and methylglyoxal responses due to
their broader absorption features in this region. Other considerations notwithstanding,
the high frequency variability in the NO: absorption spectrum makes narrower

channels desirable for sensitivity and selectivity.

Table 2.1.  Convolved absorption cross-sections (in units of 102° cm?molecule) for different
bandwidths (0.4, 0.8, 2.0 nm) compared to the Semrock filter bandwidth, 1.36 nm.

Band- GNO2 GGlyoxal G Methylgly Ollow_aeroso Ohigh_aerosol
width oxal |
437.3 nm 4.18 1.04 1.00 7.37 49.63
1.36nm
(actual) 439.4 nm 6.13 157 1.05 7.34 49.30
Ag 1.95 0.53 0.05 0.03 0.33
437.3nm 3.55 0.87 1.00 2.46 16.54
0.4 nm
439.4 nm 6.95 1.33 1.05 2.45 16.43
Ag 3.40 0.46 0.05 0.01 0.11
437.3nm 3.76 0.97 0.99 4.92 33.09
0.8 nm
439.4 nm 6.67 1.47 1.05 4.90 32.86
Ag 291 0.50 0.06 0.02 0.22
437.3 nm 4.59 1.08 0.99 12.29 82.71
2.0 nm
439.4 nm 5.53 1.53 1.05 12.24 82.16
Ac 1.07 0.45 0.06 0.05 0.55
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Figure 2.18. Convolved differential absorption cross-sections for a range of bandwidths with A; =
437.3 nm and X, = 439.4nm.

Single-channel method

The two-channel method described above gives good selectivity to NO2 but greatly
reduces light levels at the photodetector, thereby reducing the signal-to-noise ratio and
the instrument’s overall sensitivity. As an alternative, a single-channel system was
considered with a wide bandpass filter (Semrock FF01-440-40) with a transmission
band between 420 and 460 nm (Figure 2.19). This single-channel approach is in a
region in which NOz has a large absorption cross-section. The filter transmission was
convolved with an LED with centre wavelength at 440 nm to give the LED-weighted
filter transmission. The transmitted signal is highest at the peak LED emission

wavelength and will vary for different LED choices.

The filter transmission curve was convolved with a literature NO2 absorption
spectrum. The full integrated signal will be used to monitor NO2 concentrations so
high-resolution spectral features are not necessary here. Using a wider bandwidth filter
greatly increases the light throughput compared with the use of narrow bandpass
filters, thereby improving the SNR and sensitivity of the system. The convolved

absorption cross-sections were then integrated between 420 — 460 nm to plot the
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expected change in intensity for a range of NO2 concentrations (Figure 2.20). The
signal is 6.5 times stronger in the single-channel wideband system when compared to
the ratiometric two-channel approach discussed previously. There is a stronger
contribution from GLY and MGLY in the single-channel than the two-channel method,
although it should be noted that mixing ratios in Figure 2.20 greatly exceed those

reported in the atmosphere.
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Figure 2.19. Transmission spectrum of the Semrock FF01-440-40 wide bandpass filter.

Between 420 and 460 nm, the integrated absorption cross-section of glyoxal is
8.24x107'% cm? nm/molecule, while methylglyoxal has an integrated absorption cross-
section of 6.60x 107! cm? nm/molecule. Both are an order of magnitude less than the
integrated absorption cross-section of NO2, which is 3.89 x10!°> cm? nm/molecule,
offering good specificity against other absorbing gases, owing to the strong absorption
of NO2 in this region. Because urban and traffic environments are dominated by NO2,
and glyoxal and methylglyoxal concentrations are low, interference from these

compounds should be small.

Aerosols are expected to interfere strongly with the single-channel response since the
system bandpass is far wider than typical fine particle diameters. Even under low
aerosol loading conditions the response may be affected. To minimise interferences
from aerosols, a particle filter can be used to remove particulate matter from the

sample.
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Figure 2.20. Convolved system response to different mixing ratios of NO,, glyoxal (GLY) and
methylglyoxal (MGLY).

2-channels with dielectric filter

The use of two narrow spectral channels to measure a differential signal, as considered
in the preceding section, results in low levels of light as most of the LED emission
spectrum is removed by the narrow bandpass filters. Here we consider an alternative
strategy using a much wider two channel approach in which a larger proportion of the
LED spectrum was measured. In this approach, two broad spectral channels are
considered — a long wavelength channel and a short wavelength channel — with a
large difference in absorption cross-section in each channel. A schematic of a potential

optical detection scheme is shown in Figure 2.21.

Figure 2.22 shows the NO:2 absorption spectrum for an extended wavelength region,
415 — 570 nm. The absorption cross-section above 500 nm (orange line) is much
smaller than that below 500 nm (blue line). On the basis of these short and long
wavelength channels, a differential high-absorbing and low-absorbing signal could be
extracted. These channels may be defined using one LED light source and a dielectric

cut-off filter.
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Figure 2.21. Detection schematic for two broad spectral channels instrument. A dielectric filter is used
to split the incoming beam into transmitted and reflected channels.
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Figure 2.22. NO, absorption cross sections for an extended wavelength region 415 - 570 nm, from

Harwood Jones et al (1995).
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Figure 2.23. Transmission spectrum of Semrock Di01-T488 dielectric filter which cuts-off at 488 nm.
Where transmission is near 0%, reflection is almost 100%. The reflected beam will be

used as the second channel in this two-channel system.

The transmission of a real 488 nm dielectric filter (Semrock Di01-T488, Figure 2.23)
was convolved against a simulated LED emission spectrum in the form of a Gaussian
curve with centre wavelength 490 nm and FWHM of 15 nm (Figure 2.24). The result
was then convolved against a high resolution NO2 absorption spectrum to give the
system’s expected response to NO2, as shown in Figure 2.24. The transmitted channel
(T-channel) is larger than the reflected channel (R-channel) giving a differential signal.
Figure 2.25 (b) shows the change in ratio of channels with changing NO2 mixing ratio

(0 - 500 ppb) over 1 km pathlength.

The ratio signal is almost twice as high as the two narrowband system simulated
previously, showing that this broadband two channel system has improved sensitivity
to NOz. Recording a broader spectrum of light also increases the total light throughput
in the system, improving the SNR. These operating wavelengths also extend further
to longer wavelengths where silicon photodiodes have greater responsivity, increasing
the signal magnitude and lessening the need for more sensitive and expensive

detectors, such as photomultiplier tubes.
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Figure 2.24 (a) Simulated LED emission outputs based on a Gaussian profile with centre wavelength
490 nm and FWHM of 15 nm. (b) Convolved filter transmission using a simulated LED
centred at 490nm. The reflected (R-channel) and transmitted (T-channel) channels are
shown, yielding regions of high- and low- absorption cross-sections. (c) Convolved NO;
response using simulated LED and a cut-off filter. There is an appreciable difference in

integrated cross-sections in the R- and T-channels.

Nevertheless, the proposed T-R two-channel system is vulnerable to interference from
ozone absorption which has stronger absorption features in this wavelength region and

is present in the troposphere in similar concentrations to NOz. Particles would also

86



need to be removed from the sample as scattering effects would lead to overestimation

of NO2 concentrations due to the broad bandpass of this system.
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Figure 2.25. (a) Integrated intensities of R- and T-channels over a range of NO, mixing ratios (0 - 500
ppb) over a 1 km path length. (b) Simulated change in ratio of channels (%) for a range

of NO; mixing ratios over 1 km path length.

Gas correlation cell

The previously discussed methods rely on optical filters to select the operating
wavelengths in a two-channel system. An alternative approach is gas correlation
spectroscopy in which light in one channel passes through a gas cell filled with a
known amount of the target molecule, and then compared to light in a second,
reference channel. A schematic of the gas correlation cell is shown in Figure 2.26. Gas
correlation techniques are long-established in the infrared spectral region where they
are used to quantify target species based on their rotational-vibrational spectra (Dakin

et al., 1995; Davies, 1970; Noda, 2014). This approach can also be coupled with long
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path remote sensing techniques like LIDAR (Thomas et al., 2012), and have been
applied to the visible region for imaging high concentrations of pollutants such as NO2
which have a strong absorption at these wavelengths (Kebabian et al., 2000; Kuhn et
al., 2022).
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Figure 2.26. GCS detection scheme. The incoming light is split into two channels with one channel

filtered by an NO- gas cell and the other unfiltered.

The following considers the use of a two-channel system in which a cell with NOz2 is
used as a spectral filter for one channel. Figure 2.27 shows the transmission spectrum
between 430 and 450 nm through a 1 cm gas cell filled with 1 ppm of NOz at a partial
pressure of 0.5 Pa. To maximise the difference in the intensity ratio of the channel with
the NO2 gas cell and the reference channel, the optimum vapour pressure of the NO2
filter cell must be found that gives the largest difference between the channels.
Maxima and minima in the absorption spectrum are identified and the transmission at
these maxima and minima are plotted over a range of partial pressures (Figure 2.27).
As expected, light intensity falls off more rapidly at wavelengths where the absorption

is strong compared to those where absorption is weaker.
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Figure 2.27. NO; transmission spectrum showing maximum (blue dots) and minimum (green dots)
absorptions. Maximum wavelengths are 432.52, 437.99, 441.83, 446.74 and 449.79 nm
and minimum wavelengths are 430.99, 435.03, 438.99, 444.8 and 447.89 nm.

There is a strong differential signal between the maximum peaks and nearby minimum
peaks’ transmissions, shown in Figure 2.27Figure 2.29, where the maximum
transmission wavelengths are 432.52, 437.99, 441.83, 446.74 and 449.79 nm and the
minimum transmission wavelengths are 430.99, 435.03, 438.99, 444.8 and 447.89
nm.. The maximum differential transmission varies between 0.1 and 0.4 at nearby
absorption maxima and minima. The largest differential signals are observed when the
partial pressure of NO2 is in the range 6.9 — 7.6 Pa, which is the partial pressure needed
to maximise the sensitivity to NO2 in the gas correlation cell. The differential
transmission varies slowly in this vapour pressure range, with the result that small
fluctuations in partial pressure in the gas filter cell will not have a large effect on the
differential signal. This property adds to system robustness. Absorption by NO: in the
sample will produce a larger effect on the signal in the reference channel compared to
the filter channel, since the most strongly absorbing wavelengths of the target species

are attenuated in the filtered channel.
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Differential transmission at nearby absorption maxima and minima at a range of NO2 vapour
pressures. The transmission maxima are relatively flat and small fluctuations in vapour pressure
will not affect the differential transmission. The largest differential signal is found between 6.8 and
7.5 Pa.
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The transmission spectrum of 0 — 500 ppb of NO:z over 1 km path length through the
atmosphere, with the filter cell held at 6.9 Pa, is simulated in Figure 2.30 and
demonstrates a small but measurable difference in transmission (< 1.0 %) at

concentrations below 100 ppb. The transmission in the gas filter channel is calculated

using the Beer-Lambert relation (IL = e‘N"L), where the number density N is
0

dependent on the vapour pressure of the NO2 in the filter cell. The differential signal
for 200 ppb of ambient NO2 across a 1 km pathlength is considered in Figure 2.30.
The transmitted intensity through the sample gas (solid blue, Figure 2.30) is multiplied
with the transmission through the 1 cm filter cell at vp = 6.9 Pa (dashed black, Figure
2.30), resulting in the transmitted intensity through the sample gas and filter cell
(dotted green, Figure 2.30). The transmission through the sample alone is shown
Tf-

L (dashed red,
Ty

(dashed blue, Figure 2.30), allowing the differential transmission,

Figure 2.30), measured through the reference channel filter, to be plotted. The
differential transmission provides good specificity to NO:z as the absorption features

in the filter cell intrinsically match the target gas.
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Figure 2.30. Relative transmission intensity as a function of wavelength for a GCS cell. The transmission
through a sample gas (200 ppb NO2 over 1 km, solid blue) in the reference channel is multiplied
with the transmission through the filter cell (dashed black) to give the transmission through the
sample gas and filter cell (dotted green). The differential signal (dashed red) through the sample
and filter has low transmission but good specificity to NOa.
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A gas correlation system such as this has a wider system bandpass than that when
using two narrowband filters, giving a larger amplitude signal in each channel and
improving the overall system SNR. At the same time, selectivity is good since more

target gas absorption features are considered than at two narrow wavelengths.

The integrated intensities of the reference and filter channel may be measured using
low-cost photodetectors, such as photodiodes, rather than recording a full spectrum
using grating spectrometers. The integrated intensities of the reference and filter
channel were convolved with an LED (H2A1-H435) emission spectrum, centred at
435 nm (Figure 2.31) to show the difference in measured intensity in each channel and

the ratiometric response.
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Figure 2.31. The integrated intensity of the reference (blue), filter (orange) and ratio (red) channel when using
a blue LED centred at 435 nm (H2A1-H435).

There is a ~ 3.0 % change in the ratio of the reference and filter channel for
concentrations up to 500 ppb for a pathlength of 1 km (Figure 2.32). Although the
absolute measured signal is larger than with two narrowband filters, the same type of
signal processing would be required to extract small differences in absorption. The
system shows good selectivity to NO2 with a small positive effect from glyoxal and a
small negative effect from methylglyoxal which would respectively produce a positive

or negative interference in measuring NO2. Using a gas filter cell increases the system
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specificity, but the NO2 concentration within the filter cell must be kept constant and

could be susceptible to losses to cell walls and leakage.
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Figure 2.32.  The ratiometric response over 1 km of the reference and filter channel for NO, glyoxal, (GLY)
and methylglyoxal (MGLY).

Although this method offers good selectivity, increased light throughput and improved
SNR, requiring a filled gas cell with controlled temperature and pressure adds to the

complexity and cost of the system.

Summary of simulated methods

The methods described and simulated in this chapter consider strategies to monitor
NO:z in urban and traffic microenvironments. NOz is the dominant gaseous absorber at
blue wavelengths under these conditions, which opens the door to simplified and cost-
effective absorption measurement strategies using one or two spectral channels.
Methods are proposed that use two spectral channels with a single LED light source,
providing potential common-mode noise rejection for ambient measurements. A
single-channel system was put forward that would increase the signal amplitude,

signal-to-noise ratio and therefore system sensitivity.
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The simulations shows that two spectrally distinct channels produce different signals
and that the ratio of these channels is linearly related to the concentration of NO:z in
the sample. Two narrowband channels targeting strong and weak absorption
wavelengths, or a gas cell with an optimised concentration of the target gas, provide
the best selectivity to NO2 in the presence of other absorbing gases. This selectivity is
achieved because the measured changes in absorption are matched exactly to
narrowband NO:2 absorption features. A T-R method using a dielectric pass filter to
separate the light into two larger spectral ranges, with one channel transmitted through
the filter and the other reflected, was also considered. The T-R method integrates
across a wider wavelength range and still shows good selectivity to NO2 because the
T- and R-channels have a high differential response to NO2. However, this system is
susceptible to interference from O3 which has stronger absorption in this wavelength
region and is present at ground level in similar concentrations as NO2. Aerosols will
interfere strongly with the T-R method due to the broad bandpass of the system and it
would be necessary to filter out particles from the sampled air. This system is therefore

not suited to open path measurements.

For some measurement situations, such as urban environments, absorption by NO2
(the product of its absorption cross-sections and number density) is expected to be one
to two orders of magnitude greater than the absorption from glyoxal and
methylglyoxal. However, this single-channel method does not inherently have good
selectivity to spectral features. The aerosol-filtered single channel wideband pass
method requires a filter to remove particles from the inlet stream. It may also be
necessary to scrub NO2 from the sampled air periodically in order to get a zero-NO2
measurement, as was done by Bailey et al. (2024), who used activated charcoal to

remove NOa.

The simulations here do not consider the practical issues of drifts in the outputs of the
LED or detection system, or incomplete filtering of particulate matter. In practical
applications, a ‘zero-air’ reference line that is scrubbed of NO: is often used to
compensate for drifts in the system baseline intensity. Active temperature and current
control may be needed to stabilise LED outputs, adding to system complexity and cost.
Use of two spectrally distinct channels and a single LED has the advantage that a
‘zero-air’ reference should not be needed, assuming that fluctuations in the LED

output or atmospheric transmission (apart from absorption by the target species) are
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equally reflected in both channels. In these cases, the ratio of the two channels is

expected to be highly stable.

The GCS method is attractive due to its intrinsic selectivity and improved light
throughput compared to the use of two narrow wavelength channels. However, the
concentration of NO: in the filter gas cell must be held constant, meaning that a stable
temperature and vapour pressure is required. A sealed NO: cell could be used if the

NO:z2 concentration in the cell remained stable for many months.

A drawback of the two-narrowband method is that only a small portion of low light
intensities are expected since the narrow bandpass filter removes most of the LED
emission spectrum, leaving only two quasi-monochromatic wavelengths. These
relatively weak signals must be amplified appropriately. The strategy of the T-R
method is to compensate for these low intensities, integrating across many
wavelengths and giving a larger measured signal and improved sensitivity. In our
simulations with a wavelength split at 490 - 500 nm, the differential absorption cross-
section was quite large which yields a larger change in ratio than was seen with the
narrow two-channel method. However, this method is not very selective to NO2

absorption features and is vulnerable to interference from O3 and aerosols.

As an alternative to the two channel approaches, the single channel wideband pass
method covers a wider spectral range and a larger signal is collected by the
photodetector, resulting in an increased sensitivity. Here, selectivity relies on a particle
filter removing particulate matter from the sample stream (Zhou et al., 2022).
Decreasing the path length will increase the upper concentration limit but will reduce
the overall sensitivity. This relation is true for all methods simulated here and must be

considered when optimising systems for applications in specific environments.
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Chapter 3 Characterisation of system components

3.1 Introduction

The optical components, light source and photodetector are essential components of a
two-channel ratiometric detector. This chapter focuses on characterising these
elements as part of the development of simplified spectrometers for fast, sensitive and
selective measurements of NO2 in an urban traffic environment, where concentrations
of this pollutant are expected to dominate the absorption signal of the sample air. Two
main spectrometer configurations are considered here: a two channel, narrowband

spectrometer and a single channel, wide bandpass system.

In the two channel approach, wavelengths of high and low NO2 absorption must be
selected which have a relatively large difference in absorption cross-section (Volten et
al., 2009). This differential absorption is therefore similar to the detection principle
used in DIAL. In our approach, operating wavelengths, 1; and A2, are chosen by
rotating narrow bandpass filters to select quasi-monochromatic wavelengths from an
LED emission. The stability of the ratio of intensities of the wavelength pair in the
presence of simulated fluctuations from the LED power supply or changes in the light
path is explored in this chapter. Optical signals propagating through the atmosphere
are susceptible to interference from variations in atmospheric optics such as
atmospheric transparency, turbidity polarisation (Rozenberg, 2012), scintillation,
refractive turbulence and changes in meteorological parameters like wind and
temperature which are particularly important over long distances (Averbuch et al.,

2022; Shaik, 1988).

The optical configuration of the detection scheme is also considered. To minimise the
optical components needed, the two-channel system was first designed using a single

narrow bandpass filter to select both operating wavelengths. However, this
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configuration was revised to improve light throughput and reduce the complexity of

optical alignment by introducing a second narrow bandpass filter.

A drawback of the two-channel ratiometric method is the low levels of light collected
by non-dispersive photodetectors following the narrowband filter. Photodiodes and
photomultiplier tubes are considered for the detection scheme and appropriate signal
amplification techniques are discussed. Recent development of a low cost open-source
lock-in amplifier (OLIA) by Harvie and De Mello (2022) and its applicability to a two-

channel ratiometric system is discussed.

To increase light throughput in the system and improve the overall system sensitivity,
a wideband single-channel CEAS instrument is also characterised. This system has
inherently better sensitivity than the ratiometric two-channel method owing to the
large, measured signal. However, this instrument has lower spectroscopic selectivity
to NO2 and could be vulnerable to spectral interferences in the operating wavelength
region under some circumstances. Applications for the single- and two-channel
method presented here will be discussed as well as the advantages and limitations of

each.

3.2 Characterisation of instrument components

Optical components and spectral selection

The narrow two-channel system uses a narrow bandpass filter (Semrock, LL01-442-
12.5) with a FWHM transmission band of 1.7 nm to select high and low absorbing
operating wavelengths, described in Section 2.2. The narrow bandpass filter (nBPF) is
mounted on a rotational stand. As the angle of the nBPF increases, the resulting
transmitted wavelength of light decreases because of the relationship between angle
of incidence and centre wavelength of transmission of a dielectric filter, as discussed
in Section 2.1. Figure 3.1 shows the intensity spectrum of the LED along with the light
transmitted through the nBPF at specific angles. The general shape of the LED

spectrum is seen as the intensity of the signal changes with wavelength. Transmission
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at larger angles falls off more rapidly, likely because the edge of the optic holder

clipped the beam and the LED emission decreases and tapers off at these wavelengths.

The angle dependence of the transmitted light indicates that this nBPF can be used for

wavelength selection instead of a dispersive optical element like a grating or prism.

Rel. Intensity (a.u.)

Figure 3.1.

Figure 3.2.
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Spectral dependence of the narrow bandpass filter transmission bands on incident angle.
The LED intensity spectrum (blue dash dot) is overlayed. The transmission at 0° and 5°
are overlapped.
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It is noted from the above figure that the width of the nBPF transmission band varies
as 0 increases. Each band was fitted to a Gaussian curve and the resulting width (B)
and centre of each curve was plotted against 6, the angle of incidence to the filter.
These bandwidths were then fitted to a 5™ order polynomial in Python to quantify this

variation with angle (in units of degrees):

B(6) =83x107°05—-39x%x10770*+ 5.0 x 107°03 + 3.9 x 107°0% — 1.0 x 10736 + 0.68

3.1)

The transmission bandwidth varies relatively slowly for small angles (6 < 25°) with
an average bandwidth of 1.35 nm. The bandwidth of the nBPF is approximately

constant for small angles of incidence.

The centre wavelength (A..,) also varies with 0 and was fitted to a 3™ order

polynomial:

Aeon(6) = 9.40 x 107503 — 1.93 X 107202 + 0.1160 + 441.8
(3.2)

Using this relationship, the required angle of the nBPF for an arbitrary wavelength

can be found.

The spectral resolution of the detection system is limited by the bandwidth of the filter.
To demonstrate that the nBPF is sufficient to acquire a recognisable absorption
spectrum of NOz2, the intensity spectrum of the LED (Roithner, H2A1-H435) was
mapped by slowly rotating the nBPF to capture the intensity at each wavelength. A 15
cm gas cell with %2 inch diameter was placed in the beam path. Intensity spectra were
recorded using a CCD spectrometer with a cycle time of 1.01s. The area under the
peak transmission was integrated to reproduce the response of a non-dispersive

photodetector.
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Figure 3.3.  Wavelength dependence of the centre wavelength (red dots) and the band width (blue
dots) of a Semrock (LL01-442-12.5) narrow bandpass filter. The centre wavelength and
width were estimated from Gaussian fits of the measured transmission spectrum at
different angles. The solid lines are best fits of a 5th order polynomial function (blue line)

and 3rd order polynomial function (red line) to the respective spectral parameters.

