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Abstract

A national aethalometer network for monitoring black carbon was developed at
three Irish regional stations (Mace Head, Malin Head, and Carnsore Point) as part of
Ireland’s Atmospheric Composition and Climate Change (AC3) Network in 2017. This
work provides an extensive analysis of black carbon in combination with other
network data in order to assess the broader scope of the network’s capabilities to
monitor the impact of local, regional, and trans-boundary air masses on the
measurements. Results show 33% of black carbon arrives at Carnsore Point from
the east, while the wind is only from that direction 14% of the time. A comparison
of the aethalometer biomass burning function against levoglucosan indicates the
instrument default settings are adequate for this environment. Analysis of organic
carbon and PM1 organics measurements showed PM1 organics comprise only
between 40-60% of total organic matter. This is confirmed through the mass
closure experiment for both PM10 and PM2.5. High particle counts were evaluated
using a CPC and SMPS and occur most frequently in the summer months during low
tides, with very small particle diameters indicative of new particle formation. The
Covid-19 lockdown restrictions impacted regional pollution levels as indicated by a
5.6% reduction in ozone measured at rural stations compared to a 13.7% increase
in suburban areas. The study concludes with a preliminary look at how the network
data can be applied toward modelling applications, laying the groundwork for
future research and improved models and emissions inventories.
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1. Introduction

1. Introduction

1.1 Motivation

Climate change is the biggest challenge facing the world today, threatening the very
existence of humanity. Extreme weather, rising sea levels, and melting polar ice are
already starting to have devastating effects on civilisation world-wide. While the
earth naturally cycles through periods of warming and cooling at regular intervals, it
has been shown that the warming trend has rapidly increased since the 1900’s, the
time of the industrial revolution, indicating that human activities are to blame

[Hegerl et al., 2019].

In the interest of self-preservation, it has become crucial to study and understand
the changes that are happening, in order to at least mitigate the impact on our
environment. To this end, governments and organisations around the world have
funded research, set up monitoring networks, and signed agreements to regulate
substances which are not only harmful to human health, but detrimental to the
Earth’s climate as well. It is a very broad area of research, with some topics already

well understood, while others remain are still under investigation.

Every contribution, however small, can help to construct the bigger picture, and it is
the focus of this study to investigate the nature and source of aerosols, in particular
Black Carbon (BC) in Ireland, using measurements from a three-node monitoring
network at coastal stations on opposing sides of the country. This will improve
emissions inventories and model inputs by providing a better understanding of
long-range transport of pollutants. Ultimately it may lead to policies and regulations
regarding emissions on a national or international scale, aimed at containing the

impact humans have on Earth’s climate.
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1.2 Background

Green house gases (GHGs) are those which contribute to the warming of the
atmosphere. The two most potent ones are Carbon Dioxide (COz) and Methane
(CHa4), but also include Ozone (03), Carbon Monoxide (CO), water vapour (H,0), and
Nitrous Oxide (N20). Black Carbon (BC) is actually a particulate that acts to trap heat
through absorption of sunlight, but has been shown to have similar warming effects
as COz and CH4 in the atmosphere [Kleefeld et al., 2002; Ravishankara et al., 2009].
It is considered a Short-Lived Climate Forcer (SLCF), meaning that its atmospheric
life-time is relatively short, lasting only days to months, rather than years. The
graphics in Figure 1 show the impact on warming and cooling of the atmosphere of
various species, with the right panel focusing specifically on BC emissions. There is
still very high uncertainty in the measurements, and more research is needed to

fully understand these processes.
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Figure 1 The above infographics from the IPCC, 2013 (left) and Bond et al 2013 (right) show the relative warming
or cooling effects of various species of climate forcers, with a focus on Black Carbon in the right panel.
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The warming of the Earth’s atmosphere is a result of changes in the radiative
balance of energy being reflected, absorbed, or radiated from the surface or the
atmosphere. GHGs and aerosols increase or decrease the amount of solar radiation
received by the earth by absorbing or reflecting energy within the atmosphere. To
some extent this is normal and desirable, as it keeps the planet at a comfortable
temperature for sustaining life, however, an excess of GHGs will cause the global
temperatures to rise too high, causing polar ice to melt, sea levels to rise, and
extreme weather phenomena. It has been shown that the amount of CO; has
increased by over 40% since pre-industrial times, to over 400ppb as measured at
the Moana Loa Observatory in Hawaii. As a result of these increases in GHGs, the
average global surface temperature has already increased by about more than 1°C
since 1880 according to the National Aeronautics and Space Association Goddard
Institute for Space Studies [NASA, 2019], and continues to increase at a much faster

rate than before.

Based on the available information, the most recent report by the International
Panel on Climate Change (IPCC 2018) predicts that global temperatures will have
increased as a result of human activities by 1.5°C between the years 2030 and 2052,
and that immediate and drastic action must be taken to avoid the temperature
rising above 2°C, which would have catastrophic consequences for life on the
planet [Masson-Delmotte et al., 2018]. Extensive research is being conducted
world-wide in an attempt to mitigate the effects of rising temperatures by gaining a
better understanding of the chemical and physical characteristics of the gases and

aerosols involved, and finding effective ways to halt or slow the process.

In an effort to contribute to this global undertaking, this study will investigate the
atmospheric composition at Irish coastal stations based on the measurements of
black carbon, which is a form of particulate matter, and the contribution of biomass

burning, as well as other related measurements on the network.
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1.2.1 Particulate matter

Particulate matter (PM) encompasses a wide variety of substances in the
atmosphere from black carbon to sea salt. It is typically classed by size in microns,
ranging from PM10 down to PM1. It has been shown to have both environmental
and health impacts, depending on composition, type, and size. Some types of PM
scatter light in the atmosphere and have a relative cooling effect, whereas others,
such as black carbon absorb heat and cause the temperature to increase. Particles
smaller than PM2.5 are known to cause respiratory illnesses and premature death
as they are able to enter the bloodstream through the lungs. Certain types such as

black carbon are also known carcinogens [Grahame et al., 2014].

As there are many natural and anthropogenic sources of PM, understanding and
regulating the human contribution to PM is important to minimise the adverse
effects on climate and air quality. The Irish Environmental Protection Agency [EPA-
Ireland, 2020a] monitors PM10 and PM2.5 at sites across the country, and found
that while Ireland is still in compliance with EU regulations on daily and annual
limits, it exceeded the World Health Organisation (WHO) daily limits for PM10 at 14
out of 30 stations, and 25 out of 30 stations for PM2.5 in 2019. Five of these
stations also exceeded the WHQ’s annual limit for PM2.5 that year. The biggest
anthropogenic source of PM2.5 in Ireland is home heating, specifically solid fuel

burning.

1.2.2 Black Carbon

The main focus of this study is on Black Carbon (BC), a type of carbonaceous aerosol
formed by incomplete combustion that falls into the category of PM1. Its sources
are both natural (i.e. wildfires and volcanoes) and anthropogenic, with fossil fuels
from traffic and domestic heating being the main contributors, making it useful as
an anthropogenic tracer. Named for its light absorbing properties, it acts to trap
heat in the atmosphere, thus behaving like a greenhouse gas, and is considered a
strong short-lived climate forcer by the International Panel on Climate Change
(IPCC)[Alexander et al., 2013]. It is also a hazardous pollutant, affecting air quality

and the human respiratory system when inhaled.
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Studies have been done on BC as early as the 1950’s, when London fog was a
concern, and soot was the most visible pollutant. In the decades since then BC was
largely disregarded and dismissed as insignificant in terms of climate, despite
measurements indicating otherwise [Novakov and Rosen, 2013]. It is only since the
beginning of the 215 century that BC has once again moved to the forefront of
scientific investigation, with studies showing that it is being transported to remote
regions of the planet, such as the arctic, affecting global temperatures and weather
patterns through absorption of solar energy as well as albedo through atmospheric
scattering and deposition on snow and ice. The study by Bond et al. [Bond et al.,
2013] has contributed the most comprehensive study of BC to date, much of which
is being used as the source of information by the IPCC and other agencies.
According to a study by Ramanthan and Carmichael [Ramanathan and Carmichael,
2008] BC is the second most potent climate forcer next to carbon dioxide (CO3), and
a simple reduction in BC emissions would have an immediate and positive impact

on the radiative budget of the Earth’s atmosphere.

1.2.3 Biomass Burning

Recently it was discovered that carbonaceous aerosols from biomass burning (BB)
such as forest fires and residential wood burning, also known as brown carbon,
affect the ultra violet (UV) light absorption in the atmosphere in addition to BC’s
absorption in the visible and near infrared spectrum [Martinsson, 2014]. Studies
have been conducted in order to accurately distinguish and quantify the
contribution of both BC and BB [Garg et al., 2016; Healy et al., 2017; J. Sandradewi

et al., 2008a], yet there is still very high uncertainty in the measurements.

Most of these studies are based on the model developed by Sandradewi et al.
(2008a), which has since been incorporated into the aethalometers, enabling these
instruments to apportion a percentage of the BC mass as BB. It relies on the
Angstrom absorption coefficient or alpha (a) values for fossil fuel and wood
(biomass) burning, which is the wavelength dependency of the absorption of the
carbonaceous aerosol, which is typically between 0.9-1.0 for fossil fuel, and
generically assigned the value of 2 in aethalometers for wood burning. The higher

the a, the greater the wavelength dependence on absorption. This method appears
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to work quite well in environments where the combustion types are known and
limited to only a few types, such as the studies in the Swiss Alps, where wood
burning was the primary biomass fuel in winter. However, the study by Garg et al.
(2016) found that in India, where there are numerous sources of biomass burning,
ranging from home cooking/heating, to crop and garbage burning, the a values for
BB were not only much higher than 2, they varied based on combustion efficiency
(flaming vs. smouldering), which in turn varied by moisture content and other
factors. While Ireland does not produce nearly as much black or brown carbon as
India, here there are also many variable sources of biomass burning, including turf
(peat), which studies such as Healy et al. (2017) have shown to have very high a
values, ranging from 7-11, as well as very high humidity in the atmosphere which

might reduce combustion efficiency in wood or peat.

1.3 Monitoring Networks

As a result of the urgent need to mitigate Climate Change, as well as improve air
quality, BCis currently of particular interest to governments and environmental
agencies world-wide, and monitoring networks are being set up to gain a better

understanding of BC concentration and distribution.

Ireland has been monitoring atmospheric aerosols since at least 1958 at Mace
Head, and has since expanded the station to host a suite of the most sophisticated
instrumentation for studying the unique conditions in this environment, which is
generally considered the most pristine air in the northern hemisphere, with 60% of
air masses coming from the Atlantic Ocean. As a result, Mace Head has been
incorporated into the world’s atmospheric monitoring networks, including Global
Atmospheric Watch (GAW), World Meteorological Organisation (WMO), and EMEP
(European Monitoring and Evaluation Programme), and has thus become renowned

as the subject of many studies and monitoring campaigns. [NUIG, 2019].

Among the over 500 publications involving the Mace Head Atmospheric Research

Station, there have been many relating to atmospheric aerosol and Black Carbon,
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even including unusual events such as the eruption of the Icelandic volcano
Eyjafjallajokull in 2010 [C O'Dowd et al., 2011], and major international campaigns
such as NAMBLEX (North Atlantic Marine Boundary Layer Experiment) [Heard et al.,
2006]. Notably, an early study of the seasonal variation of black carbon in the
marine atmosphere was conducted at Mace Head for the period from 1989-1996 by
Cooke et al. [Cooke et al., 1997], using an older model aethalometer, providing an
opportunity to build on this research by looking at changes over time with the
advantage of more modern technology. Research at Mace Head is on-going, and it

continues to be a valuable location for atmospheric research.

However, for Ireland it is insufficient to rely on one monitoring station alone in
order to gain insight into the atmospheric conditions affecting air quality, climate,
and weather. While other studies, such as the doctoral thesis by Paul Buckley
[Buckley, 2019] and publications by Lin et al. [Lin et al., 2017; Lin et al., 2019] have
been done intermittently at locations around the country in order to investigate the
impacts of black carbon, thus far there has not been a cohesive monitoring network
collecting atmospheric data within Ireland. In recent years, two other stations at
Carnsore Point and Malin Head have begun regular measurements as part of
Ireland’s Transboundary Network. The current aim is to unite the stations into a
single network, the Atmospheric Composition and Climate Change (AC3) Network,
which will provide a more comprehensive overview of the atmospheric conditions

in Ireland. A brief description of the networks to be incorporated follows.
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1.3.1 The Integrated Carbon Observation System (ICOS)
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Figure 2 ICOS Measurement Stations in Europe taken from ICOS website

As part of various international agreements and protocols, Ireland is required to
report annual emissions of GHGs [EPA-Ireland, 2016]. To do this, historically
emissions inventories have been input into models producing a bottom up
approach of emissions estimates. The Intergovernmental Panel on Climate Change
(IPCC) [Intergovernmental Panel on Climate, 2006] provides a three tiered
framework for making GHG estimates. Tier 1 consists of very generic data
concerning potential sources such as agriculture or industry on a global scale. Tier 2
allows for country specific emission inventories based on land use and livestock
demography, and Tier 3 would include very specific information on a very local
scale, such as inventories of individual farms. Previous studies [Y-H Chen and Prinn,
2006; Derwent et al., 2006; Misselbrook et al., 2011; J Wang et al., 2010] have
found that using Tier 1 data routinely leads to over-prediction of GHGs by the
models, along with huge uncertainties. In the absence of any country specific
inventories, Ireland has been using Tier 1 data for the annual estimates, thus
exceeding the limits set, for example, by the Kyoto Protocol. According to the most
recent trends and projections of GHGs provided by the EPA Ireland (2020), GHG’s

have been reduced by 4% in 2019 compared to 2018, but Ireland is still not on track
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to meet its commitments to the EU Effort Sharing 2020 target of achieving a 20%

reduction compared to 2005 levels, having only reduced GHGs by 7% since then.

While GHGs are emitted by almost all sectors, such as industrial processes, waste,
transport, and agriculture, the Irish Agriculture and Food Development Authority,
Teagasc, [Murphy, 2015] are working on a detailed Tier 2 inventory for methane,
the main agricultural source of GHG. However this is difficult because so many
environmental variables affect emissions, such as temperature, rainfall, type of
livestock (as well as age, weight, type of feed, etc.), seasons, and location, many of
which are constantly changing, and it is not enough to simply know the number of
livestock and land use to determine accurate emissions estimates. It would also be
a never-ending task to keep up with the current numbers, and not a practical

approach to solving the problem.

The Integrated Carbon Observation System (ICOS) is a European endeavor to
measure and quantify the anthropogenic effects on the carbon cycle and climate
change. It is subdivided into the areas marine, ecosystems, and atmospheric
research. The atmospheric component of ICOS consists of a network of 100
monitoring stations throughout Europe, which have been measuring CO, and CH4
since 2009. The purpose of the network is to provide high quality data on
greenhouse gas (GHG) emissions to policy makers both on a global and regional
scale, on which major decisions concerning standards and compliance can be
based. Part of this involves using the measured data to improve models and
emissions inventories, as these are still fraught with uncertainties. Having actual
measurements eliminates the need for estimates, and will greatly improve the
accuracy of both current and predicted emissions reporting [/COS, 2016].

Three potential ICOS monitoring stations exist to date in Ireland: the Met Eireann
Observatory at Malin Head (MLH) in the north in County Donegal, Mace Head
Atmospheric Research Station (MHD) in the west in County Galway, and an EPA site
at Carnsore Point (CRP) in the southeast in County Wexford [EPA-Ireland, 2016].
Currently Malin Head and Carnsore Point are compliant with ICOS standards for

Class 2 stations, and Mace Head only lacks the required flask sampling capacity for a

9
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Class 1 station, as Carnsore Point recently upgraded its meteorological
measurement equipment. According to the ICOS Station Specifications [/COS, 2015],
the difference between a Class 1 and Class 2 station is the ability to continuously
monitor CO (Carbon Monoxide) in addition to CO2 and CHa, obtain weekly flask
samples of gases such as N2O and SFe (Sulfur Hexafluouride), and measure boundary
layer height. For all stations there are minimum equipment standards to ensure the
best quality data and homogeneity throughout the network. Additionally the
stations must be capable of measuring windspeed within 0.5 m/s, wind direction
within 1 degree, temperature within 0.1 degree Celsius, relative humidity within
1%, and pressure within 0.1hPa, which only a limited number of meteorological
stations are capable of. Tables on page 176 in Appendix C illustrate the ICOS
requirements and the current state of compliance of the Irish stations. Data
validation and verification procedures are subject to equally high standards. There
is a well-defined system in place, through which station Principle Investigators (Pls)
can flag and tag data before it is uploaded to a central server. The mechanisms in
place for both quality control and quality assurance ensure that the end-product is

to the highest standard.