This method was then repeated with 1 mL of NOz2 in the sealed gas cell to record a
second intensity spectrum. Both intensity spectra are shown in Figure 3.4 as a function
of time and in Figure 3.5 as a function of wavelength. The peak LED intensity through
the nBPF was observed at 50 s when the angle of incidence produced the centre

wavelength of the LED.

The noise to the long wavelength end of the LED spectrum in Figure 3.5 arose because
the filter was stationary for several scans at the start of the experiment before the nBPF
was rotated. These scans were omitted from the time series to synchronise the timing
of both experiments. In the absence of NO2 absorption, the shape of the LED emission
is clearly seen in this mapped spectrum. For the spectrum with NO2, the strong and

weak absorption features of NO2 are also apparent.
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Figure 3.4.

Rel. Intensity (a.u.)

Figure 3.5.
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Time response of the LED intensity transmitted through the empty gas cell and a gas
celled filled with a high concentration of NO, while slowly increasing the angle of
incidence of light entering the narrow bandpass filter. The peak of the LED intensity
was reached at 50 s where the angle of incidence produced the centre wavelength of the
LED.
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Intensity spectra of the LED obtained by slowly rotating the band pass filter with the gas
cell filled with air (blue). The orange spectrum is the measurement when the gas cell had
been filled with NO,.
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The absorbance, A, of a sample can be found by:

A=log(2) (3.3)

where I is the intensity without the sample and I is the intensity with the sample NO:2
in the gas cell. The mapped absorption spectrum for NO2 was compared to the
literature absorption spectrum reported by Coquart et al. (1995) which has a spectral
resolution of 0.0lnm (Figure 3.6). Although the mapped absorption spectrum
measured here had a much lower resolution than the Coquart spectrum, the NO2
absorption structure is clearly seen. Large differences in absorption are most apparent
between 430 and 440 nm. The bandwidth of the nBPF is not constant and increases
substantially below 430 nm (6i> 30°, Figure 3.3), smoothing out much of the structure

in the NO2 absorption spectrum at shorter wavelengths.
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Figure 3.6. NO; absorption spectrum based on intensity spectra compared to literature NO;

absorption spectrum of Coquart et al. (1995).

These results show that the narrow two-channel approach using this particular filter is
suited to the region from 430 to 440 nm, where considerable differences in absorption

wavelengths occur at nearby wavelengths. A narrow two-channel approach can also
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be applied to other wavelength regions, which were considered in Chapter 2, provided

that suitable nBPFs are available.

Light source characterisation

Variations in light source stability and atmospheric transmission

This work uses LEDs as light sources for absorption spectroscopy measurements.
LEDs are a useful tool for absorption measurements as they have an emission spectrum
of tens of nanometres. This bandwidth is wide enough to cover distinct spectral
features of the target molecule and is more convenient than extremely broad white
light sources like arc lamps, which require extensive filtering, consideration of optical
safety, and only use a tiny fraction of the optical power for measurement (Venables et
al., 2006). Blue LEDs produce a high spectral radiance (mW mm™ sr'! nm™) from a
small emission area, allowing efficient imaging of optical power through an optical
system. The output of LEDs is not as directional as lasers and must be collimated to
reduce beam divergence and optical losses. While lasers produce outstandingly high
spectral radiance, LEDs are safer to operate than lasers and are available at a fraction
of the cost. An important advantage of LEDs for reducing the influence of light source
variations and changes in atmospheric transmission is that changes in the emission
intensity are expected to vary consistently across the output spectrum. The work
below explores the potential of LEDs for effective common mode noise rejection by
investigating the correlation between two wavelengths as the light source intensity is

strongly diminished.

The optical system comprised a blue LED (Roithner, H2A1-H435, 300 mW, viewing
angle = £75°) with a peak intensity at 435 nm, two polarisers (Thorlabs, Dichroic Film
Visible Light Polariser LPVISE2X?2), and a CCD spectrograph (Andor iDUS DV-
420A-BU camera and SR-163 spectrometer). Light is collimated by a focusing lens (f
= 150 mm) and coupled into the spectrometer by a fibre optic. The optical system is
shown in Figure 3.7 To study the relationship between two closely spaced
wavelengths, the polariser closest to the LED was held in a rotation mount while the
following polariser had a fixed orientation and output polarisation. Rotating the first

polariser therefore varied the intensity of the transmitted spectrum across a wide
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intensity range with small changes in polarisation. The change in ratio of these
intensities was monitored to establish the stability of the narrow two-channel method
under simulated changes in LED intensity fluctuations, drifts in the alignment of the
optical system, and fluctuations in the atmosphere that effect sample transmission.
These sorts of changes should have a weak spectral dependence, and two closely

spaced wavelengths will therefore be equally affected.

lStationary polarizer

LED H2A1-H435

Y

Figure 3.7. Experimental set-up of light source with polarisers to simulate beam path instabilities and
light intensity fluctuations. The beam path is shown in blue. The first polariser is on a
rotational mount so that its angle and polarisation can be changed relative to the second,
static polariser. In this image, the angle of incidence of the first polarizer is rotated around
the vertical axis (y); a second configuration is with the polarizer mounted horizontally

and rotated around the horizontal axis (x).

The transmitted LED intensity through a nBPF was recorded by a CCD spectrograph
such that both operating wavelengths, ;=435 nm and 42= 438 nm, could be observed
at once. The first polariser was on a rotational stand to allow the angle of the polariser
to be changed continuously over 100 scans. The second polariser was placed just after
the first and kept stationary. The rotating polarizer was rotated along the x-direction,
parallel to the ground, in the positive and negative direction. The polariser was then
repositioned so that it could be rotated along the y-direction, normal with the ground,

in the positive and negative direction. This simulated instabilities in the light path by
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shifting the beam position, owing to the refractive index of the polariser, as well as
small changes in polarisation angle. To investigate the effect of these instabilities on

the ratio of the signals, the relative intensity of 4; was plotted against that of A..

Figure 3.8 shows the relationship between intensities at 435 nm and 438 nm as the
polariser is rotated in different directions, and the correlation statistics are summarised
in Table 3.1. The intensities remain highly linear when the polariser is rotated on the
x- and y-direction, with R? > 0.997, a slope of approximately 1, and an intercept near
0 for each of the four different rotations. Small deviations from the 1:1 line likely arose

from slight beam path differences as the first polariser was rotated in each direction.
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Figure 3.8. Correlation of the normalised intensity at A; = 435 nm against that at A, = 438 nm. The
transmitted intensity is altered by rotating the first polarizer around the vertical (y) and
horizontal (x) axes while the second polariser remains stationary. Positive and negative

signs indicate the two directions of rotation from normal incidence of 0°.

Fluctuations in the light source intensity that are spectrally flat and vary slowly with
wavelength will be compensated for by using a ratiometric two-channel method. The
stability of the narrow two-channel response when considering intensity fluctuations
due to beam path divergence and polarisation in the atmosphere shows the potential to

use this method for remote field measurements in the open atmosphere. Optical
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variations in the atmosphere such as scintillation and refractive turbulence which
distort the phase of the beam will affect both wavelength channels equally as they vary
slowly over wavelength. Choosing operating wavelengths that are spectrally close is
therefore an important consideration to reduce the effects of optical fluctuations on the

measured signal.

Table 3.1.  Linear fit characteristics of the relationship between the intensities at 435 nm and 438 nm

when the beam path and transmitted intensity is varied by a rotating polariser.

Rotation
o R? Slope Intercept
direction

x-axis, + 0.9978 0.983 0.0097
x-axis,-  0.9989 1.028 -0.0189

y-axis, + 0.9990 1.016 0.0018
y-axis,-  0.9976 0.998 -0.0068

Power supply stability and spectral output

Variations in the supply voltage affect both the total intensity and the emission spectra
of LEDs (Dasgupta et al., 2003; Moe et al., 2005; Ravindran et al., 2020). Such
spectral changes would alter the ratio of light at different wavelengths. To assess the
effect of small fluctuations in the LED supply voltage on the intensity ratio, the LED
emission spectrum was monitored as the supply voltage was changed incrementally.
An LED (Roithner H2A1-H435, 300 mW, viewing angle = £75°) with a passive heat
sink was used for the measurements. Active LED temperature control was not used in

this experiment.

Figure 3.9 shows the shift in the LED spectrum along the wavelength axis. Between
3.0 V and 3.4 V the emission peak moves to shorter wavelengths. Above 3.4 V, the

peak wavelength is relatively stable, although the width of the emission band continues

1(41)
1(12)°

the operating wavelengths A1 = 437.3 nm and A2 = 439.4 nm. The dependence of the

to increase. Figure 3.10 shows the influence of voltage on the intensity ratio, at
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intensity ratio on voltage (V) was well-described by a 2™ order polynomial (Figure

3.10).

Normalised Intensity (arb. units)
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Figure 3.9. Normalised LED emission spectrum at several supply voltages. A spectral shift to shorter
wavelengths is seen as the voltage increases along with an increase in the width of the
emission band. A1 = 437.3 nm and A, = 439.4 nm are the wavelengths of interest in this

analysis.

Typical voltage supply stability of = 2mV is readily achievable according to the
manufacturer (AIM-TTi Instruments, 2024). Applying these sort of voltage changes
produces a negligible effect on the fractional change in intensities, implying that a high
performance voltage source and precise voltage control is not needed for a sensor
based on measuring the intensity ratio, reducing both cost and complexity of the

system.

Further immunity of the intensity ratio could be secured by driving the LED at the
voltage giving the maximum in the intensity ratio where the signal varies slowly. A
further strategy to stabilise the intensity ratio across a wider range of supply voltages
could be achieved by selecting wavelengths away from the emission maximum; this
is examined for wavelengths pairs 430.0 nm and 432.0 nm and 440.0 nm and 442.0
nm on either side of the emission peak (Figure 3.10). The ratio of intensities is most

stable when 1; = 430 nm and A2 = 432 nm, however, the differential NO2 absorption
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cross-section is 40 % smaller here than with wavelength pairs above 435 nm. The
longer wavelength side of the LED emission peak broadens at higher voltages so the
fractional change in intensities is less stable at 440 nm and 442 nm. When choosing
narrow two-channel operating wavelengths, both channels should be positioned on the
slope of the peak, near the peak maximum emission, to counteract the effect of spectral

drifts in light source.
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Figure 3.10. Fractional change of the ratio of intensities at four wavelength pairs as a function of
voltage; 437 and 439 nm, 435 and 438 nm, 430 and 432nm, and 440 and 442 nm.

Experimental data were fitted to a 2" order polynomial function.

3.3 Spectral considerations in using nondispersive detectors

with optical cavities

When using non-dispersive detectors, spectral interferences are an important
consideration since all wavelengths incident on the detector contribute to the output
signal, weighted by the responsivity curve of the photodetector. Optical cavities act as
highly effective band rejection filters since wavelengths within a specific range are
effectively rejected and reflected back and forth many times within the cavity,

resulting in a small signal output, while wavelengths outside this range are transmitted
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highly efficiently and could be a serious interference on a photodetector. To take
advantage of the long effective pathlength of an optical cavity, photons of the rejected
wavelengths are measured, so optical filtering is required for the out-of-band
wavelengths. Similar issues have been encountered in IBBCEAS systems using arc
lamps which have extremely broad emission spectra and require careful filtering, as

discussed by Venables et al. (2006).

In addition to optical filtering, photodetector selection can also reduce the effect of
interference from out-of-band wavelengths. This section considers the spectral
responsivity of photodiodes and photomultiplier tubes in the context of NO2 detection
near 440 nm. Lock-in amplification is considered to increase the small optical cavity
output signal and discriminate between the modulated signal of interest and
background light. A suitable modulation frequency must be chosen that is not near the

frequency of stray light that is incident on the photodetector.

Experimental description

A cavity-enhanced system was built with mirrors of high reflectivity (HR = 99.98%)
between 400 and 450 nm and two narrowband channels were selected using a single
nBPF, shown in Figure 3.11. Two identical photodiodes (Thorlabs, DET10A) were
used to collect the signals through the nBPFs. A flip mirror was placed after the nBPF
in channel A and directed incoming light to a fibre to analyse the spectral response of
the system with a spectrometer (Andor, SR163) and CCD camera (Andor, iDUS
DV420A-BV). The purpose of this system was to test the capability of measuring
narrowband wavelength intensities through an optical cavity using non-dispersive
detectors, with an option to observe the full spectral response to investigate spectral

interferences.

The photodiode signals were amplified using a benchtop lock-in amplifier (Stanford
Research Systems, SR830), however, both channels could not be amplified
simultaneously as the lock-in amplifier only outputs channel A and A-B, without
outputting solely the amplified B channel. For the purpose of testing the feasibility of
using non-dispersive detection with narrowband wavelength channels, only channel A

of the lock-in amplifier was used in the following section. A signal generator (TG2000
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series, 20MHz DDS Function Generator) provided a reference modulation frequency

of 500 Hz for the lock-in amplifier and modulated the LED at the same frequency.
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Figure 3.11. Schematic of optical cavity system using non-dispersive detectors (photodiodes)
amplified with a lock-in amplifier. A flip mirror was placed after the beam was split so
that one channel was directed to a fibre optic to analyse the spectral response and identify
spectral interferences. A signal generator provided a reference frequency of 500 Hz for
the lock-in amplifier and drove the LED at the same frequency. nBPF = narrow bandpass
filter, BS = beam splitter, wBPF = wide bandpass filter, M = turning mirror, L = lens, |

=iris.

Influence of lock-in amplification parameters

The lock-in amplifier parameters can be optimised for highly sensitive measurements
down to 2 nV. The time constant, 7, dictates the response time of the system as the
signal typically takes 37 to reflect voltage changes. Longer time constants smooth out
system noise and improves signal stability and signal-to-noise ratio (Stanford
Research Systems, 1993). Varying the modulation frequency can move the system
away from low- or high-frequency interferences that are surrounding the optical

system.
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To optimise the photodiode and lock-in amplifier response, the time constant was
varied to observe the effect on response time and signal stability, as seen in Figure
3.12, where 7= 3, 10, 30 s. The LED emission was blocked for 300 s and then opened
so that an optical signal of 8 uV was measured by the photodiode and amplified by the
lock-in amplifier. As the time constant increased, oscillations seen in the signal
smoothed out, improving the signal-to-noise ratio of the measurement. However, the
response time of the system is also slower as the time constant increases, reaching up

to 90 s when 7= 30 s.
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‘bltage

Figure 3.12. Effect of changing the time constant on signal stability. Beat pattern seen in AUX channel
due to RC circuit used to demodulate LED signal (R = 15 kQ, C = 180 + 47 nF).

Depending on whether a fast response or a sensitive response is needed, the value for
T can be changed. A time constant of 3 s suited the purposes of this detection system.
An auxiliary (AUX) channel monitored the output intensity of the LED before being
filtered through the cavity. Since the LED was modulated, to observe the magnitude
of the LED signal, an RC filter was connected to the AUX channel to demodulate the
signal, where R = 15 kQ and C = 227 nF, causing a beat pattern in the AUX voltage

output.

The effect of different modulation frequencies on the photodiode and lock-in amplifier
response was also investigated. Depending on the setting of measurements,

modulated frequencies from background or stray light may affect the signal, so the
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modulation frequency must be chosen from a low-noise region of the system which

provides a good signal-to-noise ratio (SNR).

A range of low and high frequencies were selected; 100 Hz, 500 Hz, 1 kHz, 5 kHz, 10
kHz, 100 kHz. After a 5-minute baseline, 0.5 pL of NO2 was injected into the optical
cavity cell and then allowed to diffuse out slowly into exhaust. The magnitude of the
signal from this injection is shown in Figure 3.13 and the noise of the signal was
evaluated from the baseline measurements by calculating the signal standard deviation
during the 5-minute baseline period. The responses at 10 kHz and 100 kHz were
excluded from Figure 3.13 as the signals were too noisy and a clear response to NO2
was not observed. Modulating the LED at either 500 Hz or 1 kHz gave the clearest
response with a signal-to-noise ratio of 10 and 12, respectively. It was noted during
this experiment that the change in signal intensity was small for a high concentration

of NO:z in the optical cavity cell.
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Figure 3.13. Effect of changing modulation frequency on signal-to-noise ratio. LED was modulated
at 100 Hz, 500 Hz, 1 kHz and 5 kHz.

Comparison with IBBCEAS measurements

The spectral output of the optical cavity was measured by the spectrometer by putting
the flip mirror shown in Figure 3.11 in place. As previously described, 0.5 uL. of NO2
was added into the optical cavity cell after a 5-minute baseline. Spectra were recorded

every 10 seconds and the integrated intensity under the peak (439.6 = 1.9 nm) was
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plotted as a time series for comparison to the change in photodiode and lock-in
amplifier signal (Figure 3.14). The IBBCEAS measurement saturated when NO2 was
added to the optical cavity cell, whereas the photodiode only measured a small change
in intensity. The difference in signal indicated that a large underlying signal, outside
of the spectral region of interest, was reaching the photodiode and reducing the
sensitivity to absorption by NOz. Changes in modulation frequency did not affect this
large underlying baseline so the interference was most likely coming from the light

source through the optical system.
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Figure 3.14. Comparing the photodiode and lock-in amplifier response at different frequencies to the
full spectral IBBCEAS response from the optical cavity. The normalised response shows

a large underlying baseline in the photodiode response.

The underlying baseline was investigated by reducing the light intensity through the
optical cavity by placing an aperture between the cavity mirrors. The diameter of the
aperture was reduced incrementally every 50 s to reduce the light transmitted through
the cavity while the photodiode response and the spectral response for IBBCEAS
analysis was recorded every 1 s. The relative change in intensity is shown in Figure

3.15.

It was expected that the intensity would reduce equally, relative to the intensity in the
photodiode and IBBCEAS responses. However, when the IBBCEAS system observed

large changes in intensity, the photodiode had small signal changes, for example at
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150 s where the IBBCEAS intensity had decreased by 60% and the photodiode had
only reduced by 15 %. At low light levels, the photodiode sees small changes in
intensity that the IBBCEAS system doesn’t see. The non-linear relationship is shown
in Figure 3.16 and pointed to issues in the photodiode detection; it is evident that the

photodiode response has a large underlying baseline outside of the wavelength region

of interest.
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Figure 3.15. Light intensity transmitted through the cavity when light is reduced using an aperture in
the centre of the cavity. The photodiode (PD) does not respond as expected to change in

light intensity.
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Figure 3.16. Correlation between the photodiode and IBBCEAS response when light in the cavity is
reduced incrementally with an aperture. This non-linear relationship points to an issue

with photodiode detection.
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To investigate whether the apparent raised baseline was a spectral or signal processing
issue, a continuously variable neutral density filter (Thorlabs, NDL-10C-2) was
introduced at the cavity output to incrementally reduce the intensity for both the
IBBCEAS and photodiode response. Neutral density filters reduce the light intensity
in a spectrally flat way, i.e., all wavelengths are reduced equally. When the intensity is
cut down using a neutral density filter, the relationship between the IBBCEAS and
photodiode response is linear with an R? value of 0.99 and intercept of 0.06 (Figure
3.17). Therefore, the previously observed non-linearity in signal response was not due
to issues with the lock-in amplifier signal processing or the photodiode functionality.
Since the neutral density filter reduces all wavelengths of light equally, stray/unwanted
wavelengths that come through the cavity are cut down. When NO:2 was added to the
cavity cell, interfering wavelengths that do not absorb NO2 were not reduced, giving
a high baseline in the photodiode response. The output of the cavity was visually
inspected by looking down the beam path from the cavity. Red light was noted coming
through the cavity, clearly showing that interfering wavelengths that the photodiode is

sensitive to were coming through the cavity.
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Figure 3.17. Correlation between photodiode and IBBCEAS response when light intensity is reduced
incrementally with a neutral density filter (NDF). The linear relationship observed here
suggests that previous non-linearity is caused by spectral interference. RZ = 0.99, slope =
0.92, intercept = 0.06.
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Optical filtering

A spectrometer (RedTide USB650, Ocean Optics) was used to capture the full
emission spectrum from the cavity shown in Figure 3.18. The cavity emission
spectrum showed that even with a wide bandpass filter (Semrock, FF01-440-40, 420
—460 nm), wavelengths outside of the cavity bandpass were contributing to the signal,
particularly longer wavelengths greater than 500 nm. The manufacturer’s transmission
spectrum of the narrow bandpass filter was shown in Figure 3.2 and it was noted that
some wavelength bands were transmitted above 600 nm
The transmission band of a KG3 infrared filter is shown in Figure 3.18. The addition
of the KG3 filter lowered the baseline at longer wavelengths and removed spikes in
intensity at ~405nm. The IBBCEAS system had significant rejection of out of band
light, especially small amounts of long wavelength LED emissions (4 > 600nm), by
using the CCD spectrograph which disperses all wavelengths of incident light so that
only the wavelengths of interest can be analysed. However, the non-dispersive
photodiode does not benefit from this rejection and even has a higher responsivity to
longer wavelengths, with its peak responsivity at 730 nm. Therefore, careful filtering
of longer wavelengths is important when using photodiodes to collect low levels of

blue light and monitor small changes in intensity cause by absorption.
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Figure 3.18. Optical cavity emission spectrum from 350 - 1000 nm. The cavity signal is shown with
and without filters. Filter transmission bands are shown in dashed lines, as reported by

the manufacturer.
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After improving the filtering and light-blocking of the system, the previously
described experiment was repeated with an aperture placed in the centre of the cavity
to reduce the light transmitted through the cavity. The photodiode response is much
closer to the IBBCEAS response with optical filters in place, as shown in Figure 3.19,
although there still exists a small underlying baseline in the signal. The responses are

linear here with R? value of 0.97, slope of 0.95 and intercept of 0.10.
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Figure 3.19. Photodiode and IBBCEAS response to reduction in light intensity through the cavity with

filtering in place.
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Figure 3.20. Correlation between photodiode and IBBCEAS response. A more linear relationship is
seen here compared to previous experiments, suggesting that careful filtering is required

for photodiode measurements. R? = 0.96, slope = 0.95, intercept = 0.10.
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Si photodiodes are responsive to a large range of wavelengths, 200 — 1100 nm, peaking
around 730 nm. At the system operating wavelength, near 440 nm, the photodiode
responsivity is approximately 0.15 A/W, compared to 0.45 A/W at 730 nm. Hence,
unwanted wavelengths that do not absorb NO:2 are transmitted through the optical
cavity efficiently and are collected by the photodiode. Most of the background light
that the photodiode was sensitive to can be removed by using bandpass or short pass
optical filters placed before the cavity. Light source selection is also important here as
some LEDs can have longer wavelength emissions that are not necessarily included in
the manufacturer’s emission spectra and affect the amplified signal since the
interfering wavelengths are modulated at the same frequency as the wavelengths of
interest. Similar issues were discussed by Venables et al. (2006) when using even

broader band arc lamp light sources.

A dilute sample of NO2 was introduced into the optical cavity cell and the change in
intensity was measured for the photodiode and IBBCEAS response, as described in
the previous sub-sections, however a very small amount of NO2 was added in this
experiment so that the IBBCEAS absorption signal did not saturate. A wide bandpass
filter transmitting wavelengths between 420 and 460 nm, and a KG3 infrared filter
were placed before the optical cavity to remove longer wavelengths that the
photodiode was sensitive to. Spectra and amplified photodiode voltages were recorded
every 1 s and NO2 was injected after a 100 s baseline (Figure 3.21). Compared with
earlier results, the photodiode response is much clearer when looking for a small
relative change in the intensity. Although there is still a small baseline intensity at

longer wavelengths, this system is now useful for absorption measurement purposes.

A standard deviation of 0.6% for the photodiode and 0.4% for the IBBCEAS response
was calculated between 200 — 300 s, when all of the NO2 had diffused out of the cavity
cell and the signals had returned to their initial intensities. The photodiode therefore
had a signal-to-noise ratio of 46, a factor of 2 lower than the IBBCEAS which had a
signal-to-noise ratio of 87 for the same concentration of NOz. The signal measured on
the photodiode was now useful for measuring small changes in intensity caused by

absorption by NO2 around 440 nm.

The correlation between the photodiode and IBBCEAS response when NO2 was added

and removed from the system was highly linear with an R? value of 0.99, an intercept
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of 0.18 and slope of 0.82. A photodiode with lock-in amplification was determined to

be suitable for measuring two narrowband channels, provided necessary optical

filtering is included.
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Figure 3.21. Photodiode (PD) response to NO, compared with IBBCEAS response with a wide

bandpass filter and KG3 infrared filter in place to remove interfering wavelengths that

could be transmitted through the system.
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approx. linear relationship, indicating the system is responding as expected to NO.
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Considerations for detector selection

Si photodiodes have a higher responsivity to longer wavelengths beyond the system’s
operating wavelengths near 440nm, and so alternative detectors needed to be
considered. Figure 3.23 shows the responsivity curves of a Si photodiode and a
photomultiplier tube. The photodiode shows a clear peak in responsivity at 730 nm
with relatively low responsivity around 440 nm. The photomultiplier tube (PMT)
module shows a peak in responsivity between 330-500 nm (solid red line, Figure
3.23(b)) which is ideal for the operating wavelengths of this system. The PMT also
shows good quantum efficiency in this region (dashed red line, Figure 3.23(b))
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Figure 3.23. Responsivity curves for (a) photodiode (Thorlabs, DET10A) and (b) photomultiplier tube
(Hamamatsu, H12405) provided by the manufacturers.
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PMTs have their own internal amplification, making them better for detecting small
signals. Incident light is converted to photoelectrons by a photocathode. The
photoelectrons are then directed to an electron multiplier by an electric field around
the photocathode. The electrons accelerate in this electric field and strike a secondary
surface to produce secondary electrons. This process is repeated for » multiplier stages
until the electrons are multiplied roughly one million times and are output as electrical
current. The PMT module used in this work has a voltage output which simply
converts this output current to voltage. This module also has a built-in high voltage
power supply and amplifier, significantly reducing the complexity of the system while

increasing the sensitivity.

The use of a PMT as a photodetector for narrow spectral channels was then explored.
The optical cavity light throughput was improved by choosing mirrors of a lower
reflectivity (R =99.94%), decreasing the path length but improving the signal-to-noise
ratio. The reflectivity of these mirrors extended further, from 400 — 550 nm, meaning
that all of the LED emission was reflected within the cavity. The light source was
replaced with an LED with a smaller viewing angle (Roithner LED430-06, viewing
angle = 8 °). The photodiodes in Figure 3.11 were replaced by PMT modules
(Hamamatsu, H12405). The PMT response to a single narrow channel was amplified
using a lock-in amplifier and compared with the integrated IBBCEAS response. 8 mL
NO:2 was introduced to the ERI atmospheric simulation chamber in 4 steps of 2 mL
before the chamber was flushed at a rate of 80 L/min. The CCD had a kinetic cycle
time of 1.01 s and a data acquisition unit recorded the lock-in amplifier output, which

had a time constant, T =300 ms, every 1 s.

The PMT has slightly improved noise characteristics compared to the IBBCEAS
measurement, as seen in Figure 3.24. The standard deviation of each detection method
was calculated from the first 1000 s of Figure 3.24 when there is no NO2 in the
chamber. The standard deviation of the photodiode was 0.4 % and compared
favourably with the IBBCEAS standard deviation of 0.6%. There was a strong linear
correlation between both detectors, with an R? value of 0.99, slope of 0.67 and
intercept of 0.33. The PMT with lock-in amplification is a very sensitive photodetector
in this wavelength region, however these components are expensive and PMTs are
vulnerable to overexposure from stray light, meaning this detection system may not

be suitable in field measurements where a robust instrument is required. The lock-in
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amplifier used in this experiment can only measure one input channel at a time and so

the two-channel ratiometric method could not be realised using the SR830 lock-in

amplifier.
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Figure 3.24. Normalised response of PMT and lock-in amplifier compared to the CCD response to

one narrow wavelength when NO- is added stepwise to the ERI atmospheric simulation

chamber.
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Figure 3.25. Correlation of PMT and CCD responses when NO; is introduced. A strong linear

relationship is observed with R? = 0.99, intercept = 0.33, slope = 1.01.
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3.4 Wide bandpass CEAS system

A cavity-enhanced system was set-up with a wide bandpass filter (WBPF) to select
wavelengths 420 — 460 nm. A photodiode and lock-in amplifier were used to collect
the output signal from the cavity to test the limitations of the cavity system with a low-
cost detector and complex signal processing. The system schematic can be seen in
Figure 3.26, showing that the LED light source was modulated by a signal generator.
This modulation signal was also used as the reference channel for the lock-in amplifier,
ensuring that the signal and reference were intrinsically matched. A KG3 optical filter
was placed in front of the photodiode to remove interference from longer wavelengths
that are easily transmitted through the optical cavity. A similar amplitude-modulated
CEAS system was reported by Zhou et al. (2022) for making fast measurements of
NOz. Zhou and coworkers used a multimode laser light source with active temperature
controls, a PMT as a photodetector, and a long effective optical path length > 3 km to
achieve a limit of detection of 8 ppt in 30 s. The modulated single-channel CEAS
system described in this section uses an LED light source with significantly lower
power. The effective path length through the optical cavity is substantially shorter. For
measurements in an urban traffic environment, ppb-level sensitivity is required,

therefore the system described here should be suitable for this application.
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Figure 3.26. Schematic of wBPF cavity-enhanced system. A modulated LED (430 nm peak) is

A

directed through a wBPF, passing wavelengths 420-460 nm. Light transmitted through

the cavity is recorded by a photodiode and lock-in amplifier.
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The cavity mirrors used in this system have a reflectivity of 99.94% between 400 —
550 nm, radius of curvature of 1000 mm and 1 inch diameter, as stated by the
manufacturer. The cavity mirrors were separated by 43 cm, satisfying the stability
criterion, 0 < g, g, < 1, for optical cavities where g, , = 0.57. Initially, the cavity
mirrors were enclosed by a /2 inch diameter tube. However, this narrow tube cut down
the light transmitted through the cavity, so a 2 inch diameter tube was used instead.
Tubing diameter is less of an issue with laser light sources that have a narrow emission,
but it becomes important when using LEDs as light sources as they have a much

broader emission beam and larger spot sizes.

KG3filter

Figure 3.27. Photograph of the wBPF system on an optical bench. The LED (Roithner, LED430-06)
was modulated by a signal generator that provided the reference frequency for the lock-
in amplifier. A wide bandpass filter (WBPF) and infrared KG3 filter removed longer

wavelengths that could interfere with photodiode measurements.

The wideband single-channel system was run for 2 hours with no absorbing gasses
present in order to do Allan analysis on the signal. The Allan deviation of a system
describes the noise within a signal over time and is a useful tool to identify the
minimum detectable system response and the optimised averaging time. From Figure
3.28 it is clearly seen that the noise in the system reduces as the averaging time
increases to 100 s, reaching a minimum deviation of 8x 10 V. Beyond 100 s, the noise
of the system begins to increase because longer-term drifts begin to be included in the

averaged signal. Assuming a time response of 10 s, the Allan deviation of the system
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is 10 V, equating to a minimum detectable number density of 4.3%x10° molecules/cm?
which is equal to a mixing ratio of 0.18 ppb in ambient air. This analysis concludes
that the wideband single-channel system is appropriate for measuring ambient NO2

concentrations in an urban environment in terms of both sensitivity and time response.

10-7

10-8

Allan deviation (PD output voltage, V)

107 101 102 103 104
Time (s)

Figure 3.28. Allan deviation of the photodiode (PD) and lock-in amplifier output voltage. The

minimum deviation is 8x10° V in 100 s and 10 V in 10 s.

3.5 Discussion

This chapter has characterised the optical components of a two-channel ratiometric
system. Choosing an LED with an appropriate centre wavelength and viewing angle
were discussed and it was concluded that a narrower viewing angle greatly increases
the light throughput of a system. The spectral resolution of a two-channel ratiometric
system is limited by the bandwidth of the nBPF used, therefore a filter with an
appropriate FWHM should be chosen so that a large difference in absorption cross-

section can be observed between each spectral channel.

Photodiodes and photomultiplier tubes were considered as photodetectors for this
system. When using photodiodes, particularly in the visible region, careful optical

filtering is necessary to remove longer wavelengths of light that the photodiode is more
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responsive to. PMTs are an attractive alternative to photodiodes for visible light
detection as they have their peak responsivity between 400 — 500 nm with a steep cut
off around 700 nm. When employing lock-in amplification, the signal response from
a photodiode is sufficient for making ambient NO2 measurements. However, a major
hurdle for the two-channel ratiometric system is that typically lock-in amplifiers only
measure one channel. There is a growing need for compact, low-cost amplifiers,
particularly lock-in amplifiers that can discern a very small signal that is masked in
large levels of noise. Harvie & De Mello (2022) published an online open-source
digital lock-in amplifier (OLIA) based on a Teensy microcontroller. All user interface

programs and PCB designs are available on GitHub (Harvie, 2021).

OLIA can handle signals modulated up to 50 kHz and supports both internal and
external referencing. OLIA also features a +5 V rail which can be used to power an
LED (Vss) while the internal reference modulates the signal. A schematic for this
circuit is shown in Figure 3.29. The current sent through the LED is limited by resistor
R2, the value of which should be chosen depending on the LED current and voltage

ratings.

The OLIA board was integrated into an optical absorption and fluorescence detector
by Harvie and coworkers (2021) for the detection of cholesterol. The OLIA system
was preliminarily tested using the low light levels observed in the ratiometric two-
channel system. However, the lock-in amplifier was unable to amplify these small
signals and must be optimised for the detection of very small absorption
measurements. These optimisations were beyond the scope of this thesis and OLIA
will not be used in further discussions. Nevertheless, OLIA is a powerful tool that will
likely lead to great improvements in the sensitivity of low-cost optical detection

systems, while also reducing the cost and size of instruments.

Lock-in amplification is beginning to reduce in cost as demand for compact and low-
cost electronics grows, as seen with Harvie’s OLIA. Although OLIA also only supports
one input channel, two identical boards could be made and driven by the same
reference frequency. The development and optimisation of electronic components is

beyond the scope of this thesis.
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Figure 3.29. Circuit design for electronic switch modulating the LED at the OLIA internal reference
frequency. The LED is powered by the 5V rail on the OLIA board and R2 limits the

current.

A wide bandpass single-channel cavity instrument was built and the system sensitivity
to NO2 was investigated via Allan analysis. The Allan variance estimates the stability
of a signal based on short-term noise processes and system drift. The Allan deviation
is the square-root of the Allan variance and describes the fractional error in signal over
different averaging times (Marinov et al., 2019). A similar system was shown to be
effective in measuring NO2 by Zhou et al. (2022)using an amplitude modulated wide
band CEAS system. The wideband single-channel system described in this chapter had
better light throughput than the two-channel ratiometric scheme and used a photodiode
and lock-in amplifier to further improve the detection limit of the system. A minimum
detectable mixing ratio of 0.18 ppb in 10 s was calculated from the Allan deviation.
This detection limit is suitable for measuring ambient NO: in a traffic environment
and compares well with other optical detection systems with sub-ppb precision (Bailey
etal., 2024; Kebabian et al., 2000; Kuhn et al., 2022; Zheng et al., 2024).The wideband
single-channel instrument has sufficient sensitivity and time response for making
ambient NO2 measurements in a traffic environment where NO2 is the dominant

absorber.
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Chapter 4 Instrument validation in atmospheric

simulation chambers

4.1 Atmospheric simulation chamber experiments

The performance of different instruments and measurement strategies developed in
this thesis were tested in atmospheric simulation chamber experiments. These
chambers consist of chemically inert Teflon enclosures housed in aluminium frames.
Gases and particles may be introduced into the chamber in a controlled fashion,
allowing chemical processes in the atmosphere, including photolysis and chemical
reactions, to be simulated under controlled conditions. Chambers are also useful for
testing early-stage instruments because they allow relatively higher concentrations of
target analytes and interferences to be tested. Instrument prototypes can be set up in a
stable environment and compared with measurements from established methods.
Moreover, the effect of potential chemical interferences on the measurement can be

investigated in a systematic way.

This chapter describes several instrument configurations that were tested in two

3 volume chamber in the

atmospheric simulation chambers: a smaller, 2.65 m
Environmental Research Institute, and a larger, 27 m> volume chamber, the Irish
Atmospheric Simulation Chamber (IASC) housed in the Kane Science Building. A
narrowband two-channel system was tested, first using a dispersive CCD spectrograph
and a cavity-enhanced signal, and secondly using non-dispersive detectors and a short,
folded path of 8 m. Lock-in amplification was explored as a method of increasing the
signal magnitude, and therefore the signal-to-noise ratio, to enhance the sensitivity to
NO:z absorption. The drawbacks of the benchtop lock-in amplifier are discussed in the
context of a portable 2-channel system. Following these experiments, a wideband

single channel CEAS system was built to improve light throughput in the system.
Although selectivity to NO: is reduced in a wideband system, the sensitivity is greatly
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improved. Two non-dispersive detectors are tested with this single channel system; a
photodiode with lock-in amplification and a sensitive photomultiplier tube module.
All instruments are then discussed in the context of fast urban NO: detection,

specifically in a traffic environment.

ERI Atmospheric Simulation Chamber

The Environmental Research Institute (ERI) housed an atmospheric simulation
chamber with a 2.0 m long cylindrical fluorinated ethylene propylene Teflon bag
enclosed in an aluminium frame. The sample volume of the chamber was 2.65 m°.
Large openings with a diameter of 30.7 cm on the front and back end of the chamber
were enclosed by perspex windows. These windows were used to create a folded
optical path across the chamber in some experiments. Normally, these window
openings were covered to prevent ambient light from entering the chamber. Ports on
the front and back ends of the chamber were used for sampling from the chamber or
for introducing gases and particles into the chamber. Apertures on either end of the
chamber allowed CEAS techniques to be used across the 2 m length of the chamber.
A small fan circulated the air to ensure a uniform chemical composition within the
chamber. Fluorescent UV lamps (Philips, TLK 40W/05, TUV 15W/G15 T8, TLD
18W/08) located beneath the Teflon bag were used to simulate photolysis in the

atmosphere but were not used in these experiments.

The chamber operated at atmospheric pressure and room temperature. Temperature
and relative humidity were monitored by a Vaisala probe (DMP74A). The chamber
was flushed with compressed air that had been dried and cleaned by an air purification
system (Zander KA-MT-6) to reduce the relative humidity to below 1%. The relative
humidity in the chamber could be increased to approximately 40 % by bubbling
compressed air through deionized water and introducing it into the chamber. The ERI
atmospheric simulation chamber has been discussed and characterized in detail

elsewhere (Ashu-Ayem et al., 2012).
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Figure 4.1. Photographs of the 2 m long ERI atmospheric simulation chamber. The Perspex
windows, mirror ports and injection ports (top) can be seen as well as the inner Teflon
bag and UV lamps for photolysis simulations (bottom).

Irish Atmospheric Simulation Chamber (IASC)

The Irish Atmospheric Simulation Chamber (IASC) is a large, 27 m® (4.4 x 3 x 2 m®)
chamber located in the Kane Science Building, UCC. The chamber consisted of a FEP
Teflon bag supported on an aluminium frame. The large volume of the chamber
allowed more precise control of gas mixing ratios inside the chamber. The chamber
had multiple access ports for sampling or introducing gases or aerosols into the
chamber. Eight mirror ports on the front and back faces of IASC were used to support
optical cavities for detecting NO2, NO3, HONO and glyoxal (Kiendler-Scharr et al.,
2023; RADICAL, 2024). Concentrations of NOx and O3 were measured using
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Teledyne instruments (T200, T400). VOCs and other organic compounds were
measured using an Aerodyne ToF-CIMS with a Filter Inlet for Gases and AEROsols
(FIGAERO) to analyse particulates.

Temperature, relative humidity and pressure probes (Sontay, Flying Lead Temperature
Sensor; Vaisala PTU303; Vaisala PDT102) were mounted on either end of the chamber
to ensure uniformity. A mixing fan within the chamber ensured that the chemical

composition and temperature within the chamber was homogeneous.

The walls of IASC had 14 panels each containing 10 Philips lamps (7 UVA lamps, TL
40W/10 SLV/25; and 3 UVB broadband lamps (TL 40W/12RS SLV/25) to simulate

photolysis in the chamber.

Figure 4.2. Photograph of the inside of IASC. Mirror ports, injection ports, UV lamps and mixing
fan can be seen.
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4.2 Ratiometric two-narrowband channel method

The ratiometric two-narrowband channel method described in Section 2.2 was first
demonstrated experimentally using a dispersive spectrograph that can monitor the
intensity of both channels simultaneously, with good sensitivity and without the need
for additional spectral filtering to remove interfering wavelengths. The sensitivity of
this dispersive system was increased further by using an optical cavity to extend the

effective pathlength.

Subsequently, the system was modified to simplify the optical alignment, and the
spectrograph was swapped for two non-dispersive photomultiplier tubes (PMTs)
which are most sensitive to blue light. A relatively short optical pathlength of 8 m was
used in the non-dispersive system which reduced the sensitivity to NO2 absorption but
provided a large signal incident on the PMTs. To overcome the limited system
sensitivity resulting from the short pathlength, high mixing ratios of NO2 (> 1 ppm)
were introduced into the ERI atmospheric simulation chamber for the purposes of

demonstrating the narrowband two-channel method.

Spectrograph demonstration

Optical configuration

An optical system was designed to demonstrate the ratiometric two-channel principle
using a high-resolution spectrograph (Andor, Shamrock 163) and CCD detector
(Andor iDUS, DV420A-BU) to observe the differential absorption between two
nearby wavelengths. Spectrographs allow the intensities of both channels, /:(4/) and
I2(A2), to be measured at the same time. Figure 4.3 shows the optical configuration of
the instrument. The emission of an LED (Roithner, H2A1-H435) mounted on a passive
heat sink was focused into an optical cavity formed by two high reflectivity mirrors
(Rmax > 99.98% between 390 and 510 nm) separated by 38 cm. The cavity mirrors had
a diameter of 25.4 mm and the cavity cell had an inner diameter of 12.7 mm. Light
transmitted through the cavity was split into two channels using a 50:50 beam splitter,

and both beams were directed at different angles through a single narrow bandpass
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filter, to transmit wavelengths A; and A>. Both beams were then recombined and
focused into the spectrograph for simultaneous detection. The resulting spectrum
shows two distinct channels (Figure 4.4). The first channel had a peak intensity at 4,
=435 nm, where the convolved absorption cross-section is 6.3%x 107 cm? molecule™.
The second channel peak was at 42 = 438 nm where the convolved absorption cross-
section is 4.1x10™" cm? molecule™!. The intensities /;(47) and I2(12) were integrated
across the peaks’ bandwidth of 1.36 nm to simulate the effect of a non-dispersive
detector that measured all transmitted wavelengths in each channel’s passband. The
channels centred at 4; and 4> were separated to avoid channel overlap, which would

reduce the size of the differential signal between the two channels.
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Figure 4.3. Optical configuration of first ratiometric two-channel demonstration; L = lens, M =

planar mirror, BS = beam splitter, nBPF = narrow bandpass filter, HR = high reflectivity.
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Figure 4.4. Spectrum of the two channels at 1, =435 nm and A, = 438 nm. The peaks are spaced so

that overlapping features did not influence measurements.
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Ratiometric 2-channel measurement of NO,

The ratiometric two-channel system sampled air from the ERI atmospheric simulation
chamber and was compared with an extractive chemiluminescence NOx analyser (CL,
Teledyne T200) which provided a 1-minute averaged mixing ratio. Both the
ratiometric two-channel system and CL instruments sampled air from the opposite side
of the chamber to the gas inlet port to avoid localized concentrations of NO2 when it

was added to the chamber.

Figure 4.5 shows the time series of the normalized intensities of 1; and A> with spectra
recorded every 10 s. NO2 was sampled from a 98.5% purity NOz lecture bottle into a
syringe so that a small volume of NO:2 could be added stepwise to the chamber at 1000,
2000, 3000 and 4000 s. After 5000 s, the chamber was flushed at a rate of 80 L min’!
and the signals in both channels converge on the intensity at the start of the experiment.
Both channels decrease in intensity as the NO2 concentration in the chamber increases.
Since the absorption cross-section at 435 nm is 1.5 times the absorption cross-section

at 438 nm, more light is absorbed in the 435 nm channel and a stronger response is

observed.
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Figure 4.5. Time profile of intensity at A; =435 nm and 4, = 438 nm compared to the signal smoothed

over a 15 data point window.
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It is evident that fluctuations in intensity occur in both channels at the same time. Apart
from intensity fluctuations occurring when NO:z is added to the chamber, similar noise
characteristics are also observed in both channels. These can be attributed to
fluctuations in LED current, cavity mirror instability, or background light entering the
CCD array. The relative noise in each channel was investigated by smoothing the raw
higher time resolution response (10 s) over 15 data points (Figure 4.5) and subtracting
the raw measurement from the smoothed response (Figure 4.6). The signal at A; has
more high frequency noise than that at 12, which may have been caused by differences

in optical path and beam clipping at the edge of optics, particularly the nBPF.
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Figure 4.6. The relative noise in each channel (calculated by subtracting the raw signal from the
smoothed signal) with A; = 435 nm and A, = 438 nm. Similar fluctuations are observed in
each channel and generally occur with the introduction of NO; into the chamber and the

onset of flushing.

The standard deviation in both channels was calculated from 9000 s to 10000 s when
the NO2 had been flushed from the chamber and both channels had returned to their
initial intensities. The two channels do not have identical noise characteristics, with a

standard deviation of 0.3 % and 0.2 % in the 435 and 438 nm channel, respectively.
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This is evident in the longer-term behaviour of the signal after flushing the chamber,

from about 8000 s onwards, which shows smaller fluctuations in the 438 nm channel.