The main concern now, before Ireland can officially join ICOS, is the potential of
local contamination at the sites, as Malin Head is increasingly affected by traffic,
and Carnsore Point is surrounded by agricultural land used for grazing livestock.
ICOS requirements state that for coastal sites the top level should be sufficiently
high to avoid local interference. Because of this, the air inlets at Carnsore Point are
being moved to a higher elevation, and BC and CO; data at Malin Head are being
evaluated as part of this study to determine whether the local sources are

impacting the measurements.

1.3.2 Black Carbon and the Transboundary Network (TXB)

In addition to the greenhouse gases measured by ICOS, black carbon data are being
collected at Mace Head, Malin Head, and Carnsore Point as part of the
Transboundary Network since 2004 [Leinert, 2008]. The Transboundary Network

was developed by the Irish Environmental Protection Agency (EPA Ireland) in
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cooperation with the Irish weather service, Met Eireann, in response to the
requirements of the European Monitoring and Evaluation Programme (EMEP). The
EMEP protocol was established in 1984 and originated from the 1979 CLRTAP
(Convention on Long-Range Transboundary Air Pollution) in Geneva. Its three main

objectives are [Fagerli et al.]:

1. Collection of emissions data
2. Measurements of air and precipitation quality

3. Modelling of atmospheric transport and deposition of air pollutants

While the EPA’s main focus is on air quality, health effects, and EU compliance, the
EMEP focuses on long-term data collection of transboundary pollution. The
Transboundary Network links these objectives and unifies them in a common

purpose.

Currently the Transboundary Network comprises of four stations: Malin Head
(County Donegal), Mace Head (County Galway), Carnsore Point (County Wexford),
and Oak Park (County Carlow). Valentia (County Kerry) was previously involved in
data collection and is currently undergoing upgrades and maintenance in order to
be an active monitoring station again in the near future. The defining characteristic
of these stations is their location, mostly at or near the coast, with the ability to

monitor incoming, or transboundary pollution.

The network includes a suite of instruments for monitoring the atmospheric
composition at the stations. These include a Tapered Element Oscillating
Microbalance (TEOM), Condensation Particle Counter (CPC), nephelometer, high
volume sampler, and aethalometer, which will be described in more detail later.
Although all of the instrument measurements are of interest, this study focuses

primarily on the aethalometers, which measure black carbon.

In 2016 the older Magee Scientific AE16 Aethalometers at Malin Head and Carnsore
Point were replaced by new model AE33 Aethalometers, capable of distinguishing
between “black” (traffic/industrial) and “brown” (biomass burning) carbon, and in

2018 Mace Head was also equipped with an AE33. Previous studies in Switzerland
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[J. Sandradewi et al., 2008c] and India [Garg et al., 2016] have investigated the
effectiveness of the algorithm used by the aethalometer to determine the
percentage of biomass burning, and have found a number of variables which might
impact the accuracy of the instrument calculation. The ability to correctly apportion
the amount of black and brown carbon measured at the Irish sites would be very
useful in determining whether there is any local interference from traffic, for

example, at Malin Head.

Black carbon is a key component of the Transboundary Network, as it is an
important tracer of anthropogenic pollution. In a November 2018 press release, The
Irish EPA stated that although Ireland is still within the EU limits for air quality for
PM (which includes BC), pollution from transport and solid fuel burning are above
the World Health Organisation’s (WHO) guidelines and need to be addressed. In an
effort to better understand and improve the situation, the first results of the
network measurements are presented in this study, including seasonal variations,
as well as local, regional, and transboundary influences based on air mass
trajectories. The contribution of biomass burning as reported by the instruments
will be compared to calculations using different variables, i.e. Angstrom exponent,
which seems to impact the results of other studies and varies widely depending on
the fuel type and other factors. Ancillary aerosol measurements will be used to
determine the number and size distribution of particles, though these may not
necessarily be BC, given that the coastal sites are relatively unpolluted and sea
spray or sea salt are likely the biggest contributors to measured aerosols. As BC is
an anthropogenic tracer, its absence, for example in “clean” Atlantic air will be used
to elucidate the high aerosol particle count events which frequently occur in the

summer months along the coasts of Ireland.

1.3.3 Intensive Measurement Period

Occasionally special monitoring campaigns take place which include the Irish
stations, and this was the case during the time of this study. In Winter 2018 Ireland
participated in an intensive measurement period (IMP), conducted by the European
Monitoring and Evaluation Programme (EMEP), along with several other European

countries and including both rural and urban sites, which took place from
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December 2017 to March 2018, as part of an effort to establish a European-wide
uniform system for the collection and monitoring of carbonaceous aerosols, which
could be used for model validation. All data from the campaign are being uploaded

to the EBAS online database (http://ebas.nilu.no/) in order to establish a long-term

record [Aas et al., 2018]. The EBAS database is an online resource hosting
atmospheric chemical and physical composition data submitted by participants of
various programs and networks such as EMEP, GAW (Global Atmospheric Watch),
ACTRIS (Aerosols, Clouds, and Trace Gas Infrastructure) for use in international
monitoring and research projects. It is owned and operated by the Norwegian

Institute for Air Research (NILU).

In addition to the overarching goal of data collection, the primary purpose of this
campaign was to achieve more accurate alpha (a) values to determine the BB
contribution to aethalometer measurements, as well as compare filter sampled
elemental carbon to the black carbon (BC, or BC6 when specifically using the 880nm
wavelength data) collected using aethalometers. This was done through
simultaneous measurements of aethalometer BC, and elemental carbon (EC),
organic carbon (OC), and total carbon (TC) collected from a high-volume sampler.
Measurements of the wood burning tracer levoglucosan will be used to validate the
BB measurements of the aethalometer and assess the BB contribution to TC, as well
as establish site-specific a values for the aethalometers. The collection and
processing of high-volume sampler data was performed by colleagues from
University College Dublin (UCD) and submitted to NILU by our research group at
NUI Galway along with data from the AE33. NILU will conduct further processing on

the data, and it will be made publicly available through their ebas database.

For the purpose of this study, daily averages of BC, EC, OC, TC, and levoglucosan
only from the Irish stations Carnsore Point (CRP), Mace Head (MHD), and Malin
Head (MLH) were analysed, with the addition of a temporary site at University
College Dublin (UCD), a suburban site where an aethalometer was stationed for the

duration of the campaign, and the initial results are presented here.
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1.4 Objectives
With these motivations and available resources, this work sets out to accomplish

the following objectives:

1. Analyse the measurement data from the newly established network, including

instrument validation and inter-comparison.

2. Examine the relationship between black carbon and other measurements in

order to gain insight about the atmospheric composition.

3. Evaluate the performance of the aethalometer in-built biomass burning

algorithm at coastal stations.

4. Investigate the contribution of local, regional, and transboundary pollution to air

masses reaching the stations.
5. Prepare data for use in models and emissions inventories.

The following chapter describes in more detail the stations, instrumentation, and

analytical methods selected for this purpose.
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2. Methodology

The data analysed in this study were collected from the instruments at the three
coastal Irish monitoring stations, with the exception of the temporary campaign site
in Dublin, and compared to other model and observation data from the Irish EPA,
European Environmental Agency (EEA), and the UK Black Carbon Network. The
stations, instruments, and analytical methods selected are described here to

provide a general overview of scope of the work.

2.1 Monitoring Stations

In 2016 a Black Carbon Network was established for collecting black carbon data in
Ireland. It consists of three stations co-located with the Irish Environmental
Protection Agency’s (EPA) Transboundary Network (TXB) [Leinert, 2008]. These are
Mace Head, Malin Head, and Carnsore Point, all coastal sites ideally located for

monitoring air pollution transported from outside Ireland.

2.1.1 Mace Head

Mace Head (MHD) is located in County Galway in the west of Ireland near Carna,
with the predominant wind coming off the Atlantic Ocean, providing clean
background air for sampling. The site is owned and operated by the National
University of Ireland, Galway, since 1958, and host to several other networks and
measurement campaigns, such as Global Atmospheric Watch (GAW), World
Meteorological Organization (WMO), Advanced Global Atmospheric Gases
Experiment (AGAGE), European Monitoring and Evaluation Programme (EMEP), and
the Integrated Carbon Observation System (ICOS). Thus, it is a valuable resource for

long-term measurements of other trace gases and aerosols.

2.1.2 Malin Head

As shown in Figure 3 Malin Head (MLH) is the northern most point of Ireland,
located in County Donegal, and in close proximity to Northern Ireland, United
Kingdom. It is owned by Met Eireann, and also part of the TXB and in the process of
being incorporated into ICOS. As with Mace Head, the prevailing wind at Malin
Head comes from the Atlantic Ocean, however, the site is only 30km away from the

Northern Irish border and the city of Londonderry, therefore it is likely to pick up
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transboundary pollution when the winds are from the southeast. As there are also a
regional road (R242) and some houses immediately to the south of the station, the
“polluted sector” (direction from which the majority of pollution arrives at the
station) will be considered between 90-180 degrees unless otherwise specified. The
clean Atlantic air arrives from what will be defined as the “clean sector” between

270-360 degrees.

2.1.3 Carnsore Point

Carnsore Point (CRP) is located in County Wexford, in the southeast extremity of
Ireland, about 10km from Rosslare Harbour. It is an EPA station, and like Malin
Head, is a member of the TXB and preparing for participation in ICOS. Carnsore
Point receives the majority of air masses from the west, coming across the country
over land, but is also in a suitable position to measure incoming pollution from the

United Kingdom and mainland Europe.
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Malin Head

Northern Ireland
(United Kingdom)

Ireland

Carnsore Point

Map credit: www.worldatlas.com

Figure 3 Ireland'’s Black Carbon Network
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2.2 Instrumentation

2. Methodology

The stations are equipped with a wide range of instrumentation for a multitude of

purposes, as illustrated in Table 1. This study will focus only on the ones described

in the section below, which combine to ideally represent the atmospheric aerosol

composition and effects of transboundary pollution.

Table 1 Instruments at each station, grey colouring indicates not used in this study

Mace Head

Malin Head

Carnsore Point

AE33 (Dec 2017-Mar 2020)

AE33 (Jun 2016-Mar 2020)

AE33 (Jun 2016-Mar 2020)

CPC

CPC (Apr 2017-Mar 2020)

CPC (Jul 2016-Mar 2020)

Fidas
(May 2018-Mar 2020)

TEOM
(Jun 2016-Mar 2020)

Picarro

Picarro (May-Jul 2018)

Picarro

Flask samples N,O, CFCs,
halocarbons

Ozone (Jan 2017-Oct 2020)

Ozone (Jan2017-Oct 2020)

High Volume Sampler
(Dec 2017-Apr 2018)

High Volume Sampler
(Dec 2017-Apr 2018)

High Volume Sampler
(Dec 2017-Apr 2018)

SMPS

SMPS (Apr-May 2019)

Nephelometer

AMS

ACSM
(Sep-Nov 2018)

ACSM
(Aug 2016-Aug 2017)

2.2.1 Aethalometer

Historically BC has been measured in a number of different ways, ranging from the

British “Black Smoke” standard of the 1950’s, defined as the darkness of the stain

on a filter, to X-Ray Photoelectron Spectroscopy (XPS) measuring the kinetic

energies of substances irradiated by X-Rays, to various heat and light attenuation

methods [Novakov and Rosen, 2013]. These eventually led to the development of

the current BC measurement technologies such as the Multi-Angle Absorption

Photometer (MAAP), Photo Acoustic Soot Spectrometer (PASS), and Particle Soot

Absorption Spectrometer (PSAP), as described in detail by [Martinsson, 2014].

The Magee Scientific Aethalometers in this study are currently the most commonly

used instruments for measuring BC, for their ease of operation and ability to

acquire near real-time data. The Aethalometer measures the attenuation of light

through a quartz filter tape based on the Beer-Lambert Law and the accumulation

of particles on the filter using the formulas depicted in on page 177 in Appendix C.

Air samples are drawn in at a constant rate, and the tape advances once
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attenuation has reached a set level. Older models such as the AE16 used a single
light source with a wavelength of 880nm, at which BC absorbs most strongly. The
newest version of the Aethalometer, the AE33, uses seven wavelengths of light,
ranging from 370nm-950nm, which includes 880nm, and takes measurements at
two separate spots on the filter tape simultaneously to eliminate errors due to filter

loading [Drinovec et al., 2014].

The benefit of having seven wavelengths is the added ability of the instrument to
estimate a percentage of biomass burning (BB) contribution using an algorithm
developed by [Jisca Sandradewi et al., 2008b] which calculates the difference in
absorption in the ultraviolet wavelengths (mostly by brown carbon) and the near
infrared wavelengths (only by black carbon). While Aethalometers have a proven
record of accurate BC measurements, as demonstrated over several years in
comparisons with other instruments and confirmed again in this study, the BB
function is not yet very reliable, especially given the different parts of the world and
environments the instruments operate in, and the wide variety of substances

classed as biomass.

The Irish Black Carbon Network, as it exists today was established in June 2016.
Previously the stations had been measuring BC intermittently using the older model
AE16 Aethalometers, which were replaced at Malin Head and Carnsore Point with
state of the art AE33 Aethalometers when work commenced on the network. The
AE16 at Carnsore Point was left operating at the station in order to compare the
data to the newer instruments. Beginning in June 2017, a second AE33 was tested
at Malin Head, before transferring the instrument to Mace Head in December 2017.
It was connected to the same inlet as the MLH AE33, and after two months a dryer
was added to one instrument to see if it had a significant impact on the
measurements. Two months later a dryer was added to the second instrument and

a comparison was made of the two instruments.

All three AE33’s are set to record data at one minute intervals, with flow rates of 5
I/m (spot 1 and spot 2 combined flow), and the attenuation (ATN) level set to 70
(default setting is 120) to account for lower BC levels at the coastal locations and a

manufacturer problem with the filter tape of measurements where ATN > 50. In
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August 2017, Magee-Scientific announced a new filter tape and the discontinuation
of previous versions due to optical non-linearity at short wavelengths which did not
affect BC, however caused significant variance in the BB detection [Magee-
Scientific, 2017]. The filter tape problem has been resolved since December 2017
with the installation of improved tape (part number 8060). The instruments use the
default settings of 470nm for the lower wavelength, 950nm for the upper
wavelength, 7.7 as the mass absorption cross-section of BC, and Angstrom
exponents of alpha traffic (ax, fossil fuel related) =1 and alpha wood burning (otws,

biomass related) =2 to calculate the percentage of BB contribution.

The data were processed using Python Pandas, and recalculated as needed into 5-
minute, 30- minute, 1 hour, or daily averages both to smooth the data and to match
it to time averages of other instruments. In the case of BB, which is reported as a
percentage of BC, the ng/m?3 of BB were calculated before resampling, and the BB
percentage of BC was recalculated from the proportion of BB ng/m?3 and BC ng/m?3

after resampling.

20



2. Methodology

2.2.2 Multi-Angle Absorption Photometer (MAAP)

Prior to the AE33 being moved to Mace Head, BC had been measured there by a
Multi-Angle Absorption Photometer (MAAP), which is currently still in operation.
The MAAP uses both absorption and scattering properties of particles on a filter
measured at three different angles to a light source to determine BC concentration

[Petzold and Schénlinner, 2004].

Many comparisons between the MAAP and AE33 have been done, such as the
recent TROPOS research institute’s inter-comparison study [TROPOS, 2018], in
which the instruments agree very well. This is important for data continuity in
establishing a long-term record of measurements, as well as comparing data from
different places. Although both instruments measure with similar precision, the
AE33 is a more cost-effective piece of equipment, with the added capability of
multi-wavelength measurements for determining the biomass burning contribution.
For these reasons the AE33 is more commonly replacing the MAAP as the standard

for measuring BC.

A brief section shows a comparison of the MHD MAAP to the AE33, demonstrating
excellent agreement between the two instruments, yet only AE33 data are being
used for data analysis. Nevertheless, the MAAP data are available for future

analysis, to look at annual or decadal trends in BC concentrations.
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2.2.3 Tapered Element Oscillating Microbalance (TEOM)

The Thermo Fisher Scientific Tapered Element Oscillating Microbalance (TEOM) is
an instrument used to measure the mass concentrations of particulate matter (PM).
It does this by drawing heated air through a filter at the end of a tapered glass tube,
collecting particulate matter in the process, and mass change is detected by
frequency changes in the oscillation of the tapered end of the tube and calculated

with a spring-mass equation [Thermo-Fisher-Scientific, 2016].

The TEOM is a low-cost, easy to use, low-maintenance instrument frequently used
to monitor concentrations of ambient particulate matter world-wide, for the
purpose of long-term measurements as well as compliance to environmental
standards and exposure limits. The technology was developed for this purpose in
the early 1990’s [Patashnick and Rupprecht, 1991], and has since evolved to higher
time resolution sampling with more accurate measurements. It has been used

successfully in mass-closure equations in previous studies.

A TEOM has been nearly continuously monitoring the mass concentration of PM10
(particles of 10 microns or less) in 5 minute time resolution since June of 2016 at
Carnsore Point, and data from this instrument were recalculated into 24 hour
averages and used for the total mass in a mass-closure equation, which attempts to
model several subsets of particulate and compare them to the actual mass

concentration.
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2.2.4 High Volume Sampler

All three monitoring stations are operating DIGITEL DHA-80 high volume samplers,
which collect 24 hour filter data that are then analysed for a series of ions (calcium,
chlorine, sodium, magnesium, potassium, ammonium, sulphate, and nitrate), as
well as levoglucosan, elemental carbon (EC), organic carbon (OC), and total carbon
(TC). As the name implies, a high volume of air is pumped through the filter, at 500
litres/minute, and particles of size PM10 and smaller are trapped on a quartz fibre
filter. The filters change automatically every 24 hours, and small sections of them
are sent to a laboratory for analysis, where a Sunset Laboratory Carbon Aerosol
Analyser is used to separate the aerosols through a multiple stage process that
includes chemical immersion, heating, and burning off of the various species

incrementally as described in detail by [Birch and Cary, 1996].

High volume sampler data obtained from the Irish EPA were used in this study both
in the mass closure equation, comparing levels of the various ions to the total mass
concentrations measured by the TEOM at CRP and the Fidas (described in the next
section) at MLH, and the black carbon analysis during the EMEP campaign. Data

from previous years were obtained from EBAS, a long-term online database hosted

by NILU (the Norwegian Institute for Atmospheric Research) at http://ebas.nilu.no/

and used to show trends of the aerosols over time.
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2.2.5 Fidas

Since May 2018 a Palas Fidas 200E has been in operation at MLH. This is an aerosol
spectrometer capable of simultaneously distinguishing between PM1, PM2.5, PM4,
and PM 10 sized particles at a very high time resolution and, as the only instrument
capable of this, is currently the European standard for fine dust monitoring. In
addition to long-term monitoring, this instrument is useful in detecting particle

events such as volcanic eruptions [Palas, 2019].

The Fidas uses Lorenz-Mie scattered light analysis of single particles to determine
particle size [Palas, 2019]. It has a flow rate of 0.3 m3/hour and data are in one-
minute time resolution. In contrast to the TEOM, which measures actual mass, the
Fidas operates by measuring the number of scattered light impulses produced as
particles pass through an optically differentiated measurement volume illuminated
by white light, and converts them to a mass by multiplying by a correlation factor
corresponding to different sources of environmental aerosol and applying a

separation curve for size distribution.

In this study PM10 data from the Fidas are recalculated into 24-hour resolution for
comparison to the high-volume sampler, and used as a measure of total mass
concentration, in the same way TEOM data from CRP are used in the mass closure
equation. As BC falls mainly into the PM1 size range, data are also analysed to
determine the contribution of BC to total PM1. A further section will explore the

Fidas data by itself in more detail.

24



2. Methodology

2.2.6 Condensation Particle Counter (CPC)

Malin Head and Carnsore Point are host to TSI Condensation Particle Counters
(CPC), model 3775. These instruments take in particle laden air which is introduced
into a continuous flow butanol rich particle free sheath air and cooled. As the
supersaturation increases, the particles, or condensation nuclei are activated into
droplets which then scatter light efficiently and the individual particle light pulses
are detected. The highest supersaturation reached is sufficient to activate 4 nm
ammonium sulphate nuclei, which is the smallest particle size the instruments are
capable of detecting. At low concentrations, the instruments work in single particle
mode counting each pulse on a photodetector produced by a particle passing
through the sensing zone, and switch to photometric mode at higher
concentrations above 50,000 particles per cubic centimetre (pcc), where they can
measure up to 107 pcc. In photometric mode particle count is determined by the
total light scattered by the particles in the form of a DC voltage from the
photodetector and calculated from a correction factor obtained through a
calibration process involving known quantities of sodium chloride [TS/, 2007]. If the
limit of 107 pcc is exceeded, the amount of aerosol entering the CPC needs to be
diluted in order to get accurate counts. The instruments are collecting data in one-

minute time resolution since July 2016 at CRP and April 2017 at MLH.

The CPC is able to work on its own, simply as a particle counter, or in conjunction
with a Scanning Mobility Particle Sizer (SMPS), described later, which then provides

a size distribution of the particles as well.

Previous studies have observed that extremely high particle counts occur at Mace
Head during periods of low tide and high solar radiation [De Leeuw et al., 2002],
though it was not certain whether this was a local phenomenon or happens at
other coastal areas as well. Using the CPC data in the absence of BC (less than
50ng/m3) and the “clean air” wind sectors at the stations in conjunction with tidal
and meteorological observations, this study will demonstrate that these events do

take place at Carnsore Point and Malin Head under similar conditions.
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2.2.7 Picarro

Each of the three stations is equipped with a Picarro cavity ring-down spectrometer
for measuring methane (CHas), carbon dioxide (CO2), water vapour (H20), and in the
case of Malin Head, an upgraded model (G2401) capable of measuring carbon
monoxide (CO) as well. A cavity ring-down spectrometer works by sending a laser
beam through a cavity, reflecting off multiple mirrors to produce a several
kilometre long path length, turning the laser off, and measuring the “ring-down”
effect that occurs as the light within the cavity gradually extinguishes. Since each
gas absorbs light at a certain wavelength, the laser is tuned across these
wavelengths, and the concentration of gases is calculated to parts per billion (ppb)
precision from the difference in ring-down between an empty cavity and one with
gases [Picarro, 2019]. The instruments are set to record data in one-minute

intervals.

The Picarro instruments were selected for use in the ICOS network, as they are one
of the two types of instruments deemed suitable by ICOS for long-term yet high
precision measurements of methane. Their relatively low maintenance and ease of
use makes them ideal for monitoring at remote locations, such as the Irish coastal

stations, where they can be left unattended for months at a time.

In this study, specifically the CO data from Malin Head are used to assess the effects
of local pollution from traffic on the measurements at the station using their ratio
to BC as an indicator of combustion. All Picarro data are routinely sent to and

validated by ICOS to establish a long-term record.
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2.2.8 Aerosol Chemical Speciation Monitor (ACSM)

From August 2016 to August 2017, an Aerodyne ACSM was set up to take 30-
minute measurements at Carnsore Point. This instrument measures the PM1 mass
loadings of NOs, NH4, SOg4, Cl, and organics using a quadrupole mass spectrometer.
It consists of three vacuum chambers that are differentially pumped by three turbo
pumps, and an aerodynamic lens which focuses a particle beam through the first
two chambers into the third chamber where they are vaporised by an oven at about
600°C. The resulting vapour is ionized with electron impact and characterised by the
mass spectrometer [Ng et al., 2011]. The ACSM is a smaller (more portable) and less
expensive version of the Aerodyne Aerosol Mass Spectrometer (AMS), which is
currently the highest standard of aerosol monitoring. An AMS is being used at Mace

Head as well.

As most organics are assumed to fall into the PM1 category, the organics data from
the ACSM were recalculated to 24-hour averages and used to supplement the mass
closure equation at Carnsore Point along with the high-volume sampler data in this

study.

An ACSM was also temporarily available at Malin Head for three months in Fall of
2018, such that some of the organics data could be used in a mass closure
experiment for that station, however the size cut-off on this instrument was PM2.5
allowing for larger particle size measurements. The ACSM has until now been
operated by other members of the research group, who have made the data
available for this study, but the instrument will be permanently relocated to Malin
Head in the near future to augment the existing network. This instrument’s ability
to distinguish between different species can be used in conjunction with the other
measurements to present a more accurate profile of the aerosol loading in the

atmosphere.
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2.2.9 Scanning Mobility Particle Sizer (SMPS)

As part of the network expansion, a Palas Universal Scanning Mobility Particle Sizer
(U-SMPS) model 2100 with a 8-1200 nm particle diameter detection range was
installed at Malin Head in April 2019. This instrument will supplement the PM
measurements by providing more information on the particle size distribution. It
works using a Differential Electrical Mobility Classifier (DEMC) to charge particles to
a known charge distribution and classifying them by the way they traverse an
electrical field, then counting them using a Condensation Particle Counter (CPC) and

applying an inversion algorithm to calculate particle size.

According to the product description at the Palas website
(https://www.palas.de/en/product/usmps2050x_2100x_2200x#datasheet), aerosol
is passed through a dryer and Kr-85 bipolar neutralizer before entering the DEMC,
where it is mixed with a dry, particle-free sheath air. The DEMC consists of an inner
and outer column, to which a voltage is applied. The aerosol passes through the
annular space between the cylinders, and negatively charged particles are
precipitated along the positively charged inner cylinder rod depending on their
particle electrical mobility. The voltage changes continuously, and so different sizes
of particles move through the system and are transferred to a particle sensor to
determine concentration. This is done via a Condensation Particle Counter (CPC),

the operation of which is described in section 2.2.6.

The instrument at Malin Head is set up to record data at 3-minute intervals with a
particle detection range of 0-102 particles per cubic centimetre. The size
distribution is classed into 67 bins ranging from 7.2nm-777.7nm on an exponential
scale. Due to the very recent installation of this instrument, only a few months of
data are currently available, which is nevertheless sufficient to investigate its ability
to detect in-situ aerosol formation at a coastal site. Of particular interest is its

potential for measuring particle growth events linked to high particle counts.
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2.3 Analytical Methods

For clarity and simplicity, the analytical methods used in this study will be grouped
here in relation to achieving the main objectives, as there is some overlap within
various sections that are inter-related. The diagram in Figure 4 provides an
overview of the topics covered, and how they fit within the framework of the
objectives. The main objectives are in the bold boxes on top, with their related
subcategories below them. Note that Biomass Burning, being a subset of BC, spans

multiple categories. The BB methodology for each objective will be explained in

section 2.3.3.
Analyse Measurement Data Atmospheric Composition Local, Regional, Txb Modelling
Biomass Burning _
| Validation | | EC/OC | Particle number and size Impact of Covid
‘ Instrument measurements distribution Restrictions on model
output
[ BC time series | BC/PM1 |
EMEP levoglucosan
€ Attributing sources using Forecast Model Validation
comparison PM ratios
| BC seasonal | ‘ Mass Closure |
{ BB from transboundary
| Fidas | ‘ CPC in clean air | Effect of ;ovld restri;tions Preparation f9r Inverse
on regional pollution Modelling
SMPS

[ ACSM |

Figure 4 Diagram of objectives and sub-objectives

2.3.1 Analyse the measurement data

This work begins with the validation of the instruments used in the study, primarily
the AE33’s in order to ensure data continuity from older models and for
comparability between instruments. Validation of network instruments is important
enough to merit its own chapter, as it provides the foundation for the analysis
conducted. The scatter plot method was selected, having proved effective in other
AE33 inter-comparison studies, such as those by [Laing et al., 2020] and [Cuesta-
Mosquera et al., 2021], in showing how well two instruments agree, and by how

much they differ. The Malin Head Fidas validation was based on comparisons to
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other studies in similar environments, and the ASCM validation was conducted by a

different research group and is only presented here for reference.

Chapter 4 begins with the measurements obtained from the instruments, showing
their time series, seasonality, and relationship to BC or the absence thereof. Itis a
basic presentation of so far unpublished data, giving an overview of the network

measurements.

2.3.2 Atmospheric composition

The analysis in Chapter 4 continues with a deeper exploration of the atmospheric
composition, made possible by the combination of instruments on the network. It
incorporates the EMEP campaign data, which gives insight into the aerosol size
distribution of black and organic carbon, and their contribution to PM. The results
of this analysis lead to further elucidating the mass closure equation, which was
conducted based on a previous study in Ireland [Jennings et al., 2006]. A mass
closure equation is simply the sum of individual atmospheric components
compared to a total PM mass, with the aim of minimising the unknown factor and

gaining an understanding of the atmospheric composition of a particular location.

2.3.3 Evaluate biomass burning algorithm

Biomass burning, as a subset of BC, of course is closely tied to every section related
to BC. The AE33 has an in-built algorithm to determine the biomass burning
contribution as a percentage of BC. It does this by comparing the attenuation at the
lower 470nm to the attenuation at the higher 950nm wavelength based on alpha
values for traffic and biomass burning. The full formula is shown on page 179
(Appendix C), adapted for the Igor Pro [Wavemetrics, 2014] script (provided by the
Paul Scherrer Institute) which was used to calculate BB by changing variable inputs.
As the BB algorithm of the AE33 has so far not been tested in clean, coastal
environments, one of the objectives of this work is to observe its performance. In
Chapter 4 the basic measurements are first presented as reported by the
instrument, then compared with results of other studies, and finally calculated
based on the EMEP levoglucosan measurements. Chapter 5 evaluates local and
regional pollution based on the wind speed and wind direction from which BB

primarily arrives at Malin Head.
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2.3.4 Investigate local, regional, and transboundary pollution

Differentiating between local, regional, and transboundary pollution is of great
interest to authorities seeking to regulate pollution, and the network is ideally
suited for this purpose. Chapter 5 is devoted to this topic, showing how the
instrument measurements and meteorology can be used to distinguish different
events and sources. It also evaluates the network’s ability on a regional scale by
investigating the impact of Covid-19 lockdown restrictions on the remote rural

stations, as the main focus of such studies has thus far been on urban areas.

2.3.5 Prepare data for use in models and emissions inventories

One future use of network data will be to inform and improve models and
emissions inventories. To this end, Chapter 6 seeks to explore how current models
compare to the actual measurements, as well as prepare data for input into inverse
models. This is done by comparing the NUIG and Manchester University model BC
output to AE33 measurements and adapting a spike removal algorithm previously
used for trace gases to BC. A separate section examines how the Covid-19 lockdown

impacted the models.

Given these objectives analysis methods, the following chapter begins with
instrument validation, providing confidence in the measurements for further

analysis.
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3. Validation

Instrument and data validation are of utmost importance in the initial phase of
setting up a network. By comparing the measurements from different instruments
to each other, we can guarantee compatibility with past measurements and gain
confidence in the performance of each instrument. This will lay a solid foundation

for continuous long-term measurements providing data that can be relied upon.

The following chapter shows comparisons of the legacy AE16 to the new AE33 at
Carnsore Point, and two co-located AE33’s at Malin Head, demonstrating the
difference in noise when a dryer is added to one instrument. Results of a
comparison of the MHD AE33 to the MAAP are included as well, since MHD only
recently began AE33 measurements, and the instruments agree well enough that
MAAP measurements may be substituted for the time period since the BC network
was established. Finally, the Malin Head Fidas PM2.5 and PM10 ratios are
compared to other studies which found similar values, and the results of the ACSM

calibration and inter-comparison are presented.
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3.1 AE16 vs AE33

The AE16 at Carnsore Point has been continuously collecting BC data since January
2015. In July 2016 the new seven wavelength AE33 was installed, and both
instruments have been running in parallel for over a year. A data comparison of the
AE16 (which measures BC only at 880nm) and the AE33’s 880nm BC channel was
conducted for the period of overlap to ensure data continuity. Only data from
December 2017 onward are displayed here, as a new filter tape was installed on the
AE33 at that time. The plots in Figure 5 below show excellent agreement between
the two instruments; however, the slope indicates that the AE33 is picking up about
30% more BC than the AE16. This is likely due to the AE33 being newer with
specially calibrated lamps, and having more advanced technology, i.e. the dual spot
measurements, which provide for greater sensitivity and accuracy. A comparison of
the AE16 BC to the uncorrected (spot 1) 880nm data of the AE33 shows slightly

better agreement between the two instruments.

CRP AE33 vs AE16 BC 1 Hour Avg CRP AE33 Spot 1 vs AE16 BC 1 Hour Avg
14 Dec 2017-28 Mar 2018 14 Dec 2017-28 Mar 2018
R2 =097 R2 =0.975
¥ p=00 ¥ p=00
slope = 0.74 slope = 0.777
offset = 56.719 . offset = 55.46
m m o0
£ £
- ~
oo oo
=4 =
3 S~
w w
< <
o
o
0 1 2 3 4 S 0 1 2 3 4 5
AE33 pg/m3 AE33 pg/m3

Figure 5 Correlation plots of CRP AE16 vs AE33 880nm BC (left) and CRP AE16 vs AE33 spot1-uncorrected (right)
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3.2 AE33 vs AE33

3.2.1 Same Inlet

In June of 2017 a second AE33 was installed on the same inlet as the original AE33
at Malin Head. This instrument has since been transferred to Mace Head, where
there were previously a MAAP and an AE16 in operation. The purpose of comparing
the same instruments to each other is to determine whether their measurements
differ significantly, and if so, when and why. Due to a problem with the filter tape,
only data for the period after the tape was replaced are being used in this
comparison. As illustrated in the plots below (Figure 6), the two instruments agree
very well at the 880nm wavelength, and any systematic differences are within

manufacturer specifications.