In this experimental system, the intention of splitting of the beam into two channels
and later recombining them aimed to demonstrate the principle of the two-channel
method. However, the different beam paths and reflection angles in this optical
configuration may have contributed to some system noise that was not equal in both
channels. The 435 nm channel enters the narrow bandpass filter at a larger angle than
the 438 nm channel and is therefore more prone to beam clipping at the edge of the
optic. The 435 nm channel also has a longer beam path and an extra turning mirror.
Noise with a common source in both channels will be reduced by taking the ratio of

the two channels, whereas noise associated with each channel separately will not.

The ratiometric two-channel method (Equation 1.6) was applied to the integrated
intensities /7(A7) and I2(A2) and calibrated against the CL analyser by plotting the CL
response against the two-channel response (Figure 4.7). The two-channel response
was then scaled to match the CL measured concentrations. The standard deviation (1)
of the ratiometric two-channel system was calculated from 140 — 160 minutes when
NO:2 had been completely flushed from the chamber and was found to be 31 ppb over
1 minute. Kalman filtering (variance in measurement noise, R = 0.1, and the true
concentration variance, Q = 0.03?) was applied to the two-channel response to improve
the signal-to-noise ratio (SNR). The standard deviation decreased to 8 ppb after
applying the Kalman filter. The effective mirror reflectivity (Rey) was calculated to be
0.9984 giving an effective path length (Ley) of 238 m.

A longer path and higher sensitivity were expected from the optical cavity, and it was
later discovered that the cavity mirror purge inlets were inadequately sealed, with the
result that the sampled air from the chamber was partially diluted by room air during
the experiment. The change in ratio was therefore smaller than expected for a mixing
ratio 1 ppm of NOz. This dilution of the sample led to uncertainty in the calculated
effective reflectivity of the cavity mirrors and therefore in the effective pathlength.
Potential variability in the dilution ratio inside the optical cavity cell could be

responsible for the apparent signal fluctuations in both channels seen in Figure 4.5.
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Figure 4.7. Kalman filtered ratiometric two-channel response compared with chemiluminescence
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Figure 4.8. Correlation plot of the Kalman filtered ratiometric two-channel response and

chemiluminescence (CL) reference response. R? = 0.99, slope = 0.98, intercept = -0.51.

Despite the gas leak, a strong linear correlation between the ratiometric two-channel
demonstration system and the CL reference was observed with R? > 0.99 and y-
intercept of -0.51 (Figure 4.8). This ratiometric method can achieve fast, in situ

measurements of ambient NO2 with a standard deviation (o) of 50 ppb in 10 s and 30
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ppb over 1 minute. The standard deviation of the CL monitor is 0.3 ppb over 1 minute

sampling time, a factor of 100 better than the ratiometric two-channel system.

The sensitivity of the ratiometric instrument could be improved in a number of ways.
Firstly, increasing the light throughput in the system is a key consideration. The 12.5
mm diameter of the cavity tube attenuated the light throughput much more than a
larger bore tube. The relatively large LED emission angle (+ 75°) also resulted in
appreciable light losses through the component apertures in the optical system.
Overall, however, this optical system demonstrated that it is feasible to use a single
narrow bandpass filter to create two spectrally distinct channels. This configuration
has the advantage that it reduces the optical component cost of the instrument.
Nevertheless, the configuration adds complexity to the system design, is difficult to
align, and the channels are prone to clipping, particularly in the shorter wavelength

channel where the narrowband filter must be turned to a larger angle.

A CCD spectrograph was used here to confirm that two discrete wavelengths from an
LED emission spectrum can be monitored to detect changes in NO2 concentration at
a level of sensitivity suited to ambient levels of NO2. However, dispersive detectors
such as that used in this study are expensive and can be quite sizable. Ultimately the
goal of this work is to move towards the use of simpler and cheaper nondispersive
detectors like photodiodes in the further development of the ratiometric two-channel

approach.

Demonstration using non-dispersive detectors

Since dispersive detectors record the full spectral response of an LED, much of the
spectral information gathered (as in the experiment above) is lost by integrating over
a small number of pixels. If the selected operating wavelengths, A; and A2, are
sufficiently narrow they can be treated as quasi-monochromatic, allowing non-
dispersive detectors, such as photodiodes or photomultiplier tubes, to be used to
monitor the signal in each channel. The advantages of such non-dispersive detectors
is that they are more compact, lightweight and cost-effective than spectrographs.
Signal analysis is also greatly simplified and does not require user control and

oversight of a spectral analysis procedure.
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Photodetectors such as photodiodes or V/I output photomultiplier tubes produce a
current or voltage proportional to the amount of light received at their active surface
area and the device’s responsivity (R(4)). Non-dispersive detection is widely applied
to the infrared region (Fu et al., 2023; Popa & Udrea, 2019) and UV/vis (Bailey et al.,
2024; Castellanos et al., 2009; Kebabian et al., 2007). The differences between
photodiode (PD) and photomultiplier tube (PMT) performance have been discussed in
Chapter 3.

Two photomultiplier tube modules (Hamamatsu, MicroPMT H12405) were used to
demonstrate the ratiometric two-channel principle with non-dispersive detectors. The
chosen PMT modules respond to light between 300 — 650 nm with peak responsivity
at 400 nm and output a voltage proportional to the incident light intensity. The PMT
modules were driven with £ 5 V from a benchtop power supply (Tenma, 72-2640). For
absorption measurements of NO2 at blue wavelengths, the responsivity spectrum of a
PMT is preferable to that of a Si photodiode which has its peak responsivity at ~ 760
nm. The photodiode responsivity to longer wavelengths could be problematic,
particularly when using optical cavities which efficiently transmit light outside of its
high reflectivity wavelength region (Section 3.3). PMTs are inherently amplified and
much more sensitive than photodiodes to light. The PMT gain can be varied from 103
to 107 by adjusting a control voltage, making these modules suitable for detecting low
levels of blue light, as is the case when measuring narrow spectral transmission bands,

or when using optical cavities.

The optical configuration of the detection scheme was adapted to use two nBPFs in a
more straightforward optical geometry that is easier to align (Figure 2.4). This
arrangement is also less prone to losses due to beam clipping, which also reduces
instabilities in the relative signals of the channels. The importance of reducing beam
clipping in spectroscopic approaches has been discussed by Tuzson et al. (2013), Engel
et al. (2001) and Das & Wilson (2011) in order to maximize the signal throughput and
reduce instabilities. The new detection scheme was tested using an 8 m folded path

across the ERI atmospheric simulation chamber (Figure 4.9).
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Figure 4.9. Schematic of 8 m folded path across the ERI atmospheric simulation chamber. The beam
is split before entering the two-channel detection system and the full spectrum is collected

by a spectrometer for DOAS analysis.

The response of both PMTs in the absence of NO:z in the chamber was recorded with
1 s time resolution to investigate the time-dependence of the system precision. Figure
4.10 shows the Allan deviation of both PMT voltages and of the resulting ratio. The
Allan deviation shows that the two PMTs have distinct noise characteristics. The
precision of PMT1 is worse than that of PMT2 at short times, but improves with
averaging up to 100 s, whereas that of PMT2 only improves up to 20 s. The ratio of
the two signals reaches a minimum deviation of 6x10™* over 100 s, equivalent to a
mixing ratio of 152 ppb. This is a good sensitivity for such a short pathlength and in
an instrument intended to demonstrate the two-channel approach with nondispersive

detectors.

The sensitivity of the instrument could be improved by increasing the path length,
albeit at the expense of a smaller signal. Moreover, identical photodetectors should be
used in balanced detection schemes to ensure that they have similar noise
characteristics (Section 1.4). Sihler and coworkers (2009) found that tilting the LED

may reduce étalon effects and improve the detection limit, ¢, by a factor of 2.
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Figure 4.10. Allan deviation of two PMTs and of their ratio. PMT1 and PMT2 have different noise

characteristics, with PMT2 being less noisy but subject to greater drift over time.

Incoming light from the chamber was split before the ratiometric two-channel
detection scheme so that the full spectrum could be collected and analyzed using the
DOASIS spectral analysis program. As the path length through the sample was known
precisely, the DOAS measurements were used as a reference method for NO:2
concentrations in the chamber to validate the system being tested. Zheng et al. (2024)
used a similar approach to compare a mini-BBCEAS instrument to both CL and CAPS
reference methods. DOAS is a robust technique used to validate satellite
measurements, for example, in the PANDONIA global network (Edwards et al., 2024;
Lange et al., 2024).

Figure 4.11 shows the normalized intensities of the PMTs, 7:(4/) and I2(A2), where 4,
and A2 are the system operating wavelengths at 437.3 and 439.3 nm, respectively,
sampling at 1 Sa/s and averaged across 10 s. The absorption cross-sections at the
system’s resolution (defined by the nBPF bandwidth) are o; = 4.2x107" cm™
2 molecule™! and o2 = 6.3%x107" cm™ molecule™ yielding a differential absorption
cross-section, A4g, of 2.1x 107" cm ™ molecule™'. As expected, there is a larger decrease
in signal in the stronger absorbing channel, /2(A2), compared to /:(41) of 8.0 % and 4.5
% for 12.5 ppm NO2. At the baseline intensity before adding NO:, the standard
deviation of the signal from PMT1 is 0.2 % and that of PMT2 is 0.1 %, again indicating
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that these photodetectors have different noise characteristics. It is recommended that
detectors are purchased at the same time and from the same batch to minimize

differences in manufacturing.
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Figure 4.11. Normalised response of PMT1 and PMT2 to NO, additions in the atmospheric simulation

chamber with an 8 m path length.

Based on the ratio of the measured intensities, the 16 measurement precision of the
two channel system is 136 ppb when averaged across 1 minute, comparing favourably
with the DOAS reference which has a limit of 145 ppb for the same averaging time
(Figure 4.12). Applying Savitsky-Golay filtering with a window of 50 data points
improved the two-channel system limit to 71 ppb. Figure 4.13 shows that the
ratiometric two-channel method is well-correlated with the DOAS reference (R >
0.97, y-intercept = 0.99). Assuming other factors do not affect the SNR, we estimate
the detection limit would be 2.3 ppb over a 250 m path length. This theoretical
improvement agrees well with Chen et al. (2020) who reported a limit of detection of
2 ppb in field measurements using ratiometric open-path dual-beam laser spectroscopy
to measure NO2 across a path length of 1.3 km. Longer path lengths are realized using
either long open paths or optical cavities. However, longer paths reduce the signal
amplitude so that signal amplification is typically required. Even so, this method is

sensitive enough to be applied over short path lengths (for example, industrial exhaust
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stacks) for continuous emission monitoring where NO2 concentrations could be much

higher than ambient levels.
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Figure 4.13. Correlation plot of concentrations measured by the ratiometric two-channel and DOAS

reference instruments. R? = 0.97, intercept = 1.
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Improving sensitivity to NO2 over shorter path lengths would advance new
applications. In particular, relatively short (e.g., less than 200 m) open path
measurements could be made across roads to capture the emissions of passing
vehicles. In the field, the signal across a long atmospheric path might fluctuate for
several reasons. In addition to changes in the LED output, other common fluctuations
include polarisation and other loss processes such as reflection, refraction, and
scattering in the atmosphere. To demonstrate that the two channels would strongly
suppress noise from a common source, a further experiment was carried out in which

the light intensity in both channels was attenuated across a large intensity range.

Two polarisers were mounted on the atmospheric simulation chamber: one polariser
was placed immediately after the light source and could be rotated to attenuate the
light beam into the detector system and a stationary polariser was placed just before
the ratiometric two-channel detection scheme. Figure 4.14 shows the change in

normalised intensity in each channel.
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Figure 4.14. Normalised response of PMT1 and PMT2 as the polariser angle is increased continuously

over time, changing the beam path and polarisation.

Both PMTs responded similarly as the polarisation angle reduced the light into the
detectors, showing that this 2-channel method is relatively insensitive to changes at
atmospheric transmission. Figure 4.15 confirms a strong linear relationship between

both channels with an R? value of 0.995 and y-intercept of 0.0037 when changes in
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the signals are not spectrally dependent, as would be the case for changes in NO2
across the optical path. This experiment highlights the suitability of using the
ratiometric two-channel method for long-path field measurements where both
channels will decrease or increase simultaneously unless NO2 is absorbed to change

the relative light transmission in each channel.
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Figure 4.15. Correlation of both PMTs as the polarisation angle is changed. Channels show a linear
relationship with R? = 0.99, slope = 0.99, intercept = 0.0037.

4.3 Signal amplification using lock-in detection

Small optical signals are difficult to process because they can be obscured by noise.
Either sensitive detectors or signal amplification (or both) are required to produce a
useful response. PMT detectors inherently amplify the signal and are highly sensitive
to light. However, they have drawbacks, notably their much higher cost than
photodiodes (e.g., €640 for a Hamamatsu H12405 PMT module compared to €14 -
€150 for a Thorlabs photodiode). Furthermore, PMTs are vulnerable to damage from
overexposure and have a long warm-up period. Photodiodes, on the other hand, do not
have internal signal amplification and are much less sensitive than PMTs. Therefore,
photodiodes require external signal amplification to measure low levels of light from

narrow wavelength channels or light transmitted through an optical cavity. As
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discussed in Section 1.4.3, lock-in amplification is a useful strategy for amplifying
signals obscured by noise, including for the ratiometric two-channel method. Lock-in
amplification is particularly attractive for long-path measurements through the
atmosphere because background light is not modulated, and the signal at the reference

frequency can be amplified and distinguished from non-modulated background light.

A benchtop lock-in amplifier (Stanford Research Systems, SR830) was used to
amplify a biased silicon photodiode (Thorlabs, DET10A) to monitor changes in
intensity of the narrow operating wavelengths, /:(17) and I2(A2). The signal was
modulated at 500 Hz to remove low and high frequency sources of noise. The SR830
lock-in amplifier has one single-ended input channel (A) as well as a differential
channel (A-B) which amplifies the difference between channels, but does not output
amplified A and B signals, so the ratiometric change in intensities cannot be monitored
with this instrument. Since the difference in channels is small for trace levels of NOa,
the differential (A-B) channel was not used in this work. A lock-in amplifier with
independent amplification of two single-ended input channels modulated at the same
frequency and phase would be desirable for the ratiometric two-channel method. Due
to these limitations, this study amplified one narrow wavelength band to test the
suitability of lock-in amplification for measuring changes in /:(4:) and I2(42) for the

ratiometric two-channel method.

As in Figure 4.9, an 8 m folded path was configured across the 2 m long ERI
atmospheric simulation chamber by mounting turning mirrors outside the Perspex
windows. A schematic of the optical system through the chamber is shown in Figure
4.16. A blue LED (Roithner, LED430-06) mounted in a passive heat sink was driven
by 3.6 V and modulated at 1 kHz by a function generator (TTi, TG2000). The lock-in
amplifier had a time constant of 300 ms and a data acquisition unit (PicoTech, ADC-

20) sampled the output voltage every 1 s.
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Figure 4.16. Photograph of ratiometric two-channel detector. One narrow bandpass filter is used to
select both operating wavelengths. Only the signal from photodiode A is measured as

only the lock-in amplifier’s single channel input was used.

The path length of 8 m was limited by the dimensions of the simulation chamber and
by low light throughout owing to geometric losses. In addition, there were
considerable losses to reflections and scattering at the Perspex windows through which
the beam passed 8§ times. As a result, this configuration was not expected to be highly
sensitive, although we note that the sensitivity is readily improved where
circumstances permit increasing the light path length, for example, in open path
remote sensing applications. An extractive CL NOx analyser (Teledyne T200
NO/NO2/NOx Analyzer) was used as a reference measurement of NO2 concentrations
in the simulation chamber. The CL analyser recorded NO:z concentrations in 1 minute

intervals.

NO:2 was injected in volumes of 5 mL into a stream of air flowing into the chamber.
The NO2 was introduced through a port on the opposite side of the chamber to the CL
extraction port to avoid extreme concentrations of NO2 near the sampling port. The
time series of the intensity at A (439.4 nm; convolved absorption cross-section =

6x10" ¢cm? molecule™) over the experiment is shown in Figure 4.17. The standard
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deviation (1c) was calculated from the first 25 minutes of this experiment when there
is no NOz present in the chamber and had a value of 58 ppb. Assuming the same signal-
to-noise ratio, this precision could be improved to 1.8 ppb over a pathlength of 250 m
or 0.46 ppb over 1 km. Such pathlengths are readily realized using optical cavities or

long path field measurements.
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Figure 4.17. Photodiode and lock-in amplifier response to changing NO; concentration in the
atmospheric simulation chamber compared to chemiluminescence reference NOy

analyser.

Assuming both channels would have comparable and independent noise

characteristics in a ratiometric two-channel system, the total system noise limit would

be:
u = /uf + us

where u is the total system noise and u; and u2 are the noise levels in each channel.
Therefore, the precision of the ratiometric two-channel system over 8§ m in 1 minute
averaging is 82 ppb, and improves to 2.5 ppb over 250 m, and 0.65 ppb over 1 km.
The sensitivity decreases in a ratiometric two-channel method because each channel
has its own independent noise. Although common-mode noise is effectively reduced,

noise features in each channel are added in quadrature. Nevertheless, the ratiometric
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two-channel method gives good selectivity to NO2 because the ratio of intensities of
the operating wavelengths is affected little by scattering or other absorbing species in
this wavelength region, especially when considering urban and roadside environments

dominated by NO2. System selectivity is discussed in more detail in Chapter 2.

As with the previous spectroscopic systems, this short, single path configuration of
several metres can be applied to continuous emission monitoring in circumstances
where high NO2 concentrations are expected. To monitor ambient levels of NO2,
however, longer path lengths are required to assess compliance with WHO guidelines
and EU legal air quality standards. Photodiodes with lock-in amplification are suitable
to use in a ratiometric two-channel detection scheme provided the lock-in amplifier
can record two input channels such that the ratio of channels can be monitored.
Although the lockin amplifier used to demonstrate the measurement principle in this
section is an expensive (+€6,000), non-portable benchtop device, there is growing
interest in reducing the cost and size of lock-in amplifiers for integration into low-cost
systems. One such example is the open-source lock-in amplifier (OLIA) recently
published by Harvie and coworkers (2023), which would be potentially useful for this
type of measurement. Two identical OLIA modules would be required however, as
there is only one input channel. Nevertheless, the low-cost of the OLIA (€35) and
similar amplifiers, and their low power consumption and small dimensions, are
promising tools for use of modulated spectroscopic instruments, whether in laboratory

environments or in field measurements.

4.4 Single-channel CEAS system

The two-channel ratiometric instruments presented above face challenges associated
with the low light levels transmitted through the system. The low signal associated
with these measurements results in a moderate sensitivity to NO2. Specialised
detectors or amplifiers are also required to measure the small signals from ambient
NO: concentrations. This section considers an alternative strategy in which a single,
wide spectral passband is used in combination with an optical cavity to produce a
larger transmitted intensity signal. Selectivity to NO2 is reduced with less spectral

information in this approach; however, this may not be as important in samples where
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NO:z is the dominant absorber and where particulate matter can be removed from the
inlet stream, as was done by Bailey et al. (2024), Birks et al. (2018) and Zhou et al.
(2022).

43 cm Optical Cavity

An optical cavity was built with a mirror separation, d, of 43 cm, with a Semrock
FF01-440-40 wide bandpass filter (WBPF) that transmits wavelengths between 420
and 460 nm placed before the optical cavity input to remove longer wavelengths from
the cavity input. The system schematic is shown in Figure 4.18. This wavelength
region was chosen as other absorbing gases, such as glyoxal and methyglyoxal, have
absorption cross-sections an order of magnitude lower than NO:2 over this range and
are present in much lower concentrations at ambient level. As a result, interference

from other absorbing gases is not expected.

L, =35mm
wBFF HR mirrors
LED | 'IAI' 'IAI' * * 'IAI' FPhotodiode
L, f=100mm
|
E—[ Lock-in amplifier ]
L

Figure 4.18. Schematic of CEAS wide band pass (wBPF) instrument. The lock-in reference frequency

is provided by a signal generator used to drive the LED.

A single-channel wide-bandpass system is susceptible to interference from scattering
by particulate matter; to remove interference from aerosol extinction, an inline PTFE
filter (Pall 2 um filter, diameter = 47 mm) was installed in the inlet line. Note that the
PTFE filter also served to preserve the cavity mirror reflectivities in this system which
had no mirror purge. Similar approaches have been used by other researchers to protect

the mirrors and eliminate the need for external gas supplies, such as that as discussed
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by Zhou et al. (2022) who used a PTFE filter to remove particles from a diode laser
amplitude-modulated CEAS system.

The transmitted light intensity through the cavity was measured with a biased
photodiode (Thorlabs, DET10A). The LED (Roithner, LED-430-06, 430 nm
maximum output wavelength) was modulated at 1 kHz and the photodiode signal was
amplified using a benchtop lock-in amplifier (Standford Research System, SR830).
This system was then tested for its potential to make fast NO2 measurements in an
urban traffic environment. The lock-in amplifier had a time constant, z, of 1 s and the
signal from the lock-in amplifier was recorded by a Measurement Computing USB-
1208HS-4AO data acquisition unit every 3 s. Air from [ASC was sampled at a rate of
4 L/min into the optical cavity cell with volume 844 cm?, giving a residence time of

13 s inside the cavity.
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Figure 4.19. Allan deviation of the optical cavity instrument in the absence of absorbers. The
sensitivity of the instrument will improve with averaging up to 60 s, after which longer

term drifts in the system affect the signal and sensitivity reduces.

Instrument performance was characterised by Allan analysis. The system was run for
1 hour with no absorbing gases present in the simulation chamber. The Allan deviation
is shown in Figure 4.19 above. The sensitivity of an instrument improves as averaging

time is increased because short term system noise is smoothed, however, if the signal
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is averaged for too long, longer term drifts begin to be included in the signal and reduce
system sensitivity (Skiinsky et al., 2009). The minimum deviation, 10”7 V, occurred at
1 minute averaging and was equal to a minimum detectable mixing ratio of 1.5 ppb.
After 60 s, the sensitivity of the instrument deteriorates. At 10 s averaging time, the
Allan deviation of the system is 2X107 V resulting in a minimum detectable mixing
ratio of 3 ppb. These parameters would be suitable for measuring NO:z in an urban

traffic environment where concentrations are typically well above 3 ppb.

Experiments were carried out in the 28 m?® IASC atmospheric simulation chamber. A
Teledyne NOx analyser and O3 monitor (Teledyne T200, T400) recorded 1 min average
concentrations; these measurements provided a reference NO2 concentration for this
experiment. NO and O3 were mixed in a 2:1 ratio (200 ppb NO:100 ppb O3) to form
NOz2. NO was introduced in two steps, at 10 minutes and 40 minutes, followed by
addition of O3 at 55 minutes. The single channel CEAS system response to NO2 in the
chamber is shown in Figure 4.20. Some initial drift in the baseline concentration is
seen in this experiment, with the measured value settling near 0 ppb after 30 min. The
drift in the CEAS system is presumed to arise from a warm-up period for the system.
The standard deviation (1c) of the original CEAS signal was calculated from 30 min
to 50 min in this experiment, where the instrument had warmed up and no NO2 was
present in the chamber. The standard deviation was found to be 6.5 ppb in 3 s, which
is not quite low enough for a traffic environment with low baseline concentrations.
The CEAS measurements were therefore averaged over 30 s and filtered using both
Kalman and Savitsky-Golay filtering to find the optimum method for smoothing data.
The standard deviation of the NO2 mixing ratio for a 30 s running average was 2.2

ppb, improving the signal-to-noise ratio from 14 to 41.

Ideally, a faster time resolution is needed to capture emissions from individual vehicles
as they pass a sensor. A Kalman filter (R = 22, Q = 0.6%) applied to the 3 s
measurements reduced the standard deviation of the NO2 mixing ratio to 1.1 ppb. As
can be seen in Figure 4.20, the Kalman filter partially reduced the time response of the
instrument. The Savitsky-Golay filter, applied over a 1-minute window with a 3™ order
polynomial, reduced the NO: standard deviation to 0.95 ppb and maintained a fast
time response. It was concluded that Savitsky-Golay filtering is an appropriate choice
for reducing system noise while maintaining a fast response time (Chen et al., 2021;

Li, 2011).
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Figure 4.20. Wide-band CEAS instrument response to NO; in the IASC chamber. 200 ppb of NO
(added in two stages at 20 min and 40 min) and 100 ppb of O3 (added after 50 min)
reacted to form NO,. The chamber’s UV lights were switched on from 160 min to 290
min to photolyse NO,, and the chamber was flushed after 290 min. Teledyne
chemiluminescence analysers were used for reference measurements of NO,, NO, and O3

mixing ratios.

The wide-band instrument did not show a distinct drop in signal from NOz2 photolysis
after the chamber lights were switched on at 160 minutes. A small time lag is also seen
in the Teledyne response to NO2 when flushing commenced after 290 min, whereas
both the Teledyne NO and the CEAS NO2 mixing ratios began to decrease before the
Teledyne NO2 measurements (red line, Figure 4.20).

Part of the time lag is likely because CL detectors do not measure NO: directly but
calculate its concentration from a measurement of NO and total NOx, which are
measured sequentially. When NOz levels change quickly over time a small delay may
be observed in CL measurements. The signal from the wide-band CEAS instrument
decreases in line with the other gases, showing the improved time resolution of this
instrument. This difference in time response is reflected in the strong linear

relationship (R? > 0.97) shown in Figure 4.21. Deviations from linearity arise around
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Figure 4.21. Correlation of the reference NO, mixing ratios compared with the measured
concentrations of the wide-band instrument. Data smoothed by the Savitsky-Golay filter
were used here for comparison. The line of best fit is shown with R? = 0.98, slope = 1.05

and intercept = -3.14.

80 ppb due to the sequential nature of the Teledyne NO2 measurement during a period
in which the concentration changed rapidly. As flushing proceeds and the rate of
change of concentration decreases, so the CL measurements re-converge with the

wide-band CEAS measurements.

The reflectivity of the cavity mirrors was calibrated based on the reference NO2 mixing
ratio, giving an effective mirror reflectivity, Ref;, of 99.21 %. This mirror reflectivity
produces an effective path length within the cavity, Leg, of 55 m. This is a short path
length for an optical cavity but still demonstrates sensitivity useful for monitoring
ambient levels of NO2 with a good time resolution. It is worth noting that this physical
pathlength could be used to measure across a road in an open-path system, which is
the focus of other research projects in the research group. The g-parameters of the
resonant cavity were g2 = 0.57, satisfying 0 < (gig2) < 1. While this cavity
configuration is stable, the cavity length could be further optimised to maximise the

output signal, for example, by using a confocal cavity arrangement, as discussed by
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Fiedler et al. (2007). Such improvements would further improve the instrument
sensitivity and improve its performance for monitoring in the highly dynamic roadside

environment and for mobile measurements.

1 m CEAS instrument

A longer optical cavity with 1 m mirror separation was constructed so that the cavity
length more closely matched the radius of curvature of the cavity mirrors, giving a
near confocal arrangement where g2 ~ 0. A photograph of the instrument is shown in
Figure 4.22. This system used the same wide BPF (420 — 460 nm) as the shorter single
channel cavity presented above and is termed the 1 m CEAS instrument. To reduce the
complexity of the system, the benchtop lock-in amplifier and function generator were
removed, and the photodiode was replaced with the same photomultiplier tube module
(PMT) that was used in the ratiometric two-channel detection scheme (Section 4.2).
Figure 4.23 shows the photodiode and PMT and highlights their similar compact
dimensions. The LED (Roithner LED435-03) was driven by a constant voltage and

current to increase the duty cycle and reduce the complexity of the system.
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Figure 4.22. Photograph of 1 m CEAS instrument showing a blue LED centred at 435 nm and a wide
bandpass filter (WBPF). The cavity output is split by a beamsplitter with one channel
focused onto a photomultiplier tube (PMT) and one focused onto a fibre optic to collect
the full spectral response.
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Figure 4.23. Photograph of the photodiode (Thorlabs, DET10A) and PMT (Hamamatsu, H12405)
used in this work.

The 1 m CEAS instrument was tested in the ERI atmospheric simulation chamber
where the 8 m folded path DOAS measurement provided reference concentrations.
This reference method had some advantages over the chemiluminescence NOx
analyser, which was not available for these experiments. DOAS uses the known
wavelength-dependent absorption cross-sections and path length to robustly quantify
trace gas species based on the Beer-Lambert law. DOAS is well-established in
atmospheric observations and is used to validate data from satellite observations
(Lange et al., 2024). For this application, the 8 m DOAS system is therefore considered
a reference spectral method that directly detected NO2 to compare with the 1 m CEAS
instrument measurement. As seen previously, however, the short path length (8 m) of
the DOAS reference was most suited to measuring high absolute concentrations of
NO:z in the chamber, including for calibrating the mirror reflectivity of the 1 m CEAS

instrument.

5 mL of NO2 was injected into the chamber on the side opposite the extraction port of
the 1 m CEAS instrument. DOAS measurements were recorded with a 1 min
acquisition time while the 1 m CEAS instrument recorded measurements at 1 s
intervals; these measurements were averaged to 1 min resolution for comparison
purposes. Figure 4.24 shows the instrument response compared to the DOAS reference
measurement. Mixing ratios of up to 660 ppb were observed with a standard deviation

of 2.1 ppb in 1 s and 0.6 ppb over 1 min. Applying a Savitsky-Golay filter with a 30 s
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window achieved a precision of 0.6 ppb while maintaining the time resolution of the
system and matched the instrument response time. The data was well-correlated with
the reference measurement with an R? value of 0.94 (Figure 4.25). The relatively high
level of scatter in the correlation is a result of the large fluctuations in the DOAS
reference measurement — a result of the short path. The CEAS instrument saw a 29
% change in signal for 660 ppb, giving a calculated mirror reflectivity of 0.9960, and
indicates an effective pathlength of 250 m in the optical cavity.
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Figure 4.24. Mixing ratios in the ERI chamber experiment to assess the performance of the 1 m CEAS
instrument. The CEAS instrument response time was averaged to 1 min and a Savitzky-
Golay filter was applied to the measurements and achieved a standard deviation of 0.6
ppb. The DOAS reference measurement signal-to-noise is poor owing to the short, 8 m
path.

The light output from the optical cavity was split with a 50:50 beam splitter, coupled
via an optical fibre into a spectrometer (Andor, SR163). This reference channel
therefore comprises an incoherent broadband cavity-enhanced absorption
spectroscopy (IBBCEAS) system. The IBBCEAS spectral measurement was used as
a highly selective reference to confirm and quantify NO: in the cavity. The IBBCEAS
reference spectra were fitted to literature NO2 absorption cross-sections, verifying the
response of the PMT and CEAS instrument to NO2. The concentration of NO2 can be

determined from these spectra since the effective path length of the cavity is known.
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Figure 4.25. Correlation between the 1 m CEAS instrument response (%) and the DOAS reference

mixing ratios. The data are well correlated with an R?= 0.94 and intercept = 0.99.

The potential of the 1 m CEAS instrument for measuring ambient roadside NO2
concentrations was tested by sampling outside air. The ERI building is located at the
border of a relatively low density residential area and the start of countryside. Air was
sampled from the 1% floor laboratory window facing the Lee Road, Cork, on 17 July
2024 from 17:00 until 22:00. This road does not have a high volume of vehicular
traffic and, combined with its location at the outskirts of the city, low NO:2
concentrations in air were expected, particularly outside of rush-hour times (5-6 pm).
The 1 m CEAS instrument could therefore be tested in terms of measuring real

roadside emissions at low mixing ratios.

Since there was no sampling period with zero-NO2, the lowest PMT response was
chosen as the value for /o, the baseline intensity with no NOz present. The 1 m CEAS
response compared to the full spectral IBBCEAS response is shown in Figure 4.26.
Measurements over this period showed NO2 mixing ratios were mostly below 10 ppb.
Despite these low mixing ratios, the IBBCEAS and CEAS responses are well-
correlated, with R? > 0.74. The IBBCEAS reference signal was small due to the low
concentrations of NO2 sampled. In addition, software problems attenuated the bit
resolution of the CCD response, with the spectrometer signal saturating at around 1100

counts rather than around 64000 counts when operating normally. This lower
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resolution (12 bits rather than 16 bit resolution) introduced quantisation noise and

appreciably degraded the signal-to-noise ratio of the IBBCEAS system.

A UCC-run background air quality monitoring station (AQMS) is situated 2 km to the
east of the ERI building. Mixing ratios at the ERI building are up to 10 ppb higher
than the AQMS background site during peak driving times and falls off to the same
background level at night.
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Figure 4.26. PMT CEAS response (orange line) to ambient NO; on the Lee Road on 17 July 2024
compared with full spectral response of the IBBCEAS reference (blue line) and

measurements from the nearby AQMS (green line).

The measured PMT signal can drift over time, from fluctuations in the LED, changes
in ambient temperature, cavity mirror movement, or drifts associated with the PMT
itself. To get an accurate baseline reading, the instrument was modified for periodic
flushing with NOz-free air. To do so, the sample inlet was split so that the air could
pass through a charcoal filter that scrubbed NO:z from the air stream (Jeguirim et al.,
2018; Yoo et al., 2015; Zhang et al., 2008). However, filtering the sampled air changes

the flow rate and the pressure in the system. Figure 4.28 demonstrates that increases
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Figure 4.27. Correlation between the IBBCEAS spectral reference and the PMT CEAS response
averaged to 1 minute to match IBBCEAS. The line of best fit is shown (dashed red) with
R? = 0.74 and intercept = 0.99.

in flow rate (which is related to pressure changes in the system) resulted in linear
changes in the PMT signal. The signal change was small but observable, with an
increase in the flow rate from 200 to 600 mL/min giving rise to a 0.6% increase in the
PMT signal. To reduce the effects of pressure, a needle valve was added to the
unfiltered sample line to match the flow rate of the sample and the scrubbed air
streams. A similar approach was taken by Birks et al. (2018) when constructing a
folded tubular photometer that measured regular ‘zero-air’ responses. The instrument
sampling scheme is shown in Figure 4.29. A PTFE particulate matter (PM) filter (Pall
2 um, diameter =47 mm) was placed after both the sample and reference line. A pump
draws air through two inlets at both ends of the cavity so that the gas composition
within the cavity is uniform. The system switched between sample or reference air
using solenoid valves that were controlled by two relays and an Arduino Uno

microcontroller.

160



535.5

PMT signal

535.01

534.54

200 300 400 500 600
Flow (mL/min)

Figure 4.28. Relationship between PMT signal voltage and flow rate, showing a small but observable

increase of 0.6% in the PMT signal as the flow rate increased from 200 to 600 mL/min.
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Figure 4.29. Instrument filtering schematic. The air inlet is split into a reference channel with activated
charcoal filter to scrub NO; and a sample channel with a needle valve to match flow rates
between channels. Solenoid valves periodically switch the inlet stream between the
sample and the reference channel. A PTFE PM filter is placed just before the cavity inlet

to ensure that both channels are filtered of particulate matter.
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The PMT response to additions to NOz2 in the atmospheric simulation chamber is
shown in Figure 4.30. The raw PMT signal (green dashed line) shows some drift as
the experiment progresses, most likely from LED or PMT output drift. This is seen,
for example, in the PMT response that is slightly greater than 1.0 at the start of the
experiment, while it is below 1.0 towards the end of the experiment, around 5500 s.
The response was corrected for drift in the overall system using the reference baseline

measurements (red line).
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Figure 4.30. The raw PMT response (green dashed) is compared with the corrected PMT response
(blue line) based on the reference NO,-free response (red line). Inset shows a close-up of
the system response when switching between sample and NO,-free air. The instrument
response of ~30 s can be seen here.

This experiment also determined the cavity residence time to be 30 seconds, seen here
as the time taken for the response to stabilise when switching between sample and
NOz-free air, shown in the inset of Figure 4.30. The residence time determines the
overall time resolution of the 1 m CEAS instrument. The instrument’s time resolution
of 30 s is suited for measurements of ambient concentrations of NO2 in the dynamic
traffic environment. Decreasing the volume of the sample cell (notably, the optical
cavity length and the inner diameter of the cavity tube) and shortening the inlet tubing

would decrease the cavity residence time, as would increasing the pump flowrate. An
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instrument response time of a few seconds is readily achieved with such changes given
the relationship between residence time, ts, cell volume and flow rate for a continuous
flow through the cell:

cell volume

tppg = o romuImE 4.1

flow rate

4.5 Comparison of instruments and measurement strategies

Two methods are explored in this chapter, a ratiometric two-channel system and a
single-channel wideband system. Both methods have advantages and disadvantages

for making urban NO2 measurements.

The ratiometric two-channel system offers good selectivity to NO2 by choosing
operating wavelengths with a large differential NO2 absorption cross-section. Ideally,
wavelengths should be chosen so that the differential cross-sections of potential
interfering compounds are minimised. As shown above (Figure 4.11), the ratio of
intensities of these wavelengths, 1:1(41)/I2(42), provides excellent common-mode noise
rejection as fluctuations in the LED emission and variations in light path through the
atmosphere are effectively cancelled out. However, the ratiometric two-channel
method only uses two narrow-band quasi-monochromatic wavelengths and has the
disadvantage that much of the spectral information is discarded. In addition, the
narrow bandpass filter results in low light levels that can be obscured by high noise
levels. Therefore, the ratiometric two-channel system requires sensitive signal
detection and amplification. This work has demonstrated that both lock-in
amplification of photodiode signals, or highly sensitive photodetectors like PMTs, can

be used for sensitive two channel measurements.

The ratiometric two-channel system, with an 8§ m path through the ERI atmospheric
simulation chamber, had a measurement standard deviation of 71 ppb for 3 s scans,
after applying a 50 point Savitzky-Golay filter. This sensitivity was sufficient for
instrument validation, but not ambient measurements. Nevertheless, it should be noted
that the 8 m path for the chamber spectrometer is about three orders of magnitude

shorter than typical long-path DOAS systems which can have pathlengths of multiple

163



kilometres and average spectra over 5 to 40 minutes (Bacaoco et al., 2020; Nasse et
al., 2019; Platt & Stutz, 2008). The sensitivity of the system can clearly be lowered by
increasing the light path length. For a light pathlength of 250 m, the standard deviation
would be expected to improve to 2.3 ppb assuming the same signal-to-noise ratio. To
optimise the ratiometric two-channel system, appropriate amplifier circuitry must be
built and integrated into the signal processing system, a longer light path must be used,
and a higher-powered LED may be required to increase the signal amplitude. Signal
modulation would be particularly useful in open path applications so that the signal

could be discriminated from background light.

The narrow two-channel method could be applied to other absorbing gases, such as
glyoxal, which has large differences in absorption cross-section near 460 nm.
Flowerday et al. (2023) have recently demonstrated a similar approach to measure
glyoxal, for example. In the deep-UV region, a two-channel approach using a gas
correlation cell may be applied to measure SO2 or NHs. In these cases, the two-channel
methods are most effective when the target species is the dominant absorber in the

given spectral region and has highly structured absorption.

The 1 m CEAS (single-channel wideband) instrument is better suited than the
ratiometric two-channel system for making fast and sensitive NO2 measurements in
an urban traffic environment. The 1 m CEAS instrument is sensitive to ambient levels
of NO2, with an instrument standard deviation of 2.1 ppb in a 1 s measurement, and
0.6 ppb when Savitzky-Golay filtered across a 30 s window with a second order
polynomial. The use of a ‘zero-air’ NO2 scrubbed inlet allows for regular baseline
measurements to account for drifts in the signal, either from the LED emission or PMT
output voltage, over long measurement periods. Unlike the ratiometric two-channel
system which accounts for drift with two simultaneous measurements, the 1 m CEAS
sample and reference measurements are not synchronized. Baseline reference
measurements should therefore be taken at regular intervals to account for changes in
instrument performance that may vary over time, including in response to

environmental variables such as the ambient temperature.

The work presented above demonstrates that the 1 m CEAS instrument has sufficient
sensitivity to measure ambient NO2 in urban environments. This wideband system

lacks the selectivity of the ratiometric two-channel method. Nevertheless, interfering
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absorptions from compounds such as glyoxal and methylglyoxal are expected to be a
minor interference — such compounds have a lower absorption cross section and are
expected to be present in much lower mixing ratios than NO: in urban settings. In
these situations, absorption by NO2 will strongly dominate the instrument response.
Scattering from particulates is removed by filtering particles from the sample air using
a PM filter. For the system shown above, the signal is recorded every 1 s and the
sample gas has a residence time of 30 s within the cavity. The application of the 1 m
CEAS to roadside measurements near a primary school in Cork city will be explored

in Chapter 5.

Table4.1  Summary of instrument performances. Effective reflectivities are shown for cavity-
enhanced systems. Note that the ratiometric 2-channel (non-dispersive) system had a
folded 8 m path.

Lett Tacquisition 1o 1oriltered

Instrument R m) 9 (ppb)  (ppb)
Ratiometric 2-channel (dispersive) 0.9984 2 10 31 8
Ratiometric 2-channel (non-dispersive) - 8 1 136 71
Single channel CEAS (a) 0.9921 55 3 7.2 2.2
Single channel CEAS (b) 0.9960 250 1 2.1 0.6

Instrument cost

A major aim of this thesis was to reduce the cost of a spectroscopic instrument for NO2
detection. In spectroscopic systems that use dispersive detection, the spectrometer is
a large proportion of the total instrument cost (e.g., €25,000 for the Andor spectrometer
system) and requires interfacing to a computer. Table 4.2 lists the costs of system
components. In this system, expensive system components include specialised optics,
especially the high reflectivity cavity mirrors. The cavity mirrors used in the 1 m
CEAS instrument described in this work were relatively low cost at only ~€200 per
mirror. Non-dispersive photodetectors are typically much lower cost than
spectrometers coupled with a CCD. The PMT used in the 1 m CEAS instrument cost
€670 from Hamamatsu. The total estimated cost of the 1 m CEAS instrument is €3291.
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In the ideal narrow two-channel instrument, the most obvious components that could
be swapped for lower cost alternatives are the benchtop power supplies, which could
be replaced by battery packs for only ~€30, and the PMT that could be replaced by
photodiodes (Thorlabs, €15 - €50 each) and amplified using low-cost open-source
digital lock-in amplifiers, estimated to cost only €35 (Harvie & De Mello, 2022).
These changes alone would significantly reduce the instrument costs. Data acquisition
could be carried out using a programmable Arduino Uno and a lower cost diaphragm

positive displacement pump.

Table 4.2.  Cost of each component used in the 1 m CEAS instrument. The total cost is €3291.

Component Cost (€)
LED 4
HR cavity mirror (x2) 400
Wide bandpass filter 432
Focussing lenses (x2) 40
KG3 filter 53
Photomultiplier tube module 670
PTFE filter 70
Activated charcoal filter 5
Benchtop power supply (x2) 687
Diaphragm pump 540
Solenoid valves 40
Arduino Uno 30
PicoLog data acquisition unit 320
Total €3291

The components required for the two-channel approach are laid out in Table 4.3,
highlighting that in a narrow two-channel system, the main cost will be of the narrow
bandpass filters from Semrock, and cavity mirrors for in sitfu measurements, with a
total estimated cost of €1526. In an open path configuration, cavity mirrors could be
replaced by inexpensive reflector arrays (e.g., €20). There is also no need for pumps,
bring the total cost of an open path instrument to €1076, a huge improvement on the

current cost of the instrument developed in this work. Costs could be even further

166



reduced by purchasing greater quantities of components at once for building multiple

detectors.

The reduced cost of an NO2 detection system means that mobile monitoring systems

could be expanded to include NO2 more often, and local communities could monitor

the regional levels of this toxic pollutant.

Table 4.3. Cost and components needed for an ideal narrow two-channel system. Components

marked * are only applicable in an in situ measurement and components marked ** are

only suitable in an open path configuration.

Component Cost (€)
LED 4
HR cavity mirror (x2) * 400
KG3 filter 53
Narrow bandpass filter (x2) 834
Focussing lenses (x2) 40
Photodiode (x2) 30
Battery packs 30
OLIA 35
Arduino Uno 30
Diaphragm pump * 70
Reflector array ** 20
Total (in situ) * €1526
Total (open path) ** €1076
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Chapter 5 Field measurements in an urban traffic

environment

5.1 Introduction

The 1 m CEAS instrument developed in Chapter 4 was tested for its capability of
making fast, specific measurements of NO: in an urban traffic environment near a
primary school in the north of Cork City. The measurement campaign ran for over 2
months and during this time the sensitivity, time response and longevity of instrument
components, such as PTFE and charcoal filters or cavity mirror reflectivities, were
examined and are reported on in this chapter. Additional findings relating to the
complex micro-environment effects on wind flow and ventilation in narrow streets are

also discussed here.

Many studies have found increased levels of NO2 around schools (Alemany et al.,
2018; Anetal., 2021; Clark et al., 2012). Alvarez-Pedrerol et al. (2017) used estimated
local NO2 concentrations based on land use regression models, and Miller & Vela
(2013) interpolated values from nearby monitoring stations to approximate NOx
concentrations around schools. There is a need for studies that directly measure NO:2
levels near schools so that the exposure risk to students and staff can be accurately
assessed and effectively reduced. A recent study by Badyda & Rogulski (2024) found
that NO2 concentrations around a school in Warsaw, Poland decreased by 30 %

following the introduction of traffic restrictions, greatly improving the local air quality.

Analysis of the surrounding wind field and its effect on measured NO2 mixing ratios
is included and highlights the importance of meteorological data when considering
emission sources and transport. The layout of urban areas and the aspect ratio of

streets, in terms of height, width and length, contribute to the natural ventilation of
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pollutants (Nicholson, 1975; Vardoulakis et al., 2003) and will be discussed in the

context of Blarney St.

Traffic conditions vary substantially depending on whether or not schools are in term.
A large proportion of students were driven to school by car, and the associated increase
in vehicle numbers around the start and end of the school day cause appreciable traffic
congestion on the street, as has been observed elsewhere in Ireland (Road Safety
Authority, 2021) and Europe (Brown et al., 2024; von Stiilpnagel et al., 2024). In
addition to cars idling due to congestion, a small number of drivers were observed to
leave their vehicles idling while waiting to pick up children from school, further

adding to the exhaust emissions in the vicinity.