MLH AE33 Comparison Same Inlet 880nm BC
23 Nov 2017-22 Dec 2017 30 Min Avg

BC Spot 1 Spot 2

R’ =0.99 R? = 0.992 R? = 0.994
p=00 p=0.0 p=00
N slope = 1.205 N slope = 1.176 ~ slope =1.152

offset = 1.37 offset = 0.062 offset = 1.014

Inst 2 pg/m?
Inst 2 pg/m?
Inst 2 pg/m?

0 0.5 1 1.5 2 2.5 0 0.5 l 1:5 2 2:5 0 0.5 1 15 2 2.5
Inst 1 pg/m? Inst 1 pug/m? Inst 1 pg/m?

Figure 6 MLH AE33's on same inlet, comparison of BC6, spot 1, and spot2

3.2.2 With Dryer

On 21 August 2017 a dryer was installed on the original MLH AE33 to observe any
changes in the measurements. As can be seen in the graph below, the data are
visibly less noisy, especially at the lower values, after the dryer is installed. A dryer
was installed on the second MLH AE33 on 12 October 2017, and the instrument
comparison in the previous section shows both instruments using dryers. While a
dryer is an optional accessory for the AE33, it is manufacturer recommended, and
does make a difference, particularly in an environment with low levels of pollution,
where the instruments are measuring close to their detection limit, as the

instruments are sensitive to variations in relative humidity.
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Figure 7 MLH AE33 time series of 880nm BC. A dryer was installed on 08-21 (red line top plot) resulting in less
noisy measurements. The bottom two plots are of two days with similar conditions before and after dryer was
installed.

Table 2 Statistical comparison of the two similar days before and after the dryer was installed. Count and mean
in the 315-360 sector are nearly equal, but standard deviation with dryer is less than half.

9-10 August 2017 (Before Dryer) 9-10 September 2017 (After Dryer)

Count Mean Stdev Count Mean Stdev
0-45 85 45.18 50.96 0 N/A N/A
45-90 0 N/A N/A 0 N/A N/A
90-135 0 N/A N/A 0 N/A N/A
135-180 0 N/A N/A 0 N/A N/A
180-225 0 N/A N/A 16 38.5 15.48
225-270 10 18.1 25.79 133 54.59 29.88
270-315 388 28.96 54.04 318 49.55 36.77
315-360 957 45.37 83.22 971 38.11 29.68
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3.3 AE33 vs MAAP

Upon its arrival at MHD, the AE33 was compared to the MAAP instrument. The two
instruments agree extremely well, but the AE33 measures consistently higher than
the MAAP, particular during times of low BC concentrations, as shown in the plot
below (Figure 8). This instrument was also measuring about 15% higher than the
MLH AE33, so it is most likely calibrated differently. A scatter plot of hourly
averages of the two instruments (not shown) has an R? value of 0.956 and a slope
of 0.851. According to an inter-comparison study by the Leibniz Institute for
Tropospheric Research (TROPOS) and the European Center for Aerosol Calibration
(ECAC)[TROPOS, 2018], AE33 aethalometers typically measure up to 35% higher BC
than the MAAP, and that “such differences can be caused by different sensitivities

depending on aerosol type.”
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Figure 8 MHD AE33 and MAAP time series
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3.4 Malin Head Fidas

As there are no other Fidas instruments currently on the network, the Malin Head
PM2.5/PM10 ratios are compared to those of other studies, i.e. in the UK, which
found similar results. Presented here is the scatter plot of PM2.5 and PM10 for the
first year (May 2018-May 2019) the Fidas has been measuring at Malin Head. The
results are in agreement with other background sites, such as those reported by
[Munir, 2017], where the PM2.5/PM10 ratio was on average 0.65, as well as a study
by [Dinoi et al., 2017] which found the ratios to be 0.68 at a coastal site in Italy, and
a further investigation by [Querol et al., 2004] which claims rural background ratios

to be between 0.6-0.8 in countries throughout Europe.

MLH Fidas PM10 vs PM2.5 17 May 2018-18 May 2019
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Figure 9 MLH Fidas PM2.5 vs PM10 May 2018-May 2019
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3.5 ACSM Calibration Results

In November 2018 the ACSM instrument was shipped to Paris, France for an inter-
comparison and calibration campaign at the Aerosol Chemical Monitoring
Calibration Center (ACMCC), part of SIRTA (Site Instrumental de Recherche par
Télédétection Atmosphérique), where it was compared to other aerosol chemical
speciation monitors as well as the SIRTA reference instrument. The tests consisted
of three parts: First all the instruments were compared to the SIRTA reference
instrument and to each other using the robust median of the instruments and a Z-
score analysis; then a calibration was performed using monodisperse (300 nm)
ammonium nitrate and ammonium sulfate nebulized particles to obtain a nitrate
response factor (RF) which was applied to the raw data; and finally the first test was
repeated, the results of which are shown in Figures 10-11 below, taken from the
ACMCC report, ACTRIS 2 (ECAC-ACMCC) Intercomparison of Aerosol Chemical
Speciation Monitors, November 2018. The overall conclusion was that the
instrument compared very well both to the SIRTA and other instruments, well
within the 30% error range, and its performance was further improved through

calibration and tuning.
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Figure 11 ACSM compared to other instruments after calibration, red rectangle highlights results of this
instrument

After all instrument validation was successfully conducted, analysis of the data
could proceed. The next chapter provides both basic and in-depth analysis of the

data collected so far on the newly established network.
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4. Data Analysis

This chapter concurrently addresses three main objectives:

First, it provides a basic analysis of the network data collected from the
instruments, including some later additions toward the end of the chapter. Second,
it attempts to gain insight into the atmospheric composition of the coastal stations
through more complex analysis, i.e. through a mass closure equation and
comparison of different measurements as they relate to black carbon or the
absence thereof. Third, biomass burning is investigated both in terms of direct

instrument measurements and in comparison to other studies.

4.1 Black Carbon Time Series

Figure 12 depicts a basic comparison of all three stations for one year. Some
seasonal variation is visible, with expected increases of BC in wintertime due to an
increase in home heating, particularly solid fuel heating. Carnsore Point stands out
as having the highest levels of BC, with an annual median of 132 ng/m3, and a
maximum of 9410 ng/m?3, as this station is most vulnerable to pollution from
outside the country, despite the majority of air masses arriving across land from
within Ireland. Malin Head has an annual median of 109 ng/m3, with a maximum of
7331 ng/m3. Mace Head is the least polluted, with mostly clean air from the Atlantic
and no significant nearby sources of BC. The annual median BC at MHD was 33
ng/m3, with a maximum of 9575 ng/m3. Several periods of prolonged regional
pollution were detected by all the stations in February, June, July, and November.
BC below 50 ng/m3 can be considered background levels, as previously defined by

[Grigas et al., 2017].

Figure 13 shows the corresponding BB measurements from the aethalometers at
the three stations in 2018. This follows a similar pattern to the BC, with higher
percentages during the winter months and during periods of regional pollution. The
BB contribution at MLH seems to be more impacted by local sources in the winter,

as the measurements begin to deviate then.
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A frequency distribution of BC was conducted for the three stations using Igor Pro’s
multi-curve fitting package, with BC plotted in 100 lognormal bins on the x axis
ranging from 0.01 to 10,000 (the approximate maximum BC concentration), and the
frequency of occurrence in percent on the y axis. The BC distribution at all three
stations tends to be bimodal, with the initial peak being in the low, unpolluted
range, and the secondary peak in the moderate pollution range. Carnsore Point
follows this pattern too; however, it also has three smaller peaks in the highly
polluted range. Unlike the other two stations, CRP receives much of its air from
inland rather than the sea, which may account for the higher concentration in the
initial peak, but the higher levels of BC (over 1000 ng/m?3) are indicative of stronger
pollution sources, such as Dublin, ferry/ship traffic, or transboundary from the UK.

Figure 14 shows the frequency distributions for the three stations for 2018.
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Figure 12 12-hour rolling average BC for the three stations in 2018
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4.2 Seasonal Comparison of Black Carbon

The BC data from the three stations were analysed in more detail by season and
plotted together with wind direction to provide a visual concept of when and where
the highest sources of BC were coming from. This was done by grouping data for
each season by 45-degree wind sectors. The pie graphs show the average
concentration by wind sector, and the time series are colour-coded by wind sector
using the same colour scheme. All three stations measured the highest
concentrations of BC in winter, due to an increase in home heating. Mace Head
showed no unusual trends, however, both Malin Head and Carnsore Point had
surprisingly high levels of BC on their respective seaward sides, which may be
indicative of ship traffic in the area. The BC to the east of Carnsore Point was
extremely high, especially in winter, when seas are rough and there is less ship
traffic, so much of the BC may actually be coming from Wales and England. In fact,
the wind only came from the East (45-135 degrees) 14% of the time in the whole
year, yet 33% of the BC measured at CRP is from that sector. The majority of BC at
Malin Head appears to come from the East-Southeast (90-180 degrees) sector,
which is in the direction of Northern Ireland. Wind roses for all stations and seasons
can be found on pages 180-181 of Appendix C.

The seasonal time series in Figures 15-17 allow for a closer look at the BC
measurements at the stations. The wind direction at Carnsore Point is
predominantly from the south/southwest, yet prolonged levels of elevated BC
occur during periods when the wind is from the east. Winds from the north also
carry increased concentrations of BC from Dublin or possibly nearby villages,
particularly in fall and winter.

Mace Head, in comparison, has very low concentrations of BC throughout the year,
with increases only when the wind is from the east, or from inland, making it ideal
for estimating background levels. Much of the BC reaching the site is from local or
regional sources, however there may be some transboundary pollution being
carried across the country in certain conditions [Huang et al., 2001].

Similar to Mace Head, Malin Head has very low BC concentrations when the wind is
from the north, or marine sector, however, BC levels are considerably higher than
either of the other stations when the wind direction is from the land, particularly
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from the south. There is a definite local influence caused by a regional road
immediately to the south of the station and nearby residences, but quite likely also
a heavy impact of transboundary pollution from Northern Ireland. The difficulty lies
in distinguishing the difference between local and regional influences with the

measurements currently available.
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Figure 15 Carnsore Point seasonal BC by wind direction
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Figure 17 Malin Head seasonal BC by wind direction
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As in the previous section, a frequency distribution was done for the stations by
season, and the following figure (Figure 18) compares the results of summer and
winter. The distributions are remarkably similar in both seasons at all of the
stations; however, Mace Head appears to have a strong local influence during the
winter, as higher pollution levels at that station are typically from local sources. This
is not apparent at Malin Head, where the proximity of local sources would make it

more likely to have higher levels of BC.
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4.3 Brown Carbon Source Apportionment

The study aimed to assess whether Malin Head data could be used to provide a
unique opportunity to test the AE33’s inbuilt algorithm, developed by [Jisca
Sandradewi et al., 2008b] to calculate the brown carbon or Biomass Burning (BB)
percentage of the total measurement. The station is located very near to a regional
road (R242) which has seen a roughly 20% increase in traffic since its inclusion in a
tourist route known as the “Wild Atlantic Way” in 2014 (estimate based on nearest
traffic count data on the route at An Clochan Liath Dungloe,
https://www.tii.ie/roads-tolling/operations-and-maintenance/traffic-count-data/).
Spikes in BC are indicative of vehicular emissions, thus likely not to contain
significant amounts of BB. By identifying these spikes and applying the algorithm to
the data using different inputs, improvements might be made in order to obtain
more accurate estimates of BB. The formula relies on the fact that BB absorbs
better in the lower (370nm, 470nm) wavelengths, while BC absorbs only at the
higher wavelengths (880nm, 950nm). A key factor is a variable called the Angstrom
Absorption Exponent, commonly referred to as a (alpha). This is the dependence of
the aerosol optical thickness on wavelength, and varies, in this case, with the type
of fuel being burnt and how it is being burnt to produce the BC. The instrument
defaults are 1 for BC and 2 for BB, yet it has been shown in other papers as Garg et
al. [Garg et al., 2016] that a values tend to be much higher for BB, in the range of 7-
10 for example for turf (peat), a common heating fuel in Ireland.

Unfortunately, it is rare that conditions at Malin Head are such that individual
spikes of BC can be identified as almost certainly traffic related, i.e. the wind is from
the south (direction of the road) and BC is near background levels of under 100
ng/m3. Only a handful of cases exist in the current dataset, where the
measurements rose significantly above the previous measurement for the duration
of one minute, and then returned to the previous level while the wind direction was
between 135 and 225 degrees (south quadrant). The problem is that in most cases
the levels before and after the spikes are not “clean” background concentrations,
but between 300 and 600 ng/m3, meaning that there is some regional pollution,

which may or may not contain BB.
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While there is no way to know the exact percentages of BB in the sampled air
without being able to clearly distinguish the traffic cases from the regional pollution
or knowing whether or not the alpha values are correct, the instruments are
capable of showing trends in BB percentage over time. Below are monthly averages
of BB for Carnsore Point, Mace Head, and Malin Head for the period of January to
December 2018, showing a decrease by nearly half between the winter and
summer at the stations. Interestingly, when data where BC is greater than 100
ng/m?3 are filtered out, leaving essentially background levels of BC with their
respective BB values, there is little change between winter and summer BB.
However, when BC6 values below 1000 ng/m?3 are filtered out, the corresponding
BB averages are higher in the winter and lower in the summer than they are in the
complete data series, which confirms there is a definite impact of home heating on
BB in the winter time. Until more precise measurements of BB can be made, this
approach at least allows for the basic analysis of trends in BB, as well as a

comparison of the stations relative to each other.
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Figure 19 Monthly Average BB percent for CRP (green), MHD (red), and MLH (blue).

In a recent study [Zotter et al., 2017] experimented with alpha values for traffic and

wood burning at various locations throughout Switzerland, and determined the

III

“ideal” values to be 0.9 (o) and 1.68 (awb), however these numbers may not apply
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to other regions of the world where different fuel sources, i.e. peat (which has
much higher a values according to [Garg et al., 2016]), are more commonly burned.
Other studies have tried to obtain the BB contribution to total carbon (TC) using the
ratio of organic carbon (OC)/elemental carbon (EC), such as [Pio et al., 2011], but
this relies on several assumptions. In that study OC is defined as the sum of
secondary OC + fossil fuel OC + bio fuel OC + biomass burning OC and EC is equated
to the sum of biomass burning EC + fossil fuel EC, so that under certain conditions
(an urban environment in winter), OC is approximately equal to OCrossil fueland EC is
approximately equal to ECsossil fuel, Which they found was not actually the case unless
measured inside a heavily trafficked tunnel, and even less so in rural areas, where

there was always some background level of OC.

Using an Igor Pro script developed by the Paul Scherrer Institute (PSI), it was
possible to test different alpha values on the aethalometer data. The formula used
is the same as that programmed into the instrument and yields the same results as
the instrument when the instrument default alpha and mass absorption cross-

section (MAC) values are used (see equation page 179 in Appendix C).

When applying the alpha values of 0.9 (at) and 1.68 (awb) derived by Zotter et al.,
2017 to the data from the three Irish stations, the BB percentage is nearly double
that of the BB percentage reported with the instrument default settings of 1 (o)
and 2 (awb), and in fact seems unbelievably high for monthly values at between 60-
80% vs the 20-40% with the default alpha values. Figure 20 shows the difference in
BB when using the instrument default values vs. the values recommended by Zotter

et al., 2017.
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Figure 20 Monthly BB percentage using instrument and calculated alpha values

Looking at the above figure, it is hard to say which values are correct, without

knowing

what they should actually be. A study by [Helin et al., 2018] on BC source

apportionment in Finland found that the BB contribution varies greatly between

urban and suburban areas, particularly in winter. Most of the air reaching the Irish

stations contains regional pollution, which is more dispersed from its sources,

however particularly at MLH there can be local influences resulting in higher

concentrations, which seemed to be reflected in the BB time series in the previous

section.
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4.4 Evaluation of EC/OC from EMEP Intensive Monitoring Period

The source apportionment of BB clearly requires further study, and for this purpose
EMEP/ACTRIS conducted an intensive measurement period (IMP) in Winter 2018.
As mentioned previously, this involved collection of daily averages of aethalometer
BC, and elemental carbon (EC), organic carbon (OC), and total carbon (TC) collected

from a high-volume sampler.

As shown in the following scatter plot (Figure 21), the EC and BC agree quite well at
all stations, though slightly less at Mace Head. This is most likely because Mace
Head is the least polluted environment of the stations, and levels of BC are

frequently below the detection limit of the instruments.
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Figure 21 Elemental Carbon from high-volume sampler vs Aethalometer Black Carbon (BC6) for the four Irish
sites
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The following time series (Figure 22) also show good agreement between EC and
BC, and the ratios of BC/EC are typical for rural areas according to a study by
[Salako et al., 2012] which looked at the variation in these ratios across various
parts of the world, and also determined that higher correlations were likely a result

of similar sources. A large part of the TC is comprised of OC, which constitutes a

large fraction of organic matter.
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4. Data Analysis

Table 3 Organic Carbon/Elemental Carbon ratios

Count Mean Std. Dev.
CRP 27 7.05 5.19
MHD 6 51.21 65.27
MLH 43 8.83 6.20
ucb 22 7.11 2.21

Table 4 Organic Carbon/Total Carbon ratios

Count Mean Std. Dev.
CRP 27 0.85 0.05
MHD 6 0.92 0.06
MLH 43 0.88 0.04
ucb 22 0.86 0.06

A breakdown of the OC/EC ratio and the OC/TC ratio shows that OC is in fact at
least seven times higher than EC, ignoring MHD here due to a limited number of
data points resulting from a large number of negative EC values. This is in
accordance with previous studies such as [Pio et al., 2011] and [Krzysztof et al.,
2017] who found similar results, particularly in rural and remote regions, and as
noted by [Bougiatioti et al., 2013], OC/EC ratios greater than 2 are indicative of
secondary organic aerosol (SOA) formation. Another study by [H Wang et al., 2017]
demonstrated that significant amounts of both OC and EC (between 25-33%) fall
into the PM2.5 and larger category, and [Bougiatioti et al., 2013] found that 74% of
the total OC and 79% of EC is in the PM1 size category. As shown in Table 4 above,
organic carbon also comprises over 80% of the total carbon, and thus may account
for a large part of the organics measured at the stations. This will be taken into

account in the section on mass closure.

Organics were measured with the AMS at Mace Head and ACSM at UCD during the
EMEP campaign, albeit only particles in the PM1 category. PM1 organic carbon has
not been very thoroughly investigated, and so it is difficult to find relevant studies
showing its contribution to the total PM1 mass. One paper by [Godec et al., 2012]
showed that the wintertime PM1 organic carbon in a suburban area of Zagreb,
Croatia constituted 19.88% of the total PM1 measured as well as an additional
23.76% of PM2.5 and 24.15% of PM10. It demonstrates that organic carbon

contributes a large fraction to the total mass in each size category. Organic matter
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(OM), of which organic carbon is a subset, must therefore be even larger in all size
categories. Indeed, when plotting the PM10 organic carbon against the PM1
organic matter for MHD and UCD, the ratio was less than 1, and the time series
consistently showed the measured OM as less than the OC. Therefore, an attempt
was made to find how much OM PM10 there should be based on OM/OC ratios
found in previous studies, such as one by [H. S. EI-Zanan et al., 2005], which found
OM/OC ratios of on average 2.07 (ranging from 1.58 at Indian Gardens, Arizona to
2.58 at Mt. Rainier, Washington) for remote regions of the U.S, which were higher
than other results cited by that study, and the ratio of 1.4 (the estimated average
molecular weight per carbon weight derived from theoretical and lab studies in the
1970’s, as explained by [Turpin and Lim, 2001]) commonly used in mass
reconstruction. Table 5 outlines values found in other studies for different types of

I”

environments. It is noteworthy that the “coastal” locations have the highest

OM/OC ratios, even when they are urban environments.

Table 5 Literature OM/OC ratios

OM/OC | Location Source
Urban 1.56 Phoenix, AZ [Ruthenburg et al., 2014]
1.59 Avg. 14 Chinese cities [Xing et al., 2013]
(winter)
1.6 Los Angeles, CA [Turpin and Lim, 2001]
Denver, CO
Rural 1.77 Olympic, WA [Ruthenburg et al., 2014]
1.78 Acadia National Park, ME [H. S. El-Zanan et al., 2005]
1.9 K-puszta, rural Hungary [Kiss et al., 2002]
Coastal 1.91 Hong Kong, China [X Chen and Yu, 2007]
2.1 Crete, Greece [Bougiatioti et al., 2013]
2.16 Atlanta, GA [Hazem S. El-Zanan et al., 2009]

Applying a simple formula, OCpmio * x=OMpm10, Where x is the OM/OC PM10 ratio,
and solving this equation using a range of site appropriate OM/OC ratios from
previous studies, the calculated OMpm10 can be used to derive the percentage of

OMpmi of the total OM. The results of this are shown in the Table 6 below, and
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while it is still uncertain exactly which OM/OC ratio is most appropriate for each
station, it is evident that 1.4 is too low for both. For MHD it appears to be a
minimum of 2, and for UCD 1.59 seems to be a reasonable ratio. This implies that
nearly half of the organic matter is larger than PM1. El-Zanan (2005) notes that the
ratios increase as the OM is transported over long distances and the aerosols age
and become more oxygenated and polar during secondary organic aerosol (SOA)
formation, so it is likely, also based on the calculations below, that the UCD ratio
will be lower than MHD, as it is located in an urban area and MHD is a remote
rural/coastal environment. The paper also notes that ratios will tend to be lower

during the winter months due to less photo-chemical activity.

A previous study involving Mace Head [Yttri et al., 2007] found that OM comprised
8.9% of PM10 at that station, using a conversion factor of only 1.4, which according
to these latest measurements, could mean that a much larger percentage of OM
falls into the coarse particle category. The study by [Ruthenburg et al., 2014] shows
seasonal variations at all sites and suggests a single estimate cannot be
representative of the OM/OC ratio for any location. Factors such as plankton
blooms which, according to[Cavalli et al., 2004], occur near the coasts of Ireland in
the Spring and Fall, can add significant amounts of organic matter to the
atmosphere, thus increasing the OM/OC ratio. Future measurements will be able to
determine these numbers more accurately, but for now it is possible to at least

estimate them.

Table 6 MHD and UCD OM/OC ratio ranges and OMpy; percent

OM/OC range OMpm1 % of OM
MHD 1.91-2.16 56-63
ucb 1.56-1.6 42.8-44
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Analysis of the levoglucosan results yielded higher alpha values than both the
instrument default setting (2) and the literature recommended value (1.68) [Zotter
et al., 2017] for the biomass burning component, but still not significantly higher
than the instrument default. Shown here are the correlation plots of the “wood
burning” contribution (BCwb) to levoglucosan, keeping the ai set at 1 and changing
the awbto obtain the lowest y intercept, followed by the daily average BB
percentage time series along with levoglucosan based on these values. For all 4
locations, the awp was around 2.2, which is reasonably close to the default setting of
2. Increasing the awp resulted in the BB percentage almost disappearing completely,
and decreasing awb, as demonstrated using the recommended value of 1.68,
caused BB to exceed 100% almost the entire time, which is highly unlikely given
that these are daily averages. The last plot shows the monthly averages for the year
with seasonal cycle for the instrument default settings compared to the new

levoglucosan based alpha values.

There are of course limitations to this method, as levoglucosan is removed from the
atmosphere at a faster rate than BC [Helin et al., 2018], and it is mainly a wood
burning tracer, whereas much of the biomass burning in Ireland is from peat.
Nevertheless, there is a strong correlation (r?= 0.83) of BCub to levoglucosan, and as
can be seen in the time series, levoglucosan levels are frequently high, especially

during this winter campaign.
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Figure 23 BCyp vs Levoglucosan for all 4 locations during the EMEP campaign.
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Figure 25 Seasonal cycle of BB using levoglucosan derived alpha values
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4.5 Black Carbon as a Fraction of PM1

A preliminary analysis was conducted on the first year of Fidas data, from the time
the instrument was installed at Malin Head in May 2018 until May 2019. The data
show that the lowest percentage of BC of the total PM1 originates from the
polluted sector, as can be seen in Table 7, even though these correspond to the
highest BC concentrations, indicating that there are other sources of PM1 in the
polluted sector where PM1 is highest. Higher percentages of BC are associated with
lower PM1 concentrations in the clean air sector where both BC and PM1 are
lowest. The following time series plot (Figure 26) also shows reasonably good
agreement between BC and PM1, indicating a common source of both BC and PM1

with highest levels during the winter months.

Table 7 Mean ng/m3 and standard deviation of PM1, BC6, and Percentage BC of total PM1 at MLH by wind
sector

PM1 BC6 Percent BC6 of PM1

Count Mean Stdev Mean Stdev Mean Stdev

0-45 29178 2871.98 2824.44 85.6 196.88 3.71 29.96
45-90 39981 4835.3 4462.8 251.13 579.8 2.65 27.7
90-135 26976 8265.63 8032.65 426.73 594.25 2.58 10.72
135-180 55009 8850.65 8651.81 595.22 739.6 1.87 11.61
180-225 105704 5517.8 6995.59 368.9 900.67 2.56 11.52
225-270 84181 3425.19 2763.05 95.58 241.85 5.55 30.84
270-315 65245 3293.25 2974.07 95.93 342.42 5.73 39.0
315-360 35146 2608.98 2280.13 54.78 197.39 4.15 41.25
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Figure 26 MLH AE33 BC6 and Fidas PM1 time series 12-hour rolling average

4.6 Mass Closure Experiment

It is a common practice to use models to compare the sum of individual species to a
total measured mass, and there are many methods used to do this. In 2006,
Jennings et al. [Jennings et al., 2006] conducted a mass closure experiment on data
from 2002 using measurements of certain substances such as Sulphate (S04%),
Sodium (Na*), Calcium (Ca?*), and Nitrate (NOs 7) to estimate the contribution of sea
salt (2.54 x Na*), resuspended dust (4.3 x non-sea salt Ca%*), BC, secondary inorganic
material (1.29 x NO3 ~ +1.38 x non-sea salt SO4%), and organics to the total aerosol
in the atmosphere. Their method used five sampling locations around Ireland,
including one coastal site at Wicklow Head on the east coast of Ireland, about
100km south of Carnsore Point (referred to as site C in Table 8 below). 24-hour
filter samples were collected and analysed gravimetrically, chemically, and
thermally to determine which species were present and in what quantity. The sum
of the five categories was then compared to the total gravimetric mass, the results

of which are shown in Table 9.
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4. Data Analysis

The same mass closure model used by Jennings et al. (2006) was applied to data
collected by the high volume sampler, TEOM, AE33, and ACSM at Carnsore Point.
Here are the results of this analysis compared to the PM10 of site C of the original.
As atmospheric levels of Sulphate have been shown to have decreased by about
50% since 2002 based on the trend for Carnsore Point in Figure 27, an attempt was
made to extrapolate 2002 concentrations from the current dataset to compare
them to the values in the original study as well. The results are quite similar, and
within 10%. An important factor that could affect the results is that the ACSM was
only measuring PM1 data, and many of the organics fall into the PM2.5 range, as
can also be seen in the results of the original study. Other differences can be
accounted for by a number of factors, including meteorological conditions,

instrumental accuracy, and possible errors in the model.
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Figure 27 Sulphate concentrations annual averages
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Table 8 Mean reconstructed component concentrations (ug/m3) and their contributions to PM mass (%) in

Ireland by Jennings et al. 2006. Site C is the coastal site in this study.

4. Data Analysis

Fractions Sites EC Organics Secondary Sea salt Resuspended dusts Other
PM,, A 7.9 (22%) 9.0 (25%) 4.8 (13%) 32(9%) 6.5 (18%) 6.1 (14%)
B 3.1 (14%) 3.9 (17%) 4.5 (20%) 3.2 (14%) 4.7 (21%) 2.8 (12%)
E 30 (13%) 4.3 (18%) 4.1 (17%) 4.2 (18%) 3.5 (15%) 4.8 (20%)
c 0.5 (3%) 1.1 (6%) 4.3 (23%) 7.4 (40%) 1.2(6%) 4.0 (22%)
D 0.4 (4%) 1.0 (10%) 3.2 (30%) 2.3 (22%) 1.0 (10%) 2.4 (24%)
PM, 5 A 7.3 (33%) 7.4 (33%) 3.8 (17%) 0.7 (3%) 0.6 (3%) 26 (12%)
B 3.0 (26%) 3.5 (29%) 3.4 (29%) 0.6 (5%) 0.5 (4%) 0.8 (7%)
E 2.9(23%) 3.8 (30%) 3.3 (26%) 0.8 (7%) 0.5 (4%) 1.2 (10%)
C 0.5 (6%) 1.1 (14%) 3.3 (44%) 1.1 (15%) 0.3 (4%) 1.2 (16%)
D 0.4 (7%) 1.0 (16%) 2.5 (42%) 0.6 (11%) 0.2 (3%) 1.3 (21%)
PM, 5 4 A 0.6 (4%) 1.6 (11%) 1.1 (T%) 2.5 (17%) 5.9 (39%) 3.3 (22%)
B 0.1 (1%) 0.4 (4%) 1.1 (10%) 2.6 (25%) 4.2 (41%) 1.9 (19%)
E 0.2 (2%) 0.6 (5%) 0.9 (8%) 3.4 (30%) 3.1 (27%) 3.2 (28%)
C 0.02(0.2%) 0.1 {1%) 1.1 (9%) 6.3 (56%) 0.9 (8%) 2.8 (25%)
D 0.01(0.3%) 0.05 (1%) 0.6 (14%) 1.7 (39%) 0.8 (18%) 1.2 (28%)
Table 9 Mass Closure using 2017 CRP data with extrapolation back to 2002 assuming higher BC and SO4 values
at that time
Sea Salt Resusp BC Inorganic Organic Other TEOM
pg/m® | % pg/m3 | % pg/md | % ug/md | % pg/m3 | % pg/m® | % ug/m?3
2017 § 7.05 40.01 | 0.63 3.58 | 0.24 136 | 2.91 16.52 | 0.60 3.41 | 6.19 35.13 | 17.62
2002 | 7.05 35.86 | 0.63 3.20 | 0.61 3.10 | 4.67 23.75 ] 0.60 3.05 | 6.1 31.03 | 19.66

Looking at the Carnsore Point mass closure by season in Table 10 below, it is

interesting to note the large sea salt contribution during the winter, and generally

the highest levels of all categories, resulting in the lowest unknown component.

Likewise, summer has the lowest percentages in each category and the highest

percentage unknown. Particularly BC and organics are much lower in the summer

months than in other seasons. Further study is needed to determine the types of

organics contributing seasonally, as the sources are both natural and

anthropogenic.
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Table 10 CRP Mass Closure by Season August 2016-August 2017

4. Data Analysis

Sea Salt Resusp BC Inorganic Organic Other TEOM

pg/m | % pg/m | % pg/m | % pg/m | % ug/m | % ug/m | % ug/m

3 3 3 3 3 3 3
Spring 6.96 36.55 | 0.59 3.10 0.22 1.16 4.20 22.06 | 0.62 3.26 6.45 33.88 19.04
Summer 6.31 36.33 | 0.50 2.88 0.14 0.81 2.18 12.56 | 0.46 2.64 7.78 44.79 17.37
Fall 6.13 37.42 | 0.51 3.11 0.29 1.77 2.59 15.81 | 0.64 3.91 6.22 37.98 16.38
Winter 9.88 53.78 | 1.07 5.82 0.38 2.07 3.17 17.26 | 0.74 4.03 3.13 17.04 | 18.37

With the addition of the Fidas instrument at Malin Head, it became possible to
perform the same mass closure experiment using data from that station for one
year with the PM10 mass from the Fidas and compare it to Carnsore Point, albeit
without the organics contribution because the ACSM was not available at MLH for
the entire year. It is important to note that the ACSM at Carnsore Point was
measuring only PM1 data, and at Malin Head it was measuring PM2.5, which, given
that a large amount of organics are in the range between PM1-PM2.5, could have
an impact on the comparisons. The ACSM was at MLH only for a brief period, from
September-November 2018, so Table 11 shows the results of the PM10 mass

closure for that time, compared to CRP Fall (September-November 2016).

During the time of the ACSM measurements at Malin Head, there is a considerably
greater contribution (8.88%) of organics to the total mass than at Carnsore Point,
probably due to much of it falling into the PM2.5 category. The much higher
unknown contribution at Malin Head in Table 12 without organics seems to confirm
this. From previous calculations we know that roughly between 40-60% of the total
OM is PM1 at UCD and MHD, depending on the OM/OC ratio, so it should be
possible to improve the mass closure equation by applying this to the ACSM PM1

organics.

Assuming that about 50% of organics are larger than PM1, doubling the ACSM PM1
organics at CRP in the Fall period would increase the mass to 1.28ug/m?3 and their
percentage of total PM10 mass would increase to 7.8% thereby reducing the
unknown to 34%. For the full year at CRP, the calculated organics are 1.2ug/m3
making up 6.8% of total PM10 mass, reducing unknown to 31.7%. These numbers
agree well with the MLH PM2.5 organic percentage of the total PM10 mass as well

as with the studies by [Jennings et al., 2006] and [Yttri et al., 2007] who used
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OM/OC conversion factors of 1.5 and 1.4 respectively. When applying a factor of
1.4 to calculate OC at CRP in Fall, the result is 0.91 pg/m3, which is remarkably close
to the average OC of 0.96 pg/m?3 from EMEP winter campaign. This could mean that
CRP has a similarly low OM/OC ratio to Dublin, especially during the Fall/Winter

time.