Blarney St is on a steep hill with the measurement site at an altitude of 40 m. A
topographical map of Blarney St and the surrounding area is shown in Figure 5.1. A
steep gradient can affect the vertical profile of pollutant distributions and make the
street canyon wind field more complex (Limo et al., 2024). The effect of the hill is not
explored further in this work; however, it is noted that vehicles driving uphill emit
more NOx than those driving downhill and may lead to variations in the measured

ambient mixing ratios (Gidhagen et al., 2004).
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Figure5.1. Topographical map of Blarney St showing the measurement site at 40 m altitude. A steep

incline to the west of the measurement site is observed.

There are many contributing factors to ambient NO2 levels in an urban environment

like Blarney St. High spatial and temporal resolution are required to characterise the
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sources and dispersion of NOz. The 1 m CEAS instrument was tested for its application
in an urban traffic environment and an analysis on the effect of the proximity to a

school and the local wind field is explored in this chapter.

5.2 Description of the measurement site

NO:2 measurements were carried out on Blarney St, a traffic artery on the northside of
Cork City. The whole area is characterised by a steep hill and narrow residential streets
that are often congested during peak traffic hours. A map and satellite view of Cork
City are shown in Figure 5.3 and Figure 5.4. Blarney St is an arterial route serving the
north-western residential areas of Cork City and the commuter towns of Kerry Pike,
Tower, and Blarney. Parking on the street does not allow free-flowing two-way traffic

towards the eastern (lower) end of the street in the vicinity of the measurement site.

The majority of the street has a width () between 8 to 10 metres, which is quite
narrow compared to the height (H) of the buildings which ranges between 7.5 to 10
metres (largely two and three storey dwellings). The aspect ratio (H/W) of Blarney St
therefore varies between 0.75 and 1. A street canyon was first defined as a narrow
street with continuous buildings on either side, however, now this term also includes
streets that have minor gaps between buildings (Nicholson, 1975; Vardoulakis et al.,
2003). Vardoulakis et al. (2003) defines streets with H/W < 0.5 as avenue canyons, and
streets where H/W ~ 1 as regular street canyons, meaning that Blarney St
predominantly behaves like a symmetric regular street canyon. The length of a canyon,
L, 1s usually measured as the distance from one major intersection on the road to
another. Choosing the two nearest intersections on either side of the measurement site
gives a canyon length of 340 m. According to Vardoulakis et al. (2003), this classifies
Blarney St as a long street canyon (L/W > 7).

The wind field in a street canyon changes depending on the prevailing wind direction
at roof-level height. When the wind direction is parallel to the street, channelling
effects caused by the Venturi effect, discussed by Sanjaya et al. (2020) and Blocken et
al. (2008), lead to higher pollutant concentrations in the street canyon (Hoydysh,

1994). Winds that are perpendicular to the street may follow an isolated roughness
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(H/W <0.3), wake interference (H/W ~ 0.5) or skimming (H/W ~ 1) wind flow. Given
Blarney St’s aspect ratio, a skimming wind flow was assumed here with a small
contribution from wake interference, thus, creating a vortex in the canyon that cycles
emissions from the downwind (windward) side of the street to the upwind (leeside)
side. Small weak vortices are formed on the windward side of the street caused by
some wake interference. These assumed wind flow conditions on Blarney St when the
wind direction is perpendicular to the direction of the street are illustrated in Figure

5.2.

Prevailing wind direction

N 7

Q

Upwind Downwind

Figure 5.2. A sketch of the expected wind flow over Blarney St when the wind is perpendicular to
the street. Air from the windward side of the street is circulated over to the leeside,
moving emissions from the road to the leeside as well. Smaller vortices can form on the

windward side of the street due to wake interference caused by the street’s aspect ratio.

Measurements were carried out near a primary school, Blarney St CBS, from 15
August 2024 to 1 November 2024, an extensive measurement period that included a
background week before the start of the school term (BG), an eight week in-term
period (SCH), and one week of mid-term break (MT). The primary school began its
school term on 29 August, and students were off school for a mid-term break from 28
October until 1 November. The school began at 08:20 each morning. The school day
ended at 13:20 for the two earliest school years (Junior Infants and Senior Infants)

while older children (First Class to Sixth Class) finished at 14:20.
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The location of Blarney St CBS causes traffic congestion on Blarney St because the
street is too narrow in places next to parked vehicles for vehicles to pass in both
directions, sometimes leading to near stand-still traffic. In addition to cars idling due
to congestion, a small number of drivers were observed to leave their vehicles idling
while waiting to pick up children from school, further adding to the exhaust emissions
in the vicinity. Blarney St is on a steep hill with the measurement site at an altitude of
40 m. A steep gradient can affect the vertical profile of pollutant distributions and make
the street canyon wind field more complex (Limo et al., 2024). The effect of the hill
is not explored further in this work; however, it is noted that vehicles driving uphill
emit more NOx than those driving downhill and may lead to variations in the measured

ambient mixing ratios (Gidhagen et al., 2004).

The measurement site for this study was a private residence located 115 m west of the
Blarney St CBS school and on the same (southern) side of the road. Air was sampled
through a ground floor window, 1.5 m from the ground (Figure 5.5), facing the road.
Measurements were not taken at night as the ground floor window could not remain

open for security purposes.
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Figure5.3. Map of Cork City centre and areas to the north, showing the measurement site (red

marker) and school (Blarney St CBS, purple marker).
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Figure 5.5. Photographs showing Blarney St to the (a) west and (b) east of the measurement site. (c)
shows the inlet and exhaust tubing. The inlet is 1.5 m from the ground and covered to

protect the system from rain water.

Traffic counts were measured from a first-floor road-facing window at the
measurement site using the mobile app RoadCount which uses a camera input coupled
with Al to count and categorise passing vehicles with 1 s resolution. Access to the first
floor was restricted to the period 11 to 26 September and RoadCount measurements

were only recorded during this period. A second traffic counter was sited at City View

173



Wheels, a business 115 m east of the school and 230 m from the measurement site.
The City View Wheels sensor is a Telraam traffic counter and reports hourly, open

source traffic data (https://telraam.net/en/location/9000003085/2024-08-15/2024-08-

22). The Telraam counter had been in operation since January 2022.
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Figure 5.6. A satellite view of the measurement site, Blarney St CBS school located 115 m to the
east, the Telraam traffic counting site 230 m east of the measurement site, and the
Distillery Fields air quality monitoring station (AQMS), 190 m to the south-west. The
AQMS was not near a road but was near a staff car park. The measurement site is on the

south side of the street.

The nearest air quality monitoring station (AQMS) is the UCC Distillery Fields
station, a background site set in a parkland/riverine setting and run on behalf of the
Irish EPA by UCC. This AQMS, which provided background NO:2 concentrations for
comparison to Blarney St measurements, was 190 m from the measurement site

(Figure 5.6).

Meteorological data such as temperature, wind speed and wind direction were
obtained from the Met Eireann Cork Airport weather station, located 6.2 km south of
the measurement site. The local wind field at the Blarney St measurement site is
expected to be strongly influenced by the narrow east-west street and topography of

the city, and could differ appreciably from that at Cork Airport.
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The wind rose plot in Figure 5.7 shows the frequency of wind speeds (knots) and
directions throughout the entire measurement period. Cork City is noticeably
dominated by winds from the west, south-west and south during this period, with
frequent high speed winds. Diurnal temperature and wind speed profiles are shown in
Figure 5.8, highlighting the fact that both temperature and wind speeds are typically
at their maxima in the afternoon due to surface heating (Ephrath et al., 1996). Increased
wind speeds at school collection times increases turbulent air conditions and changes
NO:z dispersion compared with lower wind speeds. Under low wind speeds, stagnant
conditions would reduce ventilation and concentrations of pollutants typically increase

(Vardoulakis et al., 2003).
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Figure 5.7. Wind rose plot showing the vector-averaged frequency of wind speeds (knots) and

direction during the entire measurement period.
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Figure 5.8. Diurnal profiles of wind speed (blue) in knots and temperature (orange) in °C. The
highest wind speeds and temperatures are observed between 12:00 and 15:00. These

times overlap with school collection times that are of interest in this study.

5.3 Instrument description

The 1 m CEAS instrument described in chapter 4 was set up near a ground floor
window in a private residence. Air was sampled at a flow rate of 3.5 L/min via a tube
through a partially opened window. The total volume of the optical cavity and inlet
tubing was 1.87 L, giving a gas residence time of 32 s. The light source was a blue
LED driven with a 46 mA current and housed in a passive heat sink. The system is
shown in Figure 5.9. A 20-bit PicoLog data acquisition unit (ADC-20) recorded the
PMT output voltage at a 1 s sampling interval. The PMT response was Savitzky-Golay
filtered over a 30 s window to smooth the response and match the time response to the
sample residence time in the cavity. NO2 could be measured with a standard deviation
of 7.8 ppb in 1 s which improved down to 1.5 ppb when Savitzky-Golay filtered over

a 30 s window.
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Figure 5.9. Photograph of the 1 m CEAS system at the measurement site on Blarney St. The window

covering is partially removed to allow enough light for the photograph.

The instrument cycled between sampling filtered outside air and zero-NO2 air. The
pressures in the ambient air and zero-NO: air inlets were equalised by bringing the
sample inlet inside to an NOz-free environment and the pressure was adjusted using a
needle valve until the signals in both sample lines were equal. The initial duty cycle
was 66% (sampling for 20 minutes and measuring a zero-NO: baseline for 10
minutes). The PMT signal was found to drift slightly over time, most likely due to
variations in temperature or pressure in the system. To better correct for system drift,
the sample air-baseline period was shortened from 5 September to better account for
short term drifts. The later measurement cycle time measured outside air for 8 minutes
and baseline zero-NO:2 for 2 minutes, shortening the overall time between baseline

measurements and increasing the duty cycle to 80%.

Instrument performance

For quantitative measurements, the cavity mirror reflectivity, R, must be calibrated.
Optical cavity systems have previously calibrated the effective reflectivity by
introducing known amounts of absorbing or scattering gases (Flowerday et al., 2023;
Washenfelder et al., 2008; Werle et al., 1993; Womack et al., 2022). However, external
gas supplies are cumbersome and reduce the practicality and portability of a

spectroscopic system. In these measurements, the effective reflectivity was calibrated
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using the relationship between the phase shift in an empty cavity and the modulation

frequency (Kebabian et al., 2007):

ant = (520) ()

c

where ¢o is the phase shift in radians in an absorber-free cavity, fis the modulation
frequency in Hz, R is the mirror reflectivity, d is the cavity length and c is the speed
of light. The LED was modulated between 1500 to 10000 Hz and the phase shift was
recorded using a lock-in amplifier (SR830, Stanford Research Systems) with a 1 s time
constant. The phase shift was set to 0 radians at 10,000 Hz and increased linearly as
the modulation frequency decreased, as seen in Figure 5.10. R was initially calculated
to be 0.996 at the beginning of the measurement campaign. After 4 weeks, the effective
reflectivity had decreased to 0.988, substantially reducing the effective pathlength and
hence the instrument sensitivity. The reflectivity between these first two calibrations
was interpolated, assuming a constant rate of loss, to correct concentration values. The
cavity mirrors were removed, cleaned and realigned on 17 September, restoring the
reflectivity to 0.996 and the effective path length to 250 m. The instrument reflectivity
was recalibrated weekly thereafter to give updated R-values and minimise potential
variability due to uncertainty in the mirror reflectivities. Figure 5.11 shows the
improvement of the mirror reflectivity after cleaning. The mirrors were not cleaned

again after this cleaning as the reflectivity remained at a useful level above 0.99.

The instrument sensitivity (10) was calculated during the initial baseline period each
week and is plotted over the entire measurement period in Figure 5.12. The average
deviation of the instrument was 1.84 + 0.47 ppb. There was a large decrease in standard
deviation which coincides with the reflectivity degrading as in Figure 5.11. After the
mirrors were cleaned and realigned the deviation increases to > 2 ppb. The sensitivity
of the instrument is highly dependent on the mirror reflectivity, which was well-
preserved after the first cleaning. The use of a PTFE filter on the inlet helped to
conserve the mirror reflectivities and maintain a useful limit of detection for making
urban NO2 measurements. The PTFE and the activated charcoal filters did not need to
be changed throughout the measurement period. Although ambient measurements
were not taken at night, the instrument could have been left running in an NO:2 free

environment to further investigate the instrument performance and longevity.
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Figure 5.10. The modulation frequency was varied between 1500 and 10,000 Hz, producing an
inverted linear response in the phase shift, in radians, to calibrate the CEAS mirror
reflectivity.
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Figure 5.11. Calibrated effective mirror reflectivity (Rer) over time. The mirrors were removed and
cleaned on 2024-09-17, improving the reflectivity. Rest was recalibrated more frequently
after this cleaning but did not degrade as much.
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Figure 5.12. Standard deviation of the instrument throughout the measurement period. Standard
deviation was calculated from a baseline period with no NO; present.

5.4 Results

Validation of NO, response

To confirm that the PMT response was from NO2 absorption within the cavity, the
spectra recorded by a spectrometer (Andor, SR163) and CCD camera (Andor, iDUS
DV420-A-BV) as described in Chapter 4 were analysed using DOAS Intelligent
System (DOASIS) spectral fitting software. A fitted spectrum from 6 September at
09:20 is shown in Figure 5.13. Before fitting, binomial low and high pass filtering was
applied to remove broadband effects in the spectrum and to reduce high frequency
noise. Three trace gases are included in the DOAS fit: O3, methylglyoxal (MGLY) and
H20O. Literature absorption cross-sections of all gases were convolved with the
instrument resolution obtained from the spectrum of an atomic Hg emission line. The
filtered LED structure was also included to improve the overall fit result, following

the approach of Su-Wen et al. (2008). Including the LED emission in the fit reduces

180



the effects of Fabry-Perot étalon structures when the temperature is not highly stable.
To account for small deviations in the wavelength scale over time, the reference
spectra could be shifted or squeezed throughout the fitting procedure (Hartl et al.,
2012). Although glyoxal absorbs in this region, it was not included in the fit as it
disimproved the overall fit and increased the residual. It should be noted in Figure 5.13
that the polynomial fit is poor, likely due to crosstalk from the LED structure or O3

absorption.

The concentration, ¢, of each trace gas in units of molecules/cm?® is displayed in the
plot titles in Figure 5.12 and associated uncertainties were reported in the DOASIS
software. These concentrations are equal to mixing ratios of 91 (£ 5.0) ppb of NO,
88 (x4.5) ppb of O3, 0.51 (£ 0.29) ppq of MGLY and 48 (+ 5.6) ppm of H20 at ordinary
temperatures and pressures. It is noted that water vapour has relatively weak
absorption cross sections in this wavelength region (£10% c¢cm? molecule™). The
instrument is therefore not especially sensitive to H2O and the real water vapour
concentration is expected to be much higher than 48 ppm. The MGLY concentration
is essentially zero and the instrument is not sensitive to such low concentrations. The
NO:2 and O3 concentrations are high compared with the annual mean NO2 and O3
mixing ratios reported by the EPA from the Distillery Fields AQMS background
measurement site, 4.0 ppb and 27.1 ppb, respectively. The hourly mean concentrations
reported by the EPA from Lower Glanmire Road at this time are 20 ppb of NO2 and
36 ppb of Os. Pollutant concentrations are expected to be much higher at the Blarney
St measurement site than the Distillery Fields site which is a background AQMS and
not surrounded by much traffic. Although the results are also higher than those at the
Lower Glanmire Road (LGR) measurement site, which is exposed to relatively heavy
traffic, the LGR site is further from the road (which is twice as wide), allowing greater
dispersion of locally emitted NOz. The time-scale for EPA measurements are also
averaged over an hour and short periods of high emissions are not captured. Much
greater variability in pollutant concentrations is expected when the spectrometer is

sampling at 1 min time intervals, as in the Blarney St measurements.

Figure 5.14 shows a time series of measured NO2 mixing ratios from 8 October in
which the CEAS response measured by the PMT is compared to the IBBCEAS

response where the measured intensity from 420 to 460 nm is integrated. The
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Figure 5.13. DOAS fitting result from 6 September 2024 at 08:45 showing the absorption of NO2
compared with potential interferences from O3, the LED structure, water vapour (H20)
and methylglyoxal (MGLY).

IBBCEAS response accurately represents the signal measured by the PMT which
collects all incoming wavelengths and gives an integrated signal convolved with the
PMT responsivity curve. Since the pathlength and the NO2 absorption cross sections
are known, the integrated IBBCEAS intensity can be related to concentration and
expressed as a mixing ratio. The CEAS response is Savitzky-Golay filtered with a 30
s window and compared to 1 min IBBCEAS measurements. As expected, higher
variability in the NO2 mixing ratio is seen in the PMT measurements. This is evident

at 09:50, for example, where the CEAS measured NO:2 quickly rises to 60 ppb and
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Figure 5.14. Time series showing measured NO, mixing ratios on 08/10/2024. PMT measurements

are filtered using a 30 s Savitsky-Golay window and IBBCEAS measurements are
integrated over 1 min.
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Figure 5.15. Correlation between the integrated IBBCEAS response measured by the CCD
spectrograph and the CEAS response measured by the PMT. The CEAS response is
averaged to 1 min to match the IBBCEAS acquisition time. Linear fit parameters (red
line): R?=0.92, slope = 0.81, intercept = 2.16 ppb.

falls rapidly back to 30 ppb. In contrast, the IBBCEAS measurement captures a smaller
increase to 40 ppb. These differences highlight the value of higher time resolution to
capture fast variations in NOz, such as emissions of especially polluting vehicles.

There is a good correlation between the CEAS and IBBCEAS responses when the
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CEAS is averaged over 60 s to match the IBBCEAS measurement time, with an R?
value of 0.92 and a line of best fit with a slope of 0.81 and an intercept of 2.16 ppb
(Figure 5.15). A slope of < 1 shows that the IBBCEAS measurement reports a slightly
higher absorption signal than the CEAS instrument, leading to a small offset of
approximately 5 ppb.

CEAS systems are temperature and pressure dependent, and instruments often monitor
and correct for these parameters. The apparent temperature dependence of the
instrument on 20 August is shown in Figure 5.16, where temperature data from the
Cork Airport weather station is compared to the raw PMT signal without correcting
the baseline. Taking a running baseline with a short cycle time (10 minutes, of which
2 min is with the zero-NO: stream) compensates for the slow variation in the system’s

temperature dependence.
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Figure 5.16. Time profile of the 1 m CEAS instrument and measured temperature on 20 August
2024. Temperature data are from the Cork Airport weather station. The displayed
output PMT voltage was not corrected by baseline measurements to demonstrate the

drift of the system throughout the day which could be related to temperature changes.
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Microclimate effects on NO, measurement.

Wind speed and direction are key variables for identifying pollution sources near a
monitoring site (Yu et al., 2004). Wind plays an important role in dispersing pollutants,
with higher wind speeds spreading pollutants further from their emission sources,
while low wind speeds can create stagnant air conditions, leading to increased local
pollutant concentrations (Chew & Norford, 2018). In cities and large towns, urban
design can have a major effect on wind patterns, as tall buildings on either side of
narrow streets can create an effective ‘street canyon’, where natural ventilation is low.
Wang et al. (2023) discussed the effect of gaps between buildings on natural urban
ventilation, particularly on streets with buildings on both sides, and reported an
increased flushing effect on street-level pollutants when there is high speed wind flow
between buildings. In the context of this work, NO2 measurements were taken on
Blarney St, a narrow 10 m wide, largely residential street lined with two-storey

dwellings.

Blarney St is a long regular street canyon, as defined by Vardoulakis et al. (2003) and
Nicholson (1975), with an aspect ratio (H/W) of approximately 1. As previously
discussed, the wind field in a street canyon is heavily influenced by the prevailing
wind direction and its relative orientation to the street. Winds propagating in the same
direction of the street, i.e., parallel, cause a Venturi effect where wind speeds increase
through narrow streets (Blocken et al., 2008; Sanjaya et al., 2020) and channel

emissions along the street, resulting in increased mixing ratios (Hoydysh, 1994).

The wind field in a street canyon becomes more complex when the wind is coming
from a perpendicular direction to the street. Roof-level winds affect the wind flow in
the street below. As shown in Figure 5.2, Blarney St experiences mostly skimming
flow, which creates a wind vortex on the street, as well as some wake interference
which leads to additional minor vortices in the corners of the street canyon (Hunter et
al., 1992; Vardoulakis et al., 2003). The measurement site on Blarney St is on the south
side of the street, so northernly or southernly winds will disperse emissions through
this street canyon vortex. The recirculating velocity of a vortex is 0.33 — 0.5 times the
roof-level wind velocity (Berkowicz et al., 1997), so emissions are dispersed quickly
around the street and transport time to the NO2 detector are fast. NOz that is emitted

from vehicles as a primary source will therefore be detected, as well as some secondary
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NO:2 which is formed from the fast reaction of locally emitted NO and O3 in the air
(Berkowicz et al., 1997; Pirjola et al., 2012).

Polar plots combine wind speeds, wind direction and pollutant concentrations to
identify the direction of emission sources relative to the monitoring site (Carslaw &
Beevers, 2013; Vardoulakis et al., 2003; Westmoreland et al., 2007). A polar plot of
emissions measured at Blarney St during the school term is shown in Figure 5.16.
Here, the wind direction represents the direction that the wind is coming from.
Meteorological data was obtained from the Met Eireann monitoring site at Cork
Airport located 6.18 km from the measurement site and the local wind direction on
Blarney St is expected to differ. Wind data was filtered to wind speeds less than 10
knots to omit days where wind speeds were unusually high and skewed data, such as
on 19 - 20 October, during Storm Ashley when wind speeds of up to 30 knots were

recorded.
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Figure 5.17. Polar plot of NO, emissions measured at the Blarney St measurement site during the
school term as a function of wind speed and direction. Meteorological data has been

filtered to remove high wind speed events > 10 knots.

Blarney St is oriented approximately east to west and winds along these directions
dominate in this area, the effect of which can be clearly seen in Figure 5.17. High

mixing ratios of NO2 up to 30 ppb were observed at medium wind speeds (6-8 knots)
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to the southeast of the measurement site, indicating that the emission source was not
directly at the site, but nearby to the east. The frequency polar plot reveals that the
south-east had the highest frequency of increased NO: mixing ratios with
measurements up to 120 ppb, indicating that major sources of NO: are found to the
southeast of the measurement site. This is the direction of Cork city centre and the
major transport arteries along the northern channel of the River Lee. In addition, the
fact that higher concentrations are observed when the wind is coming from the south
and that the monitoring site is on the south side of the street, suggests some street
canyon recirculation may be occurring, meaning that emissions from the windward
side of the street are pulled across to the leeside of the street, as shown in Figure 5.2

(Carslaw & Davison, 2024).