Table 11 Malin Head Mass Closure with organics Sep-Nov 2018 and CRP Sep-Nov 2016

Sea Salt Resusp BC Inorganic Organic Other PM10

ug/m? | % ug/m? | % ug/m* | % ug/m* | % ug/m* | % Hg/m? | % pg/m?

MLH | 5.36 48.00 | 0.37 3.3310.22 1.97 | 0.79 7.10 ]10.98 8.88 ] 3.42 30.70 ] 11.14

CRP ] 6.13 37.42 1051 3.11 1 0.29 1.77 | 2.59 15.81 ] 0.64 3.9116.22 37.97 ] 16.38

Following are the results of one year from the Malin Head mass closure compared
to Carnsore Point without the organics contribution at MLH, as there is no overlap
of measurements during this time. Note that the time periods are not identical (CRP
is from August 2016-August 2017 and MLH is from May 2018-December 2018), but
the percentages still agree quite well over a one-year time period. Figure 28 below
shows the scatter plots of the mass closure vs the total mass for the two stations
based on the table. The final plot shows the MLH mass closure including the ACSM
organics, and it is noteworthy that both the slope and r? are similar to CRP then.
Interestingly, there is also a much higher contribution of inorganic matter at CRP,

nearly double that at MLH, both in the seasonal and one-year comparisons.

Table 12 Carnsore Point and Malin Head Mass Closure comparison one year without MLH organics

Sea Salt Resusp BC Inorganic Organic Other PM10

ug/m? | % ug/m? | % ug/m? | % ug/m? | % ug/m? | % ug/m? | % ug/m?

MLH | 3.62 37.00 ] 0.31 3.20 1 0.25 2.60 ] 1.70 17.36 | n/a n/fa | 391 39.94 1 9.79

CRP | 7.05 40.01 | 0.63 3.58 10.24 1.36 | 291 16.52 ] 0.60 3.4116.19 35.13 | 17.62
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CRP TEOM (MC) vs Mass Closure 18 Aug 2016-31 Aug 2017

RZ = 0.757

¥ p=0.001
slope = 0.672
offset = -0.861

mass closure

TEOM

MLH PM10 vs Mass Closure 01 May 2018-31 Dec 2018

R® = 0.548

p = 0.001

slope = 0.484

offset = 1.137 .

mass closure

PM10

Figure 28 Total mass vs Mass Closure for CRP and MLH. Note that MLH plot does not include organics.
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MLH PM10 vs Mass Closure 19 Sep 2018-05 Nov 2018

4 R?=0805

p = 0.001
slope = 0.666
offset = 0.304

mass closure

Figure 29 MLH total mass vs mass closure with ACSM organics

As a large portion of organics seem to fall into the category of PM2.5 or below, and
the Fidas is capable of distinguishing particle sizes, it makes sense to evaluate the
mass closure equation as the sum of species measured by the ACSM (NHs, SO4, NOs3,
Cl, and organics) with its PM2.5 cut-off, plus BC from the aethalometer in order to
see how much of the particulate matter is accounted for in this smaller size
category. Following are the results of this mass closure using daily averages of Fidas

PM2.5, ACSM, and AE33 BC6 in micrograms/m?3.

Indeed, only about 40% of the total PM2.5 is accounted for using this method on
the entire dataset, as opposed to between 60-70% using the PM10 data. This could
be due to the lack of ability to measure the sea salt contribution, which is the
highest contributor to the total mass in the coarse particle fraction, but most likely
adds a significant amount to the fine particle total as well. The absence of Calcium

(Ca?*) measurements in the ACSM data may also contribute a small amount to the
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unaccounted mass, as this is used in the PM10 mass closure as an indicator of

resuspended dust.

When separated into clean and polluted air sectors, it becomes evident that sea salt
does play a major role even in the PM2.5 aerosol composition. Looking at only the
polluted air sector, the unknown is reduced to 35%, which is comparable to the
PM10 mass closure. Being a coastal station, most likely even the polluted air sector
contains a significant amount of sea salt, which if taken into account would reduce
the unknown even further. The clean air sector on the other hand, has an even
greater unknown percentage than the overall total, with generally much lower

concentrations of every measured species, as can be expected in “clean” air.

Just as in the PM10 mass closure, organics are a key contributor to the PM2.5 total
mass, and represent a similar percentage here as in the 2002 study results in Table
8, where organics comprised 14% of the total PM2.5 at the coastal site (C). Very
little is known about the nature of these organics, and much more research is
needed to understand the origins of this major factor in atmospheric composition

and its influence on the environment.
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Table 13 MLH PM2.5 mass closure
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The PM2.5 to mass closure scatter plot shows almost no correlation between the
total mass and the mass closure and confirms that about 60% of the total mass is
not accounted for using all the available data. Again, this is likely due to the
absence of sea salt measurements, as this is a primary component of the
atmosphere at coastal stations. When separating the data into clean and polluted
air sectors (using 270-360 degrees for the “clean” sector, as previously defined),
there is a definite correlation of 0.751 between the PM2.5 and ACSM
measurements in polluted air, similar to the results of the ACMCC comparison of
the ACSM to Fidas where the r? was 0.85 for PM1 measurements, which were
conducted in a far more polluted environment near Paris, France [ACMCC, 2018].
The clean air sector has almost no correlation as there are far fewer pollutants and
a much greater amount of sea salt arriving from that direction. Of course, it should
be taken into consideration that these are only a few months’ worth of data, and
only from the Fall season, which may not be representative of the overall PM2.5
composition. Only continued long-term measurements will be able to show this
more accurately, and hopefully combined with other instrument data, will provide a

better understanding of the particulate matter in the atmosphere.
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MLH PM2.5 vs Mass Closure 16 Sep 2018-05 Nov 2013

p = 0.001
slope = 0.442 -
g offset=-0.222

mass closure

Figure 30 MLH PM2.5 vs ACSM and BC mass closure
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MLH PMZ2.5 vs Mass Closure Clean Air 16 Sep 2018-05 Nov 2018

30

R? = 0.084
p=0.277
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mass closure
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MLH PM2.5 vs Mass Closure Polluted Air 16 Sep 2018-05 Nov 2018

R = 0.751
p=0.026
slope = 0.932
offset = -2.994

mass closure

P25

Figure 31 MLH PM2.5 Mass Closure, top: clean air, bottom: polluted air
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4.7 Analysis of CPC Events in Clean Air

Previous studies by [C D O'Dowd and Hoffmann, 2005] and [De Leeuw et al., 2002]
at Mace Head during the PARFORCE (New Particle Formation and Fate in the
Coastal Environment) campaign showed that extremely high particle counts
occurred under certain conditions (low tide, high solar radiation, low relative
humidity), often overwhelming the CPC and requiring dilution of the air flow.
Though the exact nature of these aerosols is still unknown, they appear to be linked
to exposed seaweed in the intertidal zone, which releases various gases and
biogenic compounds when stressed from lack of water and exposure to sunlight.
The studies showed that the high particle events occurred both in clean and
polluted air masses, though there were some differences in particle numbers
depending on the source region. Nevertheless, it appears the high particle counts
are mainly the result of naturally occurring in-situ aerosol formation which could
have a large impact on the radiative properties of the atmosphere both directly and
indirectly (through cloud formation), and it is important to know how much can be
attributed to natural sources. The previous studies focused on Mace Head, so now
it is of interest to see if these events occur at other network stations under similar
conditions. Since the CPC only measures the number of particles in the atmosphere,
without providing information about their size or composition, BC will be used here
as a tracer for polluted air, in order to examine periods of “clean air” when BC

levels are at their lowest, yet CPC particle count is very high.

A “high” particle count for the CPC is anything over 20,000 particles per cubic
centimetre (pcc). Generally, the clean air sector at Carnsore Point is between 45-
135 degrees, and between 270-360 degrees at Malin Head. BC under 50 ng/m?3 is
considered clean air. This study focuses on particle counts above 20,000 during
which the air is from the clean sector at the stations with BC concentrations below

50 ng/m3.
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The histogram in Figure 32 shows the number of occurrences by particle count by
season in the clean air sector between 45-135 degrees, for periods when BC was
under 50 ng/m3, from May 2017-May 2018 at Carnsore Point. Based on this, it is
very clear that the majority of high particle counts occur during the summer,

occasionally in spring and fall, and very rarely in winter.

CRP CPC 01 May 2017-01 May 2018 BC6 under 50 45-135
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00
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20000 30000 40000 50000 G000 70000 BD000 000 00000

Figure 32 Number of occurrences by particle count by season in the clean air sector at CRP

Likewise, the high particle counts in the clean air sector at Malin Head occur most
frequently in the summertime, although generally the number of occurrences is less
than at Carnsore Point. Figure 33 shows these data for the MLH station for the

same time period as CRP above.
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MLH CPC 01 May 2017-01 May 2018 BC6 under 50 wind 270-360
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Figure 33 Number of occurrences by particle count by season in the clean air sector at MLH
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Analysis of the CPC data in conjunction with BC concentration, tidal observations
(obtained from the Integrated Marine Observations website
http://www.marine.ie/Home/site-area/data-services/real-time-observations/tidal-
observations-imos) and meteorological data, as well as ozone show that the high
particle events at CRP do occur under similar conditions as at MHD, during low tide
in the middle of the day when solar radiation is highest (coinciding with highest
temperatures), and RH below 80%. Ozone does not appear to be affected by the
high particle events, reaching its daily maxima during peak solar radiation each day
without any significant increases or decreases before, during, or after the particle
event occurs. A previous study by [Whitehead et al., 2010] suggested that ozone
was depleted during such events based on vertical deposition fluxes of ozone,
however without vertical wind measurements this could not be tested for CRP.
ACSM measurements also could not provide more information on the composition
of the aerosol, due to its 30-minute time resolution being inadequate to detect the
rapid formation and growth of particles. Shown below is a series of high particle
events which occurred at CRP in June 2018. Such events occur at MLH too and will
be discussed in more detail in a later section together with the SMPS, which can be

used to demonstrate particle growth.
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CRP CPC 26 Jun 2018-01 jul 2018
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Figure 34 CRP CPC particles per cubic centimetre (left axis) coloured by BC concentration with tide level and
ozone (right axis)
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4.8 Expansion of the Network

As part of the constant improvements to the network, more instruments are being
added to expand the measurement capabilities. The previous sections focused
mainly on black carbon and included some of these ancillary measurements. In this
section the emphasis will be on data from the three newest additions: the Fidas,
ACSM, and SMPS. As part of the data analysis objective, the data from these
instruments are presented here in their entirety, as well as seasonally when
possible, will give additional insight into the aerosol loading at the stations, and

provide a broader perspective using the combined measurements.

4.8.1 Fidas Measurements

As mentioned previously, the Palas Fidas 200E has been collecting data at Malin
Head since May of 2018. One year of data are now available for analysis, and the
results are presented here. The first plot shows the daily average time series of
PM1, PM2.5, and PM10 for the year. It can be observed that, as with BC, the
particle concentrations are generally higher in the winter than in the summer with
some unusually high concentrations in April-May of 2019. In the following ratio
plots there is nearly double the amount of PM10 to PM2.5, and again that much
more PM2.5 than PM1 for most of the year, with low ratios in summer months
when PM10 is lowest, and the notable exceptions in the above-mentioned April-
May of 2019 where there appears to be a large proportion of fine particles. The
scatter plots of PM2.5 to the other PM categories in Figure 37 show good
correlation indicative of common sources, however there is a strong bimodal
distribution, which bears further investigation, and will be looked at in more detail

by season.

82



4. Data Analysis

] — M1
2 20 ‘ |
: Ll *" |
of MR AA
ol L““«JJ‘HJ%'M,P‘W o WV W \ "‘”ﬂkj\"f\] M l"/ M‘H‘Mﬁ o
il [ I'"l
30 A | f
b |
£ f " | I
g i | T ;;.f M
7 !.Illf*'llln'\..v.,l‘v.l‘n |I|-,;ul .: \.' \,/ H rl‘"I'-lr'f\."l\\l'lll-\r-_-'l I""IIII{I I\-ﬁ"ll I\.lll']l I'lI fll;]nll ‘\. MI \‘ Il lllll “1' lll ! | lhl I I‘ . 'JJ ‘I.l‘(\,'\"
ol U
40{ — PMI1D i
30 4 |I||
L
E 204 ||1"| i U
3 i e g s AN
o1y _,r'“1L-’\-fL..J|"d‘1 JL «\"'ujn"‘uw r"‘ J LIII|| \ \AJ' r“..' L¥'|'~| (I ‘u W‘Ia!fl" [ \/ L.r W ""INW,
D 4
1l A N A
.@'ﬁ’ﬁa .-p'ﬁ’ﬁ .@'ﬁ'ﬂ; @1?’3 .@'\q’g .@T”g .@'ﬁg"
Date
Figure 35 Fidas annual time series, daily average
'I . —— PM2 5/PML
25 4 " ; r'l || It | || I,' I |{ I,'| |\ ! "klllllli ; '|'1 r'llllil"'ﬁ ||'| Il‘ |
201 {1 I}l'|| I|‘| i| [ | l}h[ l ||||| " '| ||| I.-'I|‘|II| |‘| f |r' |||J |||‘|I\'|.. fl I”l.;‘ u'q}ll ||| | \ ||
1 | | | | bl I
sl W ) |,|' | Yy LAY | | N W "
Lo | "“-._J"'I Iy L"L ] |.J L I ‘.“u'-\._-'u'
o o 5 o 5 & 5
PM10/PM2.5
204
151
104 . . . . .
o ,p\ai‘q o R &0 o 5
61 — pmio/pmML | I‘ |
| |
| | | | \ | ‘ \ i
f | | | i
1o M A e -
Af il |||,. | [ | Tt 1\ ‘| b
1 LA -Nm” 1“| IS ‘L' W ||~ ) '||. i A L“"||J A .‘lJ I
7] (L A l~,|Il| l I | .| |J LN ".J‘-V. N
W M
& @ai‘“ & o @\g”\‘ & 5

Figure 36 MLH Fidas ratio time series, daily average
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Figure 37 Fidas PMtotal, PM1, and PM10 compared to PM2.5

The following wind roses show from which direction and at which wind speeds the
PM in each category is most prominent. All of them have higher concentrations at
higher wind speeds, but the smaller particle sizes tend to come mostly from the
southeast (direction of houses, road, and Northern Ireland) whereas the larger
particle sizes, most likely sea salt, are associated with the marine sector, and
corroborate previous studies [Ovadnevaite et al., 2012] in which sea salt in the

atmosphere is the result of waves breaking due to high wind speeds.
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MLH Fidas PM1 MLH Fidas PM2.5

Figure 38 MLH Fidas wind roses for full year in ug/m?

Broken down by seasons, the wind roses show a very clear distinction between
summer and winter, especially for PM1. In winter PM10 and PMtotal are very
similar, particularly in the marine sector, most likely due to higher winds and the
resulting sea salt aerosol produced. PM1 is always highest from the southeast
quadrant, which is the direction of the houses and road, as well as the city of
Londonderry, Northern Ireland. In the fall, very high wind speeds from the
southeast seem to contribute large amounts of PM of all sizes most likely across a
longer distance. High levels of PM1 in the winter are associated with lower wind

speed, thus indicating more local sources.

When comparing PM2.5 to PM10 and PMtotal, the correlation in the wintertime is
0.87 and 0.8 respectively, whereas in summer the r?is only 0.67 and 0.4. The
bimodal distribution seen in the previous scatter plot is still evident, though not as
pronounced in the seasonal plots. The summer and winter plots for PM10 and

PMtotal vs PM2.5 can be found on pages 181-183 in Appendix C for reference.
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Interestingly, when the PM2.5 versus PM10 plots are broken down by season and
wind direction, the bimodal distribution reappears. It is especially pronounced in
the summertime from the marine sector, and only very slight during the winter
months. The slope is also slightly higher during the summertime in all wind sectors
but particularly from the north, whereas in winter it tends to be closer to 1. This is
indicative of different sources both natural and anthropogenic, which will be

discussed in more detail later.
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MLH Fidas PM1

Figure 39 MLH Fidas Spring wind roses in ug/m3

Summer

MLH Fidas PM1

Figure 40 MLH Fidas Summer wind roses in ug/m?3

Spring
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MLH Fidas PM2.5

MLH Fidas PM2.5
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Fall

MLH Fidas PM1 MLH Fidas PM2.5

Figure 41 MLH Fidas Fall wind roses in ug/m?3

MLH Fidas PM2.5

MLH Fidas PM1
I s

Figure 42 MLH Fidas Winter wind roses in ug/m?
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MLH FIDAS PM10 vs PM2.5 by Wind Sector
01 Dec 2018-28 Feb 2019 Winter
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Figure 43 MLH Fidas PM2.5 vs PM10 by wind sector Winter in ug/m?3
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MLH FIDAS PM10 vs PM2.5 by Wind Sector
01 Jun 2018-31 Aug 2018 Summer
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4.8.2 ACSM Measurements

An ACSM was collecting data at Carnsore Point for one year, from August 2016-
August 2017, operated by other members of the NUIG research group, who have
made the data available for use in this study. In their recent paper [Lin et al., 2019]
evaluated the composition of winter-time PM1 aerosol at Carnsore Point using data
from the ACSM and AE33. This section will expand on their work, showing the
seasonal variations over the course of a year and attributing a percentage to

transboundary pollution based on wind direction.

The following bar graphs show the ACSM species and BC along with BB (in percent
as measured by the AE33) for each season. Organic aerosol and Nitrate (NO3s)
dominate in every season except summer, when Sulfate (SO4) plays a prominent
role. Looking at these graphs, it appears that certain wind sectors have higher
concentrations than others, and when splitting the directions into east (with 0-180
degrees classed as transboundary) and west (between 180-360 as inland), between
61% (fall) and 70% (spring) of the PM1 arrives from outside Ireland depending on
the season, even though the wind is only from the east (incorporating all wind
between 0-180 degrees) about 28% of the time (only 15% in summer). The pie
charts below illustrate this using the sum of all ACSM species and BC. Looking at
BB% in the same way, on average the highest percentage of BB originates within
Ireland (23, 16, 24, and 28 percent for spring, summer, fall, and winter
respectively), probably from local sources, compared to the easterly direction
where the average is 18, 13, 16, and 22 percent for each of the seasons. BC, on the
other hand, is still higher coming from outside Ireland than from within, as shown

previously, between 1.5-2 times depending on the season.
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Figure 45 CRP ACSM and AE33 by wind sector and season
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Spring Summer
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Figure 46 ACSM Total + BC transboundary (0-180) vs inland (180-360)

Another interesting comparison is the ratio of ACSM PM1 (plus BC) to the mass
concentration of the TEOM. This should give an indication of how much of the total
mass is made up of PM1. In winter, this is between 50-80%, mainly from the
transboundary direction. The ACSM PM2.5 to Fidas mass closure at Malin Head
showed the ACSM accounting for only about 44% of PM2.5 mass in the fall (actually
only 25% of the PM2.5 in the clean sector), and therefore even less of the total PM
mass. The ratios at CRP indicate PM1 makes up between 20-30% of total mass in
the fall, depending on wind sector. At MLH, the Fidas PM1/PM10 ratio is 0.39 in the

fall, and ranges from 0.39 (fall) to 0.47 (summer).
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ACSM/TEOM Ratio
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Figure 47 CRP ACSM/TEOM ratio

The ACSM was at Malin Head for a short period, from September-November 2018,
before being moved to France for a calibration campaign and will be installed at
Malin Head again in the near future. As the instruments had different size cut-offs
(CRP was PM1 and MLH was PM2.5), and there are no overlapping time periods of
measurements, only a general comparison can be made between the two stations
for similar time periods (September-November), as shown in the following time

series plots.

The levels of organics at MLH are much higher than at CRP, however this could be
due to the measurements being made in different years under different conditions,
as MLH tends to have more polluted air in the immediate vicinity of the station, and
also because, as indicated by the mass closure experiment, significant amount of
organics are larger than PM1, which was the limiter at CRP. As shown previously, in
both the mass closure and EMEP data analysis, OC is the major contributor to total
carbon, and constitutes a large fraction of PM2.5 organics. Chlorine levels at CRP

are extremely low, but the ACSM is known to have difficulties in measuring it.
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Figure 48 CRP ACSM time series September-November 2016
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Figure 49 MLH ACSM time series September-November 2018
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Both time series plots exhibit periods of regional pollution, and a further
breakdown by wind sector in Tables 14-15 shows that the majority of it comes
from the east (the direction of the sea) at CRP and at MLH most of the pollution is
from the south southeast, except for Chlorine which is also prominent from the
north northwest (the sea) as demonstrated by the wind roses. Most notably, the
wind at CRP only comes from the east (0-180 degrees) about 26% of the time, yet
the highest levels of all species are recorded from this wind direction. This is a
strong indicator of transboundary pollution, as there are no local sources from
these directions, and the levels and duration are typical of regional pollution, which
tends to last several days. The lower wind speeds associated with higher pollution
levels at Malin Head may suggest some local influences in the area, though they are
comparable to wind speeds at Carnsore Point carrying high levels of pollution. Note
that the scale for Cl on the wind roses is only from 0-0.10 micrograms to make it
visible, as the levels are very low at both stations. Only Cl, organics, and SO4 wind
roses are shown, as the NHs and NO3 wind roses exhibit similar patterns and

concentrations.

The ACSM is a powerful tool to enhance the existing measurements at the stations,
and future long-term measurements will be much improved by its ability to

distinguish between individual species. It has already proven invaluable in the mass
closure equation making it possible to compare data at higher time resolution than

the daily averages provided by the high-volume samplers.
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Table 14 CRP ACSM by Wind Sector (mean and std dev)

4. Data Analysis

Wind Sector Occ Wind Organics NH4 NOs SO4 cl

(degrees) (%) (m/s) (ng/m?) (ng/m?) (ng/m?) (ng/m?) (ng/m?)

0-45 6 3.42 1.9 0.93 0.68 0.45 0.41 0.82 0.94 0.45 0.32 0.02 0.02
45-90 9 3.56 1.79 0.97 0.57 0.39 0.32 0.78 1.03 0.47 0.2 0.01 0.01
90-135 5 3.97 1.49 1.06 0.5 0.42 0.34 0.83 0.82 0.52 0.3 0.01 0.02
135-180 6 4.88 2.48 0.49 0.34 0.17 0.15 0.19 0.21 0.3 0.19 0.01 0.01
180-225 15 4.83 2.5 0.27 0.23 0.11 0.11 0.09 0.11 0.29 0.28 0 0
225-270 34 4.1 1.62 0.32 0.3 0.1 0.11 0.12 0.22 0.17 0.16 0.01 0.01
270-315 16 3.43 1.44 0.58 0.37 0.09 0.08 0.16 0.12 0.09 0.06 0.01 0.01
315-360 10 3.13 1.1 1.1 0.84 0.25 0.21 0.54 0.55 0.24 0.16 0.03 0.03

Table 15 MLH ACSM by Wind Sector (mean and std dev)

Wind Sector Occ Wind Organics NHa4 NO3 SO4 cl

(degrees) (%) (m/s) (ng/m?) (ng/m?) (ng/m?) (ng/m?) (ng/m?)

0-45 3 9.46 2.73 0.38 0.16 0.26 0.11 0.04 0.02 0.24 0.08 0.06 0.04
45-90 1 4.37 1.62 0.47 0.23 0.24 0.1 0.08 0.08 0.26 0.06 0.1 0.04
90-135 0.64 2.12 0.83 1.88 2.29 0.32 0.16 0.15 0.06 0.44 0.23 0.12 0.11
135-180 11 3.37 1.65 2.96 2.77 0.79 0.6 0.79 0.87 0.7 0.55 0.13 0.09
180-225 32 4.23 2.02 1.25 1.54 0.38 0.22 0.2 0.31 0.43 0.36 0.09 0.07
225-270 18 6.04 2.09 0.55 0.77 0.31 0.16 0.06 0.06 0.33 0.21 0.07 0.06
270-315 26 5.41 1.79 0.48 0.5 0.27 0.16 0.04 0.02 0.26 0.13 0.06 0.05
315-360 8 6.63 2.07 0.34 0.19 0.24 0.14 0.03 0.02 0.22 0.11 0.05 0.04
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Figure 50 CRP and MLH ACSM wind roses in ug/m?3
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4. Data Analysis

4.8.3 SMPS Measurements

The high particle events observed at Mace Head and Carnsore Point occur at Malin
Head as well under the same conditions described previously, but here we have the
addition of the SMPS instrument to provide information on the size distribution and
particle growth. While this SMPS is a bit limited with a minimum detection size of
8nm, it can be used in conjunction with the CPC which is able to detect particles
down to 4nm diameter, and the differences between these measurements can

illustrate how many particles must exist in the smaller diameter size range.

Below is a time series of CPC high particle events at Malin Head in May 2019,
overlaid with the ratio of CPC counts/SMPS total particle counts. It is interesting to
observe that although the CPC consistently measures more particles than the SMPS
for the high particle events, during periods of higher pollution (represented here as
BC concentration), the CPC detects only about 20 times more particles than the
SMPS, whereas during periods of clean air, the CPC measures more than 120 times
the number of particles than the SMPS, which would indicate that under these
conditions there are many more newly produced particles smaller than the
detection limit of the SMPS. The following curtain plot of the SMPS data reflects the
high particle events measured by the CPC and also shows the highest
concentrations occurring in the lower size range at or below 10nm in the clean air

events.
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MLH CPC 12 May 2019-23 May 2019
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Figure 51 MLH CPC coloured by BC concentration with tides and CPC/SMPS ratio overlay
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Figure 52 MILH SMPS curtain plot 12-23 May 2019
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MLH SMPS Total Particle Time Series
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Figure 53 MLH CPC and SMPS total counts

The plot above of CPC and SMPS particle counts shows a distinct time delay
between the CPC measuring particle maxima and the SMPS detecting them. The
time interval between the peaks of the two instruments and the difference in
particle concentration suggests particle growth is occurring and that there are

fewer of the larger particles than the original smaller ones, meaning that either

they are coagulating to form larger particles, or being scavenged by larger particles.

In some cases they may not grow at all, for example, on 22 May there is a burst of
small particles detected by the CPC, which never reached a size detectable by the

SMPS.

The time delay between CPC and SMPS peaks is between 1-2 hours, with
differences in peaks between 3,000 to over 100,000 pcc. The more polluted events
tend to have longer times between peaks and lower differences in particle
concentrations. The SMPS size distribution for these events will be shown in a later

section.
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5. Local, Regional, and Transboundary Influences

This chapter will be broken down into four subcategories discussing the results
presented previously and how they relate to local, regional, and transboundary
production of aerosols. It will look at the broader picture of the combined
measurements, thus demonstrating the potential of the monitoring network as it

exists, as well as opening up opportunities for future expansion and improvement.

5.1 Black Carbon and Biomass Burning

Based on the BC analysis in chapter 4, it is evident that the highest levels at
Carnsore Point are being recorded when the wind is from the east, even though this
only occurs a small fraction of the time. Depending on the season, this could be 60-
70% of the BC measured at the station. At Malin Head, the majority of BC arrives
from the southeast, in the direction of Northern Ireland, and the pattern of
elevated BC over periods of several days indicates it is more often regional and not
local. Mace Head receives around 88% of BC from the east, and what little does
arrive from the west is usually recirculated [Huang et al., 2001]. The average
wintertime BC at CRP from the east is 427ng/m?3, whereas at MHD it is only
274ng/m3, meaning there is considerably less BC being transported from within the

country to MHD than to CRP from outside.

When combined with the CO measurements from the Picarro, the AE33 data at
Malin Head revealed that there are strong traffic related sources near the station
based on a high CO/BC ratio at low wind speed, but the BB related BC seems to be
more diffused or transported from a longer distance based on higher wind speed. It
is noteworthy that these measurements were from the summertime, and it is
therefore likely that there was more traffic and less biomass burning in the vicinity
of the station than at other times of year. The pie charts below show the percent of
BB at CRP by wind sector and season. Here it is visible that nearly equal amounts of
BB come from the east and west, although in summer the average BB is about 16%

while in winter it is 22%.

These data are corroborated by Fidas measurements, which show the highest PM1

concentrations from the same wind direction as BC, and the ACSM confirms there is
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non-traffic related regional pollution by showing the presence of species such as
NOs, NH4, and SOa in that wind sector. At CRP yet again, as with BC, the highest
levels of pollution measured by the ACSM originate from the east, although the

wind is least frequently from that direction.

The combination of this suite of instruments along with meteorological data and air
mass trajectories makes it possible to demonstrate that transboundary pollution
does occur. However, it will be necessary to perform some kind of inverse

modelling in the future to determine the exact sources and locations of emissions.
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CRP BB August 2016-July 2020
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Figure 54 CRP BB by season and wind direction (degrees)
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5.2 Particle Number and Size Distribution

The previous SMPS section demonstrated how the instrument could be used in
conjunction with the CPC to gain insight into new particle formation and growth,
which are a source of natural in-situ production of aerosol. This section will
examine some of these events to see if and how much particles are growing and
compare the differences between size distributions in very clean air and air mixed
with regional pollution. As the period of 12-23 May 2019 had daily high particle
events with both very clean and somewhat polluted air masses, it will be used again

here.

First, the size distribution histogram was plotted for each event, and all exhibited a
similar pattern, with a higher primary peak below 10nm diameter and a lower
secondary peak around 80nm diameter. The magnitude of the primary peaks varied
from as low as 200 to over 1600 counts, yet the secondary peaks were consistently
between 100-200. An example of more polluted air on 17 May and clean air on 20

May is shown in Figures 55-56 to illustrate the similarities.

Size distribution during the events demonstrates high concentration in the smaller
particle range but particle growth cannot be established based on these data. A
recent paper by [Sarangi et al., 2015] applied a method comparing changes in the
geometric diameter mean over time to determine the growth rate during periods
where the particle diameter mode was increasing in SMPS measurements in New
Delhi, India, and found a growth rate of 15.4nm/hour depending on conditions. This
was quite high compared to other studies around the world cited in that study,
which all reported growth rates less than 10nm/hour, with the exception of Mexico
City at 11.6nm/hour. Growth rates in large cities were higher than in rural areas, yet
no coastal environments were shown. Here an attempt is made to apply this
method to the MLH SMPS data, to see if the particle growth rate can be

determined.
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MLH SMPS Size Distribution
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Figure 55 MLH SMPS size distribution for 17 May 2019 13:00-14:00 with polluted air
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Figure 56 MLH SMPS size distribution for 20 May 2019 15:00-16:00 with clean air

Plotting the particle diameter mode over time, along with particle counts yields the
following results. In the New Delhi study, there was a clear increase from particles
smaller than 10nm to over 150nm in the span of three hours, and based on this the

authors were able to perform a regression, the slope of which was the growth rate.
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In the cases shown below, it appears that the particle size during the event jumps
from under 10nm to over 80nm in less than one hour. However, the particle count
for the 80nm particles is very low, similar to the time prior to the event, which may
mean the particles are not actually growing, or rather, continuing to grow, as the
previous section showed that they must have grown from a size detectable by the
CPC to one which the SMPS could measure. According to [Vana et al., 2008],
regional growth events such as those in the New Delhi study cannot be as easily
measured in coastal environments with a Eularian method, due to the events being
linearly connected to a point source, so they devised a new classification system for
coastal particle formation based on their appearance on a particle diameter and
concentration time series. Apart from rain-induced events (Class V), Class IV (mixed
type events) were the most common at Mace Head. In these events it was clear
particle formation occurred but could not be clearly defined as a “banana” (Class I),
“hump” (Class I1), or “apple” (Class 1), due to the air mass passing over multiple
point or line sources. Another study at Mace Head by [Ehn et al., 2010] attempted
to calculate particle growth rates based on the time air travelled from the source
area (exposed seaweed at low tide) to the monitoring station, and found incredibly
high growth rates depending on travel time. In air reaching the station within 10
seconds, particles were estimated to grow at 260nm/h, whereas a travel time of 30
minutes reduced this growth rate to 1.61nm/h. The available cases at MLH appear
to be mostly Class IV (mixed) events, though Class Il “hump” events seem to occur
quite often as well, as seems to be the case for both the 17 and 20 May examples.
Not knowing the exact source area of the particle formation makes it impossible to

calculate a growth rate based on travel time, and could be the topic of future study.
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Figure 57 MILH SMPS Particle diameter (nm) mode time series
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5.3 Attributing Sources of Aerosols using PM Ratios

Many studies have been conducted trying to interpret the relationship between
coarse (PM10) and fine (PM2.5 or PM1) particulate matter in order to obtain
meaningful results about the sources from which they originate. In the previous
section it was unclear where at Malin Head the high particle events are occurring,
but more information could be gained from examining the ratios of the

PM2.5/PM10 by wind sector.

Typically, fine particulate tends to originate from combustion sources, while coarse
particulate is most often of natural origins, such as sea salt or mineral dust.
Although there is considerable cross-over of sources between the categories, as a
general indicator, the ratio of PM2.5/ PM10 can be used as a marker for particle
origin. Higher ratios are attributed to more anthropogenic influences, when a
greater fraction of the PM10 (or PMtotal) is comprised of fine particulate, and
lower ratios having more natural origins, as posited by [Sugimoto et al., 2015].
However, as was shown previously at MLH, the in-situ production of particles on

the coast can contribute greatly to the PM1 and thereby to the PM2.5 mass.