The highest average NO2 mixing ratios up to 35 ppb were observed coming from the
southwest at higher wind speeds of 10 knots, indicating that emissions from the west
are coming from further away than those to the east. These emission events can be
attributed to nearby roads to the south, such as Sunday’s Well, a narrow road which
sees moderate traffic volumes, or accumulations of pollution as the air is channelled

through the street canyon.

Since the measurement site was on the southside of the street, when the wind blows
from the north, NO2 emissions at the measurement site (windward) may be suppressed
by the street canyon effect. Mixing ratios up to 25 ppb were observed from the north-
west where there is a large residential area with associated high volumes of traffic,

frequent bus routes, and residential heating and cooking.

For comparison of NO: dispersion during and after the school term, polar plots of the
wind field and NO2 mixing ratios of the final weeks before the mid-term break (SCH
2) and the mid-term break (MT) are shown in Figure 5.18. The same analysis is not
shown for the measurements before the school term and the first weeks of term as they
have rather different wind directions. The mixing ratios observed during the end of the
school term (Figure 5.18a) are considerably higher on average than the mid-term break
(Figure 5.18b), which will be discussed in more detail in the following section. The
direction of NO:2 emissions changes, with high mixing ratios coming from
predominantly the east and west in SCH 2 compared to high emissions at the

measurement site in MT when the wind is coming from the south. Differences in traffic
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flow around the school term can explain this stark difference in emission distribution,
particularly since the selected weeks have relatively similar wind fields. NO2
concentrations are particularly low (< 19 ppb) in MT with north-westerly winds, in
comparison to SCH 2 which shows higher concentrations up to 30 ppb in the north-
west quadrant, suggesting that school traffic not only affects the area directly around
the school, but could also affect traffic volumes in the surrounding area, leading to a

higher background concentration of NOax.
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Figure 5.18. Polar plots showing the final weeks of school term before mid-term break (a) and the

week of mid-term break (b). Note the difference in colour scales.

Representing pollution data in polar coordinates helps to identify local sources,

allowing local authorities to introduce effective mitigation strategies to improve the
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local air quality. Wind data used in this analysis was taken from the Cork Airport site
as a proxy meteorological measurement. The wind field analysis would be more robust
if roof-level wind measurements were made at the measurement site. Simultaneous
measurements of NO2 from either side of the street would also allow a more in-depth
analysis on the wind flows caused by street canyoning, as was done by Pirjola et al.
(2012) who monitored windward and leeside NO2 concentrations simultaneously in a
mobile measurement campaign. Their measurements showed that upwind
concentrations in a street canyon were higher than those downwind. Extensive
modelling of the wind fields during the measurement period could provide additional
detail on the transport of NO2 (Vardoulakis et al., 2003) but was beyond the scope of
this thesis.

Temporal trends in NO,

NO2 mixing ratios vary throughout the day, as is seen in well-documented diurnal
profiles, with most trends showing a morning and evening peak that coincide with
traffic rush hours (Li et al., 2021; Park et al., 2024; Voiculescu et al., 2020). Solar
radiation also plays a role in the diurnal trends since NOz is easily photolyzed; as a
result, just after solar noon (12:00 UTC, 13:00 DST) photolysis of NO2 will depress
NO: concentrations in the afternoon, hence, increased photochemical activity can give
higher variation in diurnal profiles, and vice versa (Edwards et al., 2024). At the same
time, wind speeds tend to increase in the middle of the day, as shown by the wind
speed and temperature diurnal profiles Figure 5.8, and disperse pollutants more
effectively. In addition to these meteorological effects, traffic activity can influence
the typical daily NOz2 trends. Local NOz2 sources, such as traffic, increase the ambient

mixing ratio and can produce unusual NO: diurnal profiles (Shen et al., 2023).

A typical NOz2 diurnal profile on St Patrick St, Cork City for 2023 — 2024 is shown in
Figure 5.19. These NO2 concentrations were recorded using an Airnode sensor from
data shared by C.Reddy & D.S. Venables. Elevated NO2 concentrations were

observed in the morning, coinciding with rush hour traffic, and again in the evening
after 17:00 beginning at rush hour and concentrations continued to increase into the

evening, which may be associated with traffic and possibly some emissions from
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residential cooking and heating. The microenvironment of St Patrick St is different to
the long street canyon on Blarney St, with a low aspect ratio where W > H for the most
part. Blarney St is approximately 1 km from St Patrick St, and yet shows substantially
different diurnal trends due to its local microenvironment and increased emission

sources around school times.
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Figure 5.19. Diurnal trends of NO on St Patrick St, Cork City measured by Airnode. This street has
a low aspect ratio with good ventilation conditions and does not constitute a street canyon.
Data kindly shared by C. Reddy & D.S. Venables.

The diurnal profile of NO2 on Blarney St across the entire measurement period is
shown in Figure 5.20, including the week before school term (out of term) and the
mid-term break. Error bars show the deviation from the hourly mean. Notably, the
deviation was relatively small for the out of term and mid-term weeks largely because
these datasets were smaller, spanning only one week, while the school term data
encompassed eight weeks of measurements with high variability in meteorological
conditions between week 1 and week 8. Changes in driving patterns may have also
contributed to the high variability during the school term, as the traffic volumes varied
by day, depending on the weather, for example. The variability at 19:00 is high
compared to other times of the day. A large evening peak is however typical in NO2

diurnal trends.
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An afternoon maximum mixing ratio is observed at 12:00 and NO:2 levels remain
elevated until 15:00, aligning with the pick-up times at Blarney St CBS (13:20 and
14:20). Typically, there would be a decrease in ambient NOz at this time due to ambient
temperatures and solar radiation, however, when school is in term, traffic in the
surrounding area increases (Liu et al., 2022), leading to more local sources of NO2 that
sustain relatively high NO: mixing ratios despite the effects of radiation and

meteorology.

Ambient NO2 concentrations are usually higher in the winter compared to the summer,
as discussed by Huang et al. (2022) who observed an approximate increase in mean
NOz2 of 10 ppb between autumn and winter from 2005-2020. A similar difference is
shown in Figure 5.19 between the out of term week which is at the end of summer and
the mid-term week which is in winter where the mean daily mixing ratios are 9.1 ppb
and 19.6 ppb, respectively. However, the mean daily mixing ratio during the school
term was 29.7 ppb, highlighting that the effect of school traffic can suppress

meteorological/seasonal effects on NO2 emissions.
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Figure 5.20. Diurnal profiles of all Monday - Friday during each measurement stage: out of term,

in term, mid-term. Error bars show the variability of measurements.
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Effects of school traffic on NO,

To better observe the change in NO2 emissions at the beginning and end of the school
term, the difference in hourly NO2 mixing ratios during the background measurement
week before school term began and the first 2 weeks of school term is shown in Figure
5.22. These 3 weeks are initially compared so that there is little variation in
meteorological conditions such as ambient temperature and solar radiant intensity,
with average temperatures between 16 — 18 °C. However, there were different wind
conditions the week before school term when compared to the wind field during the
first two weeks of term (Figure 5.21). The prevailing wind direction during the out of
term (BG) week is south-westerly, in comparison to a north-westly wind direction in

the first two weeks of school term.
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Figure 5.21. Wind rose plots showing the wind field before school term began (left) and during the

E w

first two weeks of school term (right). The prevailing wind on the left is south-west and

on the right is north-west.

The week out of school term (blue line, Figure 5.21) shows an almost typical NO2
diurnal profile with a local maximum at 09:00 and 19:00. Typical NOz2 trends would
show a decrease in mixing ratio in the afternoon when temperatures are highest and
the sun is high in the sky, encouraging photochemical activity (Li et al., 2021).
However, Figure 5.22 shows a small peak in NO:z at 13:00, associated with an increase
in heavy vehicles at this time during the pre-term measurements (BG), shown in Figure

5.23. The first 2 weeks of school term (SCH 1) show a large increase in NO2 across
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the day (solid orange line, Figure 5.22), with hourly mean mixing ratios at least twice
as large as the BG week. The afternoon peak is intensified between 12:00 — 14:00
where mixing ratios are approximately 6 times higher than the out of term week in the
period where the school day ends and parents/guardians arrive to collect children. The
number of heavy vehicles at this time was reduced compared to the BG week, and car
numbers also increased. It was therefore observed that a major factor affecting traffic
volumes and emissions in the local area is the school term and driving behaviours

around collection times.
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Figure 5.22. Diurnal profile of the background out of term measurements compared with the first 2

weeks of school term (solid lines) and the final two weeks of term compared with the

mid-term break (dashed lines).

Traffic patterns on Blarney St are not straightforward. The diurnal trends in traffic
flow (Figure 5.23) show that the number of cars were relatively constant across the
day. A partial explanation for this may be that drivers that are familiar with the street
will avoid it at busy traffic times and may choose a route through Blarney St when
traffic is expected to be quieter, suppressing the typical diurnal profile of traffic flow.
A similar explanation can be given for heavy vehicle flow on the street, as the number
of heavy vehicles reduces when the school term begins (blue and orange lines, Figure

5.23).
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Considering the wind field of BG and SCH1 weeks, emissions on the street may have
been even higher in SCHI1. A prevailing north-westerly wind would be almost
perpendicular to Blarney St, which runs south-south-west, causing wind vortices in
the street canyon, as described by Hoydysh (1994) and Hunter et al. (1992) and
sketched in Figure 5.2. These vortices would circulate fresh air from the north onto
the windward side of the street canyon where the measurement site is located.

Emissions from surrounding roads and streets to the north may have influenced these

measurements.
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Figure 5.23. Hourly average traffic counts for cars (top) and heavy vehicles (bottom) during the week
before school term (BG), the start of the school term (SCH 1), the end of school term
(SCH 2) and the mid-term break (MT).

Similarly, the diurnal profile of the last two weeks of school term (SCH 2) was
compared to the trends observed during the mid-term break (MT) (dashed lines, Figure
5.22). These weeks compared more closely than SCH 1 and BG weeks, most likely
because wind directions were more similar with a south-easterly prevailing wind in
both periods (Figure 5.24). It is also noted that there are some westerly winds during
the MT week and wind speeds are higher during SCH 2. Higher wind speeds in the

final weeks of school term would have increased ventilation on the street and diluted
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NO:2 concentrations, accounting for the small difference in SCH 2 and MT diurnal
profiles. The diurnal trends for NO2 appear to flatten during the mid-term break
(Figure 5.22), although the peak at 13:00 persists, the only consistent feature across
all discussed periods. In this case, the small afternoon peak was not caused by school
traffic. The explanation for this feature is unclear. There were no heavy vehicles record
passing around this time and the number of cars actually dropped at 13:00 compared
with 12:00 (Figure 5.23). Some possible explanations are that this peak in NO2 was
associated with gas cooking or heating emissions from the surrounding area, or a small
number of cars with particularly dirty emissions that drive by at lunchtime each day.
Results from these traffic counters have not been verified and so may introduce some

uncertainty into traffic measurements.

The final weeks of the school term (SCH 2) showed an increase in average NO2 mixing
ratios after noon, with mixing ratios staying raised until 16:00 when a steep increase
in NO2 was observed (Figure 5.22) Similar to the comparison between BG and SCH1,
here a midday increase in NO: is observed in both SCH2 and MT, however, in both
cases, in the school term weeks, NO2 mixing ratios remained elevated in the hours
following this peak. This is most likely due to increased traffic activity and congestion

around school collection times at 13:20 and 14:20.

. (0.0:4.0)

R [4.0:8.0)

. (8.0:12.0)
SR TT~53.0

- B [12.0:16.0)
=3 >16.0
NW 424 N-E
318
/ y 212
\
\
10.6 \\

E

Figure 5.24. Wind rose plots showing the wind field around the measurement site during the last
weeks of school term (left) and the mid-term break (MT). Prevailing winds are largely in
the south and south-east, although the MT week also shows some westerly winds.
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The effect of school times on ambient NO2 mixing ratios was visualised by plotting
kernel density estimate (KDE) plots for 15 minute intervals at times of interest (Figure
5.25.). KDE plots represent a continuous probability density curve based on the sum
of the instances of mixing ratios during a given time interval. KDE plots for the school
term (SCH), a background out of term week (BG), and mid-term break (MT) are
shown in Figure 5.25 for a morning period around school drop-off times (08:00 —
09:00) and an afternoon period around school pick-up times (12:30 — 15:00). The axes
on the morning period plots are limited to 150 ppb and the afternoon period was

limited to 250 ppb to best visualise the data and compare different periods.

In the morning, bimodal peaks in concentration density were observed for all
measurement weeks. During SCH weeks, the bimodal shape of the peak smoothed out
between 08:15 — 08:30 (orange line), with an increased density of higher mixing ratios
(50 ppb), indicating more instances of high concentrations at this time. Even higher
concentrations were seen between 09:00 — 09:15, up to 150 ppb. When compared to
BG and MT weeks, it is apparent that there was typically an increase in ambient NO2
between 08:00 — 08:30, with concentrations falling after this period and density curves
become single modal. During SCH weeks, mixing ratios are higher on average and

maintain a bimodal distribution throughout the morning.

The afternoon period covered the collection time for the Junior and Senior Infants
classes at 13:20, and the 1% to 6 class at 14:20. Once again, all SCH weeks had some
instances of mixing ratios higher than shown in Figure 5.25, however for the purpose
of comparing between all measured weeks, the x-axes are limited to 250 ppb for
afternoon plots. During BG week, mixing ratios skew to the right between 13:00 —
13:30 up to ~ 45 ppb, in-line with a typical increase in traffic around lunch time, and
mixing ratios fall after this period. Similarly, during MT week, mixing ratios peak
between 13:15 — 13:30 up to ~ 30 ppb. In SCH measurement weeks, the KDE plots
are more spread out than BG and MT weeks, indicating that there is much more
variability in these mixing ratio measurements. Mixing ratios extend above 100 ppb
from 12:45 and remain elevated until 14:30. The highest mixing ratios occurred
between the period 13:15 — 14:00, which surrounds school pick-up time for the

youngest two classes and immediately precedes the pick-up time for the older classes.
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Figure 5.25. Concentration frequencies during specified periods for the school term (SCH), background measurement week (BG) and mid-term break (MT). Note x-axes are
matched for all weeks during same time.
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NO, measurements

Because traffic conditions are heavily influenced by the school term, measurements
started one week before the start of the new school year (15/08/2024 — 22/08/2024) to
establish a baseline. The NO2 concentrations collected at the Blarney St monitoring
site are compared in Figure 5.26 to the background NO2 measurements from the UCC
Distillery Fields AQMS. The Blarney St measurements were averaged over 30 minutes
here for comparison to hourly data from the AQMS and the meteorological variables.
Although the Blarney St and AQMS monitoring sites are only 190 m apart, they have
strongly diverging exposure to nearby vehicular traffic and other NO2 sources. There
are few vehicle movements near the AQMS, including in the nearby staff car park with
approximately 100 spaces, whereas the Blarney St site has higher vehicular traffic
volumes and considerable traffic congestion at certain times. Blarney St is also
surrounded by other narrow residential streets and could be influenced by vehicular

traffic emissions from surrounding busy roads.
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Figure 5.26. Comparing NO, concentrations from the measurement site to AQMS background site
for August 2024. Meteorological data is shown in the lower panels. The 24-hr mean
limit and the annual mean limit air quality guidelines by the WHO are shown as

horizontal lines in the top panel.
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Meteorological data shows hourly average temperature (°C), wind speed (knots) and
wind direction (°). Winds that are generally easterly or westerly would be expected to
give rise to air masses travelling along the street canyon, leading to accumulation of
traffic pollutants and higher concentrations of NO2. Vehicles travelling in the same
direction as the wind might also give rise to higher NO2 concentrations as the source
of pollution travels with the air mass. In contrast, when the wind blows opposite the
direction of travel, observed NO:2 concentrations should be lower as they are emitted
into a larger effective volume of air over the same period of time. However, the effects
of travelling direction cannot be easily distinguished in this dataset as vehicles were

moving in both directions.

Figure 5.26 shows an interesting time period on 22/08/2024 at 09:00 where the wind
direction changed suddenly between 300° (northwest) and 240° (southwest).
Following this change in wind direction, a sharp change in NO2 concentration was
observed. This change may arise from emissions from residential areas to the
northwest, while sources of NO2 become less significant as the wind shifts to the
southwest, a direction characterised by playing fields, parks, and a lower housing and

road network density.

Vehicular traffic volumes and NO, concentrations

High time resolution traffic data was collected at the measurement site using
RoadCount, and 230 m further east along Blarney St using a Telraam sensor (Figure
5.6). The observed traffic flow at the NO2 measurement site is 1.5 to 2 times lower
than the traffic measured at the Telraam site (Figure 5.27). The difference in these
measurements indicates that more vehicles are present on the street near Blarney St
CBS and may have turned on or off Blarney St before reaching the measurement site.
Although Blarney St itself has two-way traffic, many surrounding streets are one way,
e.g., Sunday’s Well Avenue, Gurranabraher Road and Baker’s Road, thus dictating
certain vehicular movement patterns on Blarney St that would lead to a decrease in
passing vehicles at the measurement site compared to the Telraam site. Cars
approaching Blarney St CBS from the east would typically turn up the Old
Marketplace or travel back down Blarney St, rather than driving further up a narrow

and difficult road unnecessarily. This is an important factor to consider while
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interpreting the following traffic data as the number of cars reported by RoadCount
may be less than the cars present on the road nearby contributing to NO2 emissions.
Both sensors automatically identify passing vehicles as cars or heavy-duty vehicles,

but do not estimate the accuracy of identifying vehicles.
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Figure 5.27. Time dependence of Telraam and RoadCount hourly total car counts on 11/09/2024 at
sites on Blarney St separated by 230 m. The RoadCount data are factor of 1.5-2.0 lower

than the Telraam counts for much of the day.

The association between passing cars and NO2 measured by the CEAS instrument was
investigated by looking at a time series of NO2 mixing ratio and vehicle counts on
Thursday 12/09/2024 between 12:00 and 14:30, capturing traffic conditions during
school collection times at 13:20 and 14:20. NO2 measurements were averaged over 30
seconds to account for the system response time and traffic data has been averaged
over 15 minutes for better clarity (Figure 5.28). There was a notable spike in NO2
mixing ratio up to 70 ppb at 13:00 after 20 cars and 3 heavy vehicles passed in the
previous 15 minutes. Vehicle counts and NO2 mixing ratios then decreased during the
following 30 minutes. Increased traffic activity at this time is most likely due to
parents/guardians arriving to younger classes (13:20). Measured NO: increased again

after 14:00, reaching 50 ppb at 14:20. Although traffic passing the measurement site
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was not particularly high before the end of school at 14:20, increased traffic flow after
14:30 suggests that there may have been cars present at the school before 14:20 that
approached the school without passing the measurement site or cars that had been
idling while waiting, and subsequently passed the measurement site while leaving
Blarney St. The Telraam traffic sensor reported 127 cars passing between 13:00-14:00
while the high time resolution RoadCount data only reported 79 cars over the same
period, highlighting that emissions may be seen at the measurement site for nearby
traffic that does not directly pass the measurement site. NO2 concentrations directly
outside the school are therefore expected to be higher than the measurement site. A
steep rise in NO2 was observed at 14:45, corresponding to increased traffic activity

and the presence of heavy vehicles.
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Figure 5.28. Thursday 12/09/2024 traffic and NO, time profile around school collection times of 13:20
and 14:20. Heavy vehicle counts include light vans that RoadCount identifies as heavy

vehicles.

As a comparison, the same period was isolated from the following Thursday
(19/09/2024) and vehicle counts and NO2 mixing ratio trends were evaluated in Figure
5.29. In contrast to 12/09/2024, the prevailing wind direction was east on 19/09/2024
which would cause a channelling effect and disperse emissions up the street from the
school towards the measurement site and beyond. The number of cars on the road was

also lower on 19/09/2024 with 88 cars recorded by Telraam between 13:00-14:00 and
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95 cars reported by RoadCount. Although the traffic passing the measurement site was
higher on the 19", the overall traffic on the street appears to be reduced according to
Telraam data, supported by the fact that average NO2 concentrations are lower than

12/09/2024.
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Figure 5.29. Thursday 19/09/2024 time profiles of NO, mixing ratio and vehicle volumes around
school collection times. Mixing ratios are averaged over 30 s compared to 10-minute
averaged traffic data. Heavy vehicle counts include light vans that RoadCount identifies

as heavy vehicles.

There were sharp increases to 28 ppb of NO2 at 12:20 and 12:30 which appear to
follow an increase in passing cars in the previous 10 minutes. Another distinct increase
in NO2 was seen at 13:20 with consistent but low numbers of cars reported by
RoadCount. Within the context of the school’s environment this increase is most likely
attributed to the first collection time at 13:20. Another sharp increase in NO2 was
observed at 14:05 following an increase in car flow. When the prevailing wind is
parallel to the direction of the street, the wind field is less complex and patterns can

be observed between traffic flow and changes in NO2 mixing ratio.

A morning NO2 time series is shown in Figure 5.30 from Thursday 19/09/2024. Traffic
count data was averaged over 2 minutes in this shorter time period to best visualise

the association between traftic volume and NO2 mixing ratios. There was a
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Figure 5.30. Thursday 19/09/2024 traffic correlation in the morning with 30 s averaged mixing ratios

and 2 minute averaged traffic counts.

more apparent relationship between vehicle numbers and NO2 mixing ratios in Figure
5.30 compared to Figure 5.29. An increased number of passing cars at 09:07 and 09:22
1s reflected in the NO2 mixing ratio immediately following these traffic increases. The
effect that the direction of wind and travel may have on measured NO2 concentrations
was explored here, provided some assumptions are made. The direction of travel was
not measured by RoadCount and so this information is not available. However, the
direction of travel can be inferred based on the time delay between increases in NO2
concentration and a car passing the measurement site. At 09:07 and 09:22 the
emissions are seen after the cars pass the measurement site. A possible explanation is
that the direction of travel of the majority of passing cars was opposite to the prevailing
wind direction, i.e., the traffic was travelling west-east. The opposite case was seen at
09:30, where the emissions were observed just before the traffic passed, suggesting
that the cars were travelling in the same direction as the prevailing wind, i.e., east-
west, and are effectively driving through their own emission plumes. More robust
traffic monitoring would allow these sources to be seen more clearly or may highlight

other sources of NOax.

Variability in meteorological conditions or road turbulence caused by traffic
(Hoydysh, 1994) disrupts the usual dispersion of NO2, and so traffic correlations can
only be observed over short time periods if the time resolution of the measurement is

sufficiently high. Figure 5.31 shows a correlation plot of 1-minute averaged mixing
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ratios and car counts between 09:30 — 09:38 where this traffic event occurs. There is a
positive correlation, although there is a lot of variability in the data with an R? value
of 0.36 and slope of 0.38. Comparably, Kendrick et al. (2015) reported a linear
relationship between traffic volume and roadside NO2 with an R? value between 0.14
—0.27 across a 15 minute interval. Emissions from all traffic surrounding Blarney St
affect the mixing ratio at the measurement site. For a complete correlation between
vehicle volumes and NO:2 mixing ratios, more traffic measurements are required,

ideally from different points in the street, to map all traffic to emissions.