A study by [Speranza et al., 2014] plotted results of PM ratios from other studies on
a triangle in order to see how the Agri Valley in Northern Italy compares to them.
On this plot, locations are placed based on their PM1/PM10, PM2.5/PM10,
PM1/PM2.5, and (PM2.5-PM1)/(PM10-PM1) ratios, and clusters of points are
indicative of similar environments, i.e. urban, suburban, rural, arid, etc. They found
that although the Agri Valley would normally be considered a rural environment
due to its location, the amount of industry there placed it in the same category as
large cities such as Vienna. Below is the triangle plot from this study showing where
Malin Head Fidas ratios fit in for annual values. It appears to be consistent with
more rural areas (left side of triangle), but with its larger PM10 component from
sea salt, it has some commonalities with arid sites (bottom right of triangle). The
study noted that this may be different depending on seasons, and as was previously
shown from the MLH Fidas measurements, the concentration and ratios of the

different PM categories do vary considerably by time of year.
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Figure 58 Triangle plot from Speranza et al. (2014) with MLH fidas ratios

The Fidas measurements presented in this study seem to show mixed results over
the entire year, but when divided by season and wind direction, there is a distinct
difference in the ratios. Below are wind roses for Fidas PM2.5/PM10 for summer
and winter at Malin Head, and for a clean, rural, coastal environment in the
summer, the PM2.5/PM10 ratios are very high, possibly due to the PM
concentrations of all sizes being lowest at this time of year, yet still indicating that
the largest fraction falls into the PM2.5 range. In particular, the sector between
225-315 degrees, directly west of the station seems to yield a very high percentage
of PM2.5 relative to PM10, meaning it is likely of biogenic origin and could be
related to open ocean nucleation and possibly coastal new particle formation
events. By contrast, the winter wind rose shows the highest PM2.5/PM10 ratios
from the southeast of the station, which other measurements concur is the
direction of the highest levels of anthropogenic pollution, and relatively low
PM2.5/PM10 ratios linked to high wind speeds from the north, which are indicative
of sea spray. This shows that in a coastal environment such as Malin Head or Mace
Head, the PM ratios can be influenced by other factors, and a high PM2.5/PM10 is

not necessarily the result of anthropogenic pollution.
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Figure 59 MLH PM2.5/PM10 ratio wind roses for summer and winter
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5.4 Effect of Covid-19 Pandemic on Regional Pollution

With the Covid-19 pandemic currently affecting the entire world, it has been
observed in other places such as China, Italy, and the USA that pollution levels have
dropped significantly as a result of less traffic and industry. Already the Irish EPA
has reported a 50% reduction in Nitrogen Dioxide (NOz), which is the primary
pollutant emitted by road traffic for Dublin after lockdown restrictions were put in
place according to a recent press release [EPA-Ireland, 2020b]. While these changes
are most visible in cities and highly industrial areas, this section will examine if
changes on a regional scale are detectable in Ireland. Black carbon measurements
were not widely available, therefore in order to do this, ozone (03) and PM
measurements from the three network stations in conjunction with available
ozone, PM10, PM2.5, and NO; data (downloaded from the European Environmental
Agency website [EEA, 2020]) from ten other sites across the country operated by
the Irish Environmental Protection Agency will be analysed for the lockdown period
from 28 March-19 May 2020, as well as pre-lockdown (January-February 2020) and
compared to the same time periods of the previous three years. To account for
meteorology and seasonal cycles, the average of three previous years of data will

be used to assess changes.
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5.4.1 Observations

Ozone is a harmful secondary pollutant formed by photolysis of vehicular emissions
of Nitric Oxide (NO) and Nitrogen Dioxide (NOz), collectively known as NO, and
Volatile Organic Compounds (VOCs), and so may be affected by a reduction in these
pollutants. It is being measured at the rural sites Mace Head, Malin Head, Carnsore
Point, Valentia, and Monaghan, as well as suburban background sites of Bray,
Castlebar, Cork Bishopstown, Kilkenny, Laois, and Clonskeagh (Dublin). Cork City

and Rathmines (Dublin) are classed as urban traffic sites.

Looking at the differences between 2020 ozone concentrations and the previous 3-
year average, some interesting patterns emerge. As shown in the time series in
Figures 61-62, areas considered suburban background experienced a slight increase
in ozone occurs during lockdown in May, on average 13.7% (a two-tailed t-test
showed a significant p value of 0.03), and seemingly higher the closer a site is to
traffic emissions. In rural areas there is an average 5.6% decrease in ozone during
the same time period, which the two-tailed t-test did not prove as significant, with
a p value of 0.16. The two urban traffic sites in Cork City and Rathmines (Dublin)
showed no clear pattern relating to lockdown. By comparison, ozone was slightly
higher than previous years in February (before lockdown), an average of 7.46%
across all sites. The boxplots in Figure 63 illustrate typical examples of rural and
suburban sites and show that there is no obvious upward or downward trend in
ozone over the years. Boxplots for the other stations can be found on page 184 in

Appendix C.

It is noteworthy that at both suburban background and rural sites, the average
monthly ozone is lower than the previous years’ average for the entire period after
lockdown, with sharp increases toward the beginning of October when another
lockdown came into effect. Plotting the ozone percent change by latitude showed
no obvious relationship and is therefore not shown here. The main factor
influencing whether or not ozone increased or decreased at a particular site

appears to be its proximity to traffic, and hence NOx emissions.

One possible reason for the sudden increase in ozone in the suburban areas could

be what has become known as the “weekend effect,” described by [Atkinson-
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Palombo et al., 2006] and references therein. This, as the name suggests, mainly
occurs on weekends in suburban areas, when ozone increases as a result of fewer
NOx emissions, and possibly more sunlight from lower BC levels, associated with
traffic. Especially the amount of ozone titration through NO would have an effect if

the NOy concentrations are reduced.

As ozone formation in rural areas is more dependent on VOC concentrations than
on NOy, the reduction in ozone is more difficult to explain. As discussed by [Kroll et
al., 2020] there is a complex and non-linear chemistry involved, which depends on
the types of VOC’s and their ratio to NOy, that determines whether ozone or
secondary organic aerosol (SOA) is formed. Without more detailed measurements
of VOCs, it is impossible to determine if the amount was reduced or increased due
to anthropogenic emissions (less traffic, more cleaning agents), or if this affected

the ratio to NOy in such a way that SOA formation increased.
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Figure 61 Suburban Background Ozone
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Mace Head Monthly Ozone Clonskeagh Monthly Ozone
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Figure 63 Comparison of rural (Mace Head) and suburban (Clonskeagh) ozone
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Figure 64 Percent change in ozone between 2020 and the average of 2017-2019

Nitrogen dioxide (NO;) is primarily emitted by vehicles, and therefore a key
indicator of traffic related changes in pollution. It is measured at five of the sites
that also measure ozone, only one of which is rural. The below comparison with
ozone shows that the rural site (Monaghan) has significantly lower NO; levels than
the other stations, although its ozone levels are about the same as the others.
Monaghan differed from the other rural sites in that it experienced a 1.88%

increase in ozone during the lockdown period. The reduction in NO; as a result of
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lockdown is clearly visible in Figure 65, especially in the urban area of Rathmines,
which likely experienced the greatest decrease in vehicle emissions. Seasonality is

accounted for by comparing to the previous three-year average.
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Figure 65 NO,and Ozone daily averages comparison
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NO, Percent Change 2020 Compared to 2017-2019 Average
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Figure 66 Percent change in NO,compared 2017-2019. Pre-lockdown is 1 Jan-28 Feb, Lockdown is 28 Mar-19
May.

There are five Dublin sites measuring NO (but not O3), which were included here
for comparison. Dun Laoghaire and Swords are background suburban sites, whereas
Dublin Ringsend, Woodquay, and Fingal are categorized as urban traffic. As the
chart above shows, all stations had lower levels of NOz in 2020 than in previous
years, however the difference increased everywhere except Kilkenny during the
lockdown period. The heaviest traffic area of Dublin Woodquay is associated with
the largest decrease (60.6%) compared to the previous years’ average, and the
average decrease over all Dublin sites was 50.7%, consistent with the EPA’s report
[EPA-Ireland, 2020b]. NO, concentration depends largely on emissions, chemistry,
and meteorology, and the largest source of emissions, traffic, had not changed
compared to previous years, meaning that the reduction is likely due to changes in
meteorology, which will be looked at in more detail later. The following boxplots for
Dublin Woodquay and Kilkenny indicate that there was no visible upward or
downward trend in previous years, and this holds true for all sites (boxplots pages
185-187 Appendix C). The plots below reflect this as well, with Kilkenny being the
only station to show a net increase in NO; during the lockdown. The reason for
Kilkenny exhibiting a different pattern than the other stations is likely local or

regional influences such as agricultural activity.
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Dublin Woodquay Monthly NO2 Kilkenny Monthly NO2
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Figure 67 NO; Boxplots for Dublin Woodquay and Kilkenny
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Figure 68 Suburban background (and Monaghan rural) NO, comparison 2020 to average of 2017-2019
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Figure 69 Urban NO; comparison 2020 to average of 2017-2019
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Figure 70 Box plot of PM10 at suburban site Phoenix Park (Dublin)

Although most of the sites do have some available PM10 measurements, only seven
of them had consistent enough data sets to complete this analysis. These were
Dublin Ringsend, Rathmines, Inchicore, Ballyfermot, Phoenix Park, Cork City, and
Castlebar. Only four sites measure PM2.5, all of them urban traffic apart from Malin
Head, yet due to insufficient data an analysis could not be conducted. When
comparing the 2020 PM10 measurements from the stations to the average of 2017-
2019, PM10 did not change considerably before or during lockdown, and there was
no consistent pattern in the percent change. This is likely due to the complex nature
of PM, which has many sources and varied composition. The boxplots show only
April 2019 being anomalously high compared to other years, which is reflected
across all stations (boxplots page 187 Appendix C). As shown by [Coleman et al.,
2020], wind speeds in the months of January and February were higher than the
2016-2019 average for those months, and may have caused dispersion of PM
leading to lower concentrations in most areas, whereas there was less precipitation
in the months after lockdown began which could mean fewer particles were
washed out. Castlebar on the west coast of Ireland may have experienced increased
sea salt as a result of the higher wind speeds. The composition of aerosols will vary

by season and type of site, i.e. Malin Head PM10 is largely made-up of sea salt, as
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previously shown in the mass closure experiment, but other factors such as an
increase in home heating and decrease in road traffic due to lockdown could have

resulted in similar levels of PM from different sources than usual.

As the Malin Head Fidas instrument has the ability to measure different PM size
categories simultaneously, these data were further evaluated, and showed there
were some clear changes after the lockdown comes into effect in Ireland. The time
series below shows a distinct reduction in the signal variability of PM1 and PM2.5
after lockdown begins (the average standard deviation for PM1 before lockdown
was 1.00 and after lockdown 0.36, for PM2.5 before lockdown 1.60 and after
lockdown 0.57), which could be related to less local traffic that would otherwise
produce BC and road dust in the area. PM10 by comparison seems relatively
unchanged with an average standard deviation of 1.05 before and 1.08 after
lockdown, and with Malin Head being a coastal station, the sea salt component of

these coarse particles would not be expected to change.
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Figure 71 MLH Fidas PM hourly rolling time series on left axis with standard deviation in lighter colour on right
axis (green dashed line denotes beginning of lockdown in Ireland)

Meteorology can affect all of the above species, so this was evaluated compared to
previous years as well. The most noteworthy changes in 2020 were the
aforementioned windspeed and precipitation, although the wind roses also show a
slight shift in wind direction to the southwest in January and February, which may
have had the effect of bringing more Atlantic background air to Dublin than
continental air from the south. Higher wind speed would lead to greater dispersion
in urban areas, not only of PM, but also NO;, and could be a factor in the lower NO;
concentrations before lockdown, as shown for example by [Dragomir et al., 2015] .
Solar radiation remained similar to previous years before lockdown, but was

somewhat higher in April and May of 2020, which could affect ozone chemistry.
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Figure 72 Dublin airport wind roses, scale is 0-30 knots for speed, colours represent frequency of occurrence.
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5.4.2 Comparison to Literature

To put all of these results into perspective, it is informative to look at related
measurements and studies. While a plethora of new literature showing reduced
emissions in various parts of the world has emerged in the wake of the pandemic,
here the focus will be on two articles which are most relevant to the observations in

Ireland.

A recent study by [Lee et al., 2020] examined in-situ measurements at over 150
monitoring stations across the UK. Using the same methodology applied here of
comparing 2020 values to the previous 3 years, they were able to show an average
11% rise in ozone in urban background areas of the UK after lockdown came into
effect. They also found a slight increasing trend in ozone over multiple years. Solar
radiation plays a major role in ozone formation, and the UK study demonstrated
that the southern regions which had more sunlight and warmer temperatures
during this period experienced greater increases in ozone compared to Scotland

and Northern Ireland.

The increase in ozone in the suburban background sites of 13.7% in Ireland agrees
well with the UK study by Lee et al., however no upward trend could be discerned
over time, with the more rural stations actually trending slightly downward. There
was also no correlation between latitude and ozone concentration. These
differences are likely due to fewer stations in Ireland with a shorter timeframe of

measurements.

III

[Menut et al., 2020] performed a modelling study comparing “business as usua
emissions to estimated reduced emissions based on how many fewer vehicles were
on the road, and calculated that for Ireland this would result in a 2.7% reduction in
ozone in urban areas, and a 2.34% reduction in ozone in rural areas. They also
predicted a 37.3% and 29.5% decrease in NO; in urban and rural areas respectively.

PM2.5 was expected to be 11.1% (urban) and 11.7% (rural) lower in Ireland.
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Comparing the results from that study to the observations in Ireland, the average
rural decrease of 5.6% in ozone is slightly higher than predicted for Ireland by
Menut et al., yet close enough to be within the margin of error. While there was a
short-term increase in suburban background ozone in May after the lockdown
began, for the most part ozone did decrease in Ireland both in rural and suburban
areas compared to previous years, though the percentage varies depending on the
site’s proximity to traffic. The NO; predictions of the reduced emissions modelling
scenario match very closely with the observations for both rural and urban
environments, however the PM2.5 did not reduce as predicted, indicating some

other source of PM not related to traffic.
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5.4.3 Comparison to Satellite
Satellite images from NASA’s Aura/OMI

(https://so02.gsfc.nasa.gov/no2/no2 index.html) during the lockdown period

between 28 March and 19 May 2020 also show reductions in NO, compared to
previous years of about 27% (£13% over the time period) overall in Dublin. This is
less than the average decrease in NO; of 50.7% (+6.2% of the site averages)
measured in-situ across all the Dublin sites, likely due to the satellite comparison
covering a larger time scale for previous years (2015-2019), and possible
inaccuracies due to grid resolution. The image below is only a representative
sample as it is part of an animated time series. The satellite analysis is focused on
Dublin; however, the maps do show the entire country. Here it is noteworthy that
areas such as Kilkenny seem to have slightly higher than usual NO, concentrations,
which is consistent with in-situ measurements from that station. According to
[Duffy et al., 2020], transport made up 40.6% of the national total NOx in Ireland,
but agriculture accounted for 32.4% of NOx emissions. As Kilkenny is located in a
largely agricultural part of Ireland, it is likely that the 4% increase in NO2 compared

to previous years is related to that.

Dublin Apr 13, 2020 Apr 13, Baseline (2015-2019) 2020 minus Baseline
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Image Credit: NASA

Figure 74 NASA Aura/OMI NO2 column images over Ireland

130


https://so2.gsfc.nasa.gov/no2/no2_index.html

5. Local, Regional, and Transboundary Influences

5.4.4 Comparison to Emission Inventory

While NO; was greatly reduced in most places as a result of less vehicular traffic
during lockdown, O3 appears to have remained fairly constant before and after
lockdown, as the daily averages show it to be well within the range of northern
hemisphere background concentrations reported by [Vingarzan, 2004] of 20-45 ppb
at all stations, even accounting for the springtime high. Apart from a brief increase
in suburban areas compared to previous years from a possible “weekend effect”
after lockdown, O3 was generally lower in 2020 than before. Ozone concentration
depends on a number of factors, with both natural and anthropogenic sources. Its
longer lifetime of about 20 days in the troposphere allows it to be transported over

long distances, which is why there is a fairly constant background level.

The production and loss of ozone depends mainly on meteorology and the ratio of
VOC/NOx. This relationship is often depicted in the form of an ozone isopleth
diagram (see page 183, Appendix C), as explained by [Division on Earth and Life et
al., 2000], with NOx on the y-axis and VOCs on the x-axis, and lines of constant value
of ozone (isopleths) plotted as the maximum resulting from the different
combinations of NOx and VOCs. A diagonal line from the origin at bottom left to top
right on these charts is representative of the 8:1 ratio of VOC/NOy, and anything to
the right of this line is considered NOx limited (characteristic of rural or suburban
areas, where a reduction in NOx results in lower ozone), whereas to the left is VOC
limited (in highly polluted inner cities, where in order to reduce ozone, VOCs must
be reduced). Due to the curvature of the isopleths, it is possible in a VOC limited