51 — Fitted line .

Car count

[NOz] (ppb)

Figure 5.31. Correlation between traffic and NO, mixing ratio between 09:30 - 09:38. Mixing ratios
and car counts are averaged over 1 minute for best comparison and the traffic data is
lagged by 1 minute.

Heavy vehicles (HVs) potentially had a large effect on NO2 mixing ratios. 3 HVs
passed the measurement site between 09:40 and 10:05. All three instances of HVs
correspond to a step change of approximately 5 ppb of NO2. There were also co-
incident cars passing at these times, but such a noticeable increase in NO2 mixing ratio
suggests that there is a large effect from HVs which are more likely to be larger diesel
vehicles than the cars. More robust traffic monitoring would allow more investigation

into these step changes in NOx.
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To further analyse the dependence of NO2 on vehicle volumes, all traffic count data
were concatenated and hourly averages across all weekdays were calculated. The
hourly average car count is compared to the hourly mean NO2 mixing ratios in Figure
5.32 where the colour of each marker represents the hour of the day. Three outlying
points in the left of the plot skew what would otherwise be a fairly linear relationship,
showing that typically roadside NO2 concentrations increase with the number of cars,
as is expected. However, the outlying points may represent changes in driver

behaviour that will be explored further in this section.
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Figure 5.32. The hourly mean number of cars compared with the hourly mean NO, mixing ratio with
different coloured markers showing the hour of the day. Traffic data was recorded at the

measurement site using RoadCount.

The yellow point (07:00 — 08:00) shows an average count of 12 cars but with relatively
high NO: emissions of 15 ppb. It is possible that these values are associated with
emissions from cold vehicle engines (“cold starts”). It is known that cold starts,
defined as the cold starting temperature of the vehicle engine and catalytic converter,
produce considerably higher NO2 emissions (Tu et al., 2021). Zare et al. (2021)

reported that NO2 emissions were 1.15 — 2.42 times higher when engines operated
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cold, and increasing the share of biofuel in fuel mixtures led to even higher emissions

during cold starts.

The highest number of cars (23 cars) and second highest NO2 mixing ratios (22 ppb)
are observed between 13:00 — 14:00, associated with increased traffic on the street for
school pick-up time at 13:20 (Junior and Senior infants) and 14:20 (1° to 6™ class).
The 12:00 — 13:00 (light blue outlying point) shows only 14 cars passing the
measurement site, 9 less than at 13:00 - 14:00, however, interestingly, the mean NO2
mixing ratio is only 2 ppb less at 12:00 — 13:00. A decrease in car count without a
corresponding decrease in concentration may indicate that some cars arrive early for
school collection and continue to idle while waiting for collection time. Additionally,
the street outside Blarney St CBS is particularly narrow for two-way traffic and
multiple observations of traffic behaviour at school times indicated that the street
becomes very congested around school pick-up times, leading to slower moving or
1dling traffic. The difference in car count and mixing ratio at 12:00 — 13:00 may also
be explained by vehicles simply not passing the measurement site by turning off

Blarney St.

The final point for 18:00 — 19:00 (purple) shows the highest mean NO2 mixing ratio,
near 26 ppb, with one of the lowest car counts throughout the day with only 12 cars.
This aligns with typical NO2 diurnal trends which show an evening peak in
concentrations linked with residential heating and solid fuel burning. Typical traffic
rush-hour in Cork City is from 16:00 — 18:00 (TomTom International, 2024) which
means it is reasonable to assume that most commuters arrive home after this time, ie.
18:00 — 19:00. Drivers must parallel park all along the street, fitting into small parking
spaces. The high mixing ratios seen at 18:00 — 19:00 could possibly be a result of
parking cars, particularly those that may have been nearby the measurement site,

leading to an increase in measured NO2, even without many cars passing through.

5.4 Discussion
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Measurements of NO2 emissions near a primary school on Blarney St in the north of
Cork City were carried out to determine the effect of school-related traffic on ambient
NO:2 mixing ratios. NO2 was measured with a standard deviation of 7.8 ppb in 1 s
scans, which was improved to 1.5 ppb when Savitzky-Golay filtering was applied over
a 30 s window, matching the instrument response time. The effects of traffic, driver
behaviour and meteorological conditions were considered and discussed in this

chapter.

Polar plots, which consider NO2 mixing ratios as a function of wind speed and
direction, were applied to this measurement campaign to identify the direction of NO2
sources. Highest concentrations of NO2 were observed coming from the east and west
of the measurement site, which was not surprising given that Blarney St is a narrow
street running east to west. Emissions from the east were partly attributed to Blarney
St CBS, located 115 m to the east of the measurement site. Higher speed westerly
winds most likely blew emissions from a nearby busy road, Sunday’s Well, or from

the west end of Blarney St where there is another primary school, 1 km away.

NO:z has a natural diurnal profile with a morning and evening peak, typically lining up
with traffic rush hours and low ambient temperatures. Mixing ratios would usually
decrease in the late morning to afternoon when the sun is high in the sky and photolysis
can occur. However, throughout this measurement campaign, a small increase in NO2
was observed around 13:00 during BG and MT weeks and was suggestive of a modest
lunchtime increase in traffic. During SCH weeks, the afternoon peak reached higher
concentrations and extended over a longer time period, lining up with school collection
times at 13:20 and 14:20. A seasonal effect on NO2 could also be observed through
these diurnal profiles, where mixing ratios increased by a factor of 2 during the mid-
term break at the end of October (MT) compared to the week before school term began
(BG) mid-August. An increase in NO2 is expected in colder, darker months as less

photolysis is likely to occur and traffic volumes tend to increase on roads.

KDE plots were presented to visualise how NO2 mixing ratios change during school
drop-off and pick-up times. More instances of high NO2 mixing ratios were observed
during SCH weeks, with more variability in measurements than in BG and MT weeks.
Higher NO2 mixing ratios were seen around school drop-off and pick-up times.

Although this is not a surprising result, it is important local evidence that can support
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local authorities’ efforts to make changes to traffic infrastructure around schools to
reduce ambient pollution. Increased variability in NO2 measurements during the
school term can be explained by differences in driver behaviour throughout the school

term as well as seasonal NO2 changeability.

Traffic was counted at the measurement site with high time resolution so that instances
of increased NOz2 could be attributed to passing traffic. The number of passing cars
and NO: mixing ratios were correlated over a short time period of 8 minutes with an
R? value of 0.36, which compares well with work done by Kendrick et al. (2015) who
reported an R? value between 0.14 — 0.27 across a 15 minute interval. Meteorological
variations, such as temperature, wind speed and direction, affect the dispersion and
lifetime of NO2, adding complexity to the correlation between passing traffic and NO2
emissions. The direction of travel and the wind direction might also be considered
because a lag effect is seen when traffic travels against the wind. Therefore, when
counting traffic at a pollutant measurement site, it would also be advantageous to
record the direction of travel. It is also important to consider that not all nearby traffic
passed the measurement site, as was the case in this measurement campaign, with
higher hourly average vehicle counts recorded by a Telraam sensor 230 m from the
measurement site. Heavy vehicles were differentiated from light duty vehicles in the
traffic measurements in this campaign, and there are some suggestions of step changes
in NO2 mixing ratios of up to 5 ppb on a given day associated with passing heavy

vehicles.

Driver behaviour can have a big impact on local NO2 concentrations during normal
rush hour periods and school collection times in the afternoon. To reduce air pollution
around schools, drivers should be encouraged to switch off their engines when they
arrive at the school to reduce emissions from idling. Although idling likely produces
a relatively small portion of emissions, it is an easy change for individual drivers to
make to reduce NO2 emissions. Congestion around the school led to stopped traffic
and slow traffic speeds, therefore, it should be recommended that parents/guardians
park further away on quieter roads and walk to the school, or ideally cycle or walk to

school when possible.

This measurement campaign could have been improved in a number of ways. The

instrument could have been calibrated by colocation at the Distillery Fields AQMS to
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confirm the instrument sensitivity and selectivity to NO2. A reference spectral channel
was used during the campaign to confirm the response to NO2, but the uncertainty in
this channel was limited by the calibrated cavity mirror reflectivity. Recalibrating the
mirror reflectivity more frequently would reduce the uncertainty in these
measurements. A signal generator for signal modulation and lock-in amplifier were
required for reflectivity calibrations based on the phase shift. The associated systems
are relatively high cost; however, this calibration approach is a simpler and safer
method of calibration than using external gas supplies to measure known extinction in
the cavity. The cavity mirror reflectivity was relatively stable for much of the
campaign despite the absence of mirror purge gases. This stability suggests that
particulate matter was effectively removed by the filter. The mirrors only required

cleaning once, 4 weeks into the 2 month measurement period.

The pressures in the NO2-free reference inlet and the unfiltered sample inlet needed to
be balanced using a needle valve. Monitoring the pressure within the cavity using a
pressure probe would allow the user to ensure that the pressure matches in both
channels. The charcoal filter was replaced after 4 weeks during instrument
maintenance to remove leaks in the tubing system, although the same filter would have

feasibly lasted for the entire measurement period.

Traffic flow on Blarney St was only measured for 3 weeks during this campaign due
to access restrictions at the measurement site. High time resolution traffic monitoring
would have provided more data to find correlations between traffic flow and ambient
NO:2 mixing ratios. In addition, recording the direction of travel of passing vehicles
would have provided some insight into the effect of vehicle emissions when travelling
with or against the prevailing wind direction. To provide a richer analysis of the effect
of specifically school traffic, a survey of the students could provide evidence of driver

motivations and behaviours.

Modelling of the local wind field in the context of a long street canyon would provide
further detail on the sources and transport of NO: in this microenvironment
(Vardoulakis et al., 2003) and could be supported by monitoring the roof-level wind
velocities and directions at the measurement site. Additionally, measurements taken
on both the north and south side of the street could have better characterised the wind

vortex within the street canyon, as was done by Pirjola et al. (2012) who monitored

209



NO:2 pavement exposures in a 2.5 week mobile monitoring campaign and found,
through simultaneous measurements, that the concentrations on the leeside of a street

canyon were consistently higher than the windward side.

The instrument used in this measurement campaign had a fast response time of 30 s
which allowed spikes in NOz2 to be observed for passing vehicles, although a higher
time resolution would be better suited to this purpose, and could be achieved by
reducing the cavity dimensions, i.e., length and diameter. The effective path length
within the cavity was relatively small for CEAS systems at 250 m. The sensitivity of
the instrument could be increased by improving the effective path length with higher
reflectivity mirrors. However, a standard deviation of 1.5 ppb is useful for ambient
measurements and the use of shorter path lengths means that this method could
potentially be used for remote measurements with similar path lengths, improving the

spatial resolution of typical NO2 open path measurements.

Although the instrument experienced long-term drift in the raw signal, taking
reference NO:z-free measurements with a high duty cycle of 80% over a 10 minute
cycle allowed this drift to be largely accounted for. The overall system was simple
with no external gas supplies needed for cavity mirror calibration or purging. The
instrument could be readily reduced in cost and size by replacing standard benchtop

power supplies with battery packs and decreasing the length of the cavity.
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Chapter 6 Conclusions

This thesis has presented work advancing fast and selective detection of NO:z for
application in urban and transport environments. NO: is a toxic trace gas that can
severely impact environmental and human health, especially in vulnerable groups such
as children, the elderly, pregnant women, or those with pre-existing cardiovascular or
respiratory illnesses. The sources, reactions and cycles of NOz2 in the atmosphere have
been described, and traffic was identified as a major source of this pollutant, including

in Ireland (Environmental Protection Agency, 2023a).

Although NO: is one of the most commonly measured gas-phase pollutants,
commercial monitoring systems have several disadvantages. These include relatively
slow temporal resolution which can be inadequate to study the high spatial and
temporal variability in NO2, low portability, and high system cost. The introduction of
commercially available low-cost NO: sensors based on electrochemical cells
addresses some of these limitations but introduces others. While their lower cost and
size is well-suited to the development of sensor networks to improve spatial coverage
and resolution, these sensors are strongly influenced by ambient temperature, relative
humidity, and are also vulnerable to interference from O3 (Byrne et al., 2023; Dallo et

al., 2021).

The measurement approach developed in this work is based on absorption
spectroscopy to achieve good sensitivity and selectivity in a relatively compact
system. A key objective has been to achieve these objectives in a lower cost system
than commercially available instruments. Many spectroscopic instruments have been
developed that use exceptionally long optical pathlengths to selectively detect NO2 to
low ppt-level mixing ratios (Castellanos et al., 2009; Osthoff et al., 2006; Zhou et al.,
2022). Such sensitivity is not needed in urban environments in which NO2 levels can
reach mixing ratios of tens to hundreds of ppb. So, this work contributes to this active
field by exploring the feasibility of low-cost and two-channel spectroscopic methods

for detecting ambient NO2 across shorter path lengths, and develops a wideband CEAS
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instrument with an effective path length of 250 m and a reasonably fast response time

of 30 s.

Simulations of four different detection methods were carried out in Chapter 2: three
ratiometric two-channel approaches using either optical filters (narrow bandpass and
dielectric filters) or a gas filter cell for spectral selection, and a single channel
wideband method. The narrow bandpass two-channel approach was explored
experimentally as it was determined to have a linear response to NO2, with good
selectivity and sensitivity. A proof-of-principle experiment was carried out using a
dispersive spectrograph to monitor the ratiometric response of two narrow channels to
NOz, achieving a standard deviation in measurements of 8 ppb in 1 minute over an
effective pathlength of 238 m. The narrow two-channel method was also demonstrated
using non-dispersive photodetection with photomultiplier tube modules. This
experimental realisation achieved a standard deviation of 71 ppb over an 8§ m path in
an acquisition time of 1 minute. While this sensitivity is inadequate for ambient
monitoring applications, it should be noted that it was achieved with an exceptionally
short pathlength and could be theoretically improved to 2.3 ppb over 250 m at the
same time resolution (assuming the same signal-to-noise ratio). This approach boasts
a simple optical design that could be easily packaged into a compact detection system

for in situ measurements or used in remote long-path observations.

A drawback of the approach is that light levels were found to be too low to use cheaper
photodiode detectors. Lock-in amplifiers were discussed as a suitable amplification
method, particularly in remote sensing applications where a modulated active light
source inherently distinguishes the signal from background light. Lock-in
amplification was shown to be a suitable method for amplifying small, narrowband
optical signals using a commercial benchtop lock-in amplifier. However, the
commercial lock-in amplifier is not suitable for developing low-cost, portable
measurements. An open source digital lock-in amplifier by Harvie & de Mello (2023)
was discussed to reduce the system cost by two orders of magnitude and allow the

simultaneous measurement of two channels.

In the absence of appropriate signal amplification for two narrow channels, a single
wideband CEAS instrument was developed which achieved an effective pathlength of

250 m and a relatively fast response time of 30 s, limited primarily by the large internal
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volume of the optical cavity. Reducing the length and diameter of the optical cavity
would readily improve the system’s time resolution. The standard deviation of
measurements was 1.5 ppb and was considered suitable for measuring roadside NO2
emissions. While the system’s wideband approach could not distinguish the unique
spectral absorption features of NO2 and did not have inherently high selectivity, this
approach was considered appropriate for application to urban measurements and the
traffic microenvironment. In these environments, absorption by NO2 dominates over
the few other gas species that absorb in the same region (primarily glyoxal,
methylglyoxal and ozone). Interference from glyoxal and methylglyoxal would be
minimal because these species are generally found at sub-ppb mixing ratios in urban
settings (Li et al., 2022) and their cross sections are smaller than that of NOz. Likewise,
interference from ozone absorption would normally be small because its absorption
cross section (£10°2! cm? molecule™!) is around 2 orders of magnitude smaller than that
of NOg, even as its mixing ratio is often larger. Absorption by water vapour may
interfere with measurements between 420 and 460 nm where water vapour has
absorption lines with cross-sections around 102° cm? molecule™ (Coheur et al., 2002).
Although water vapour is present in much higher concentrations in the atmosphere
than NO», the absorption at the operating wavelengths of the systems described in this
work is 6 orders of magnitude weaker than NO2. The wideband system was vulnerable
to interference from particle scattering and so it was essential that particles were
filtered out of the sample stream, making this approach unsuitable for remote sensing
applications like DOAS or DIAL (Aminuddin et al., 2019; Lv et al., 2017; Schreier et
al., 2019).

Chapter 5 of this thesis focused on the application of the 1 m CEAS instrument in
monitoring NO2 mixing ratios in a traffic environment near a primary school in Cork
City. There is a growing interest in measuring NO2 levels around schools with
evidence shown that school drop-off and pick-up times greatly increase local traffic
volumes (An et al., 2021). However, there is a need to demonstrate the effect of
increased traffic on ambient NO2 concentrations near schools, particularly since
children are identified as an at-risk group in terms of pollutant exposure since their

lungs are still developing.

Field measurements were carried out at a site 115 m from a primary school for 2

months, including one week before school term began, eight weeks of school term and
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one week of mid-term break. Seasonal variation of NO2 was observed between the
week before school term (mid-August) and the mid-term break (end of October) where
average mixing ratios increased by a factor of 2. The effect of in-term school traffic
was observed with average mixing ratios increasing by a factor of (at least) 3 compared
to the week before school term began and (at least) 1.5 compared with the mid-term
break. The temporal distribution of NO2 around school pick-up and drop-off times was
investigated and it was confirmed that these times of interest were associated with an
increase in NO: mixing ratios outside the school. Traffic around the school was
confirmed as a likely source of this increase in NO2 by analysing meteorological data
such as wind speed and direction. The prevailing wind throughout the measurement
period came from the south-east which resulted in high concentrations of NO:2
observed from the south-east of the measurement site due to microenvironment effects

caused by a street canyon effect.

Traffic flow at the measurement site was monitored for 3 weeks to observe a
correlation between NO2 and the number of passing vehicles. Over a short period of 8
minutes, NO2 mixing ratios and vehicle numbers were correlated with an R? of 0.35,
however, care must be taken when interpreting traffic data as not all NO2-contributing
vehicles may have passed the traffic counter. The prevailing wind direction and the
direction of travel were also found to influence when traffic emissions would be
observed, as was found by Yu et al. (2004). There is evidence that heavy vehicles
produced an increase in NO2 mixing ratios. Monitoring traffic flow highlighted
periods around school collection times where roads may be congested from parked
vehicles and some drivers may be idling their engines, as inflated NO2 mixing ratios
were observed for only a small number of passing cars. Counting traffic was found to
be a valuable addition to NO2 measurements for identifying sources and behavioural

changes that affect pollution levels.

This thesis provides background work for a low-cost and portable NO2 detector
capable of making fast measurements both in situ and remotely. The development of
appropriate amplification modules is required to advance the development of the
narrow two-channel system. A simple CEAS instrument with suitable sensitivity and
selectivity was capable of measuring roadside NO2 mixing ratios near a school and
will inform local authorities of the effect that driver behaviours around school

collection times have on local air pollution. Such technological advances in low-cost
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emission monitoring help inform traffic interventions and infrastructure planning to

reduce the negative effects of air pollution (Khreis et al., 2023).

6.1 Future prospects

Development of a narrow two-channel system is ongoing in the same research group
and builds on the work presented in this thesis. For example, a shorter optical cavity
with mirror separation of 15 cm and effective pathlength of 250 m is currently being
developed in the group with the goal of developing a portable field instrument. A
schematic of the proposed in situ instrument is shown in Figure 6.1 with a 15 cm
optical cavity and two narrow channels measured by photodiodes. Supporting
electronics such as lock-in amplifiers, power supplies and a pump system are stored
on a second level in a cage-type configuration, shown in Figure 6.2. The proposed
instrument dimensions are 35 cm X 25 cm X 20 cm, the approximate dimensions of a

backpack, forming a relatively compact and lightweight instrument.
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Figure 6.1. Schematic of proposed narrow two-channel instrument with low-cost components. This

is the top level of the instrument with dimensions 25 x 35 cm?.

215



2-channel detection system

20 cm LIA Pump system

Figure 6.2. Schematic of the full narrow two-channel detector with two levels. The schematic shown
in Figure 6.1 is on the top level, with supporting electronics such as lock-in amplifier
(LIA), power supplies and pump system stored on the bottom level. The instrument has

dimension 35 x 25 x 20 cm?.

The selective two channel measurements that this work has demonstrated are well-
suited to open path measurements where the target gas dominates the absorption in the
operating wavelength region, as with NO: in an urban roadside environment.
Modulating the light signal would be particularly useful in an open path system to
discriminate the signal of interest from background ambient light. This approach
would differ from the DOAS methodology which uses extensive spectral information
and processing to discriminate the absorption of molecular species in the light path.
Instrument development work in the group is building on the foundation laid in this
thesis and is exploring the feasibility of a relatively straightforward optical
configuration and relatively short pathlengths of tens of metres to measure NO2. Such
a system would allow observations of NO2 emissions across a single road, for example,
giving improved spatial resolution compared with other open path systems (Chen et
al., 2020; Li et al., 2017). The open-source digital lock-in amplifier (OLIA) discussed
in this thesis would provide a cost-effective signal amplification approach for this type

of open path system (Harvie et al., 2021).

The field measurements in this thesis were carried out with the instrument located
indoors. Further engineering work is required to ruggedise the instrument and adapt it
for outdoor measurements. Such changes include replacing the benchtop power
supplies with rechargeable battery packs and developing water-tight housing that is

tamper-proof. A portable and rugged instrument would be valuable for mobile NO2
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measurements and could be mounted on the back of a bike or in a backpack to better
measure exposure to NO:z for different groups of people (pedestrians, cyclists,

motorists) in an urban environment.

The cost analysis laid out in Chapter 4 estimated the cost of the CEAS instrument used
in the field campaign to be approximately €3300, comparable to a build cost of €2000
for a NO2 gas correlation camera developed by L. Kuhn et al. (2022). A low-cost
DOAS instrument for simultaneous detection of NO2 and aerosols by Bacaoco et al.
(2020) was estimated to cost between €4900 - €6500. The cost of a lot of optical
instruments is limited by the cost of spectrometers and high reflectivity cavity mirrors,
as described by Womack et al. (2022) who estimated the cost of their low-cost CEAS
instrument for detecting NO2 to be around €19,000. The cost of the | m CEAS
instrument developed in this thesis is therefore highly competitive with other low-cost
instruments, with considerable scope to reduce the cost to ~€1500 or lower in a two-

channel system, discussed in Chapter 4.

The work presented in this thesis shows the potential for selective two-channel
instruments to measure urban NO2 mixing ratios with high selectivity at a relatively
low cost, and demonstrates that a single-channel CEAS instrument can make fast
measurements of NOz in a traffic environment, even with reduced selectivity to the
target species and a short optical pathlength. The development of simple, low-cost
instruments for detecting NO2 with relevant sensitivity and selectivity is an active field
of research, with the aim of making pollutant monitoring more accessible to local
communities that cannot afford expensive commercial monitoring systems. Air
pollutants and their chemistry in the atmosphere must be understood and quantified in

order for effective mitigation strategies to be implemented.
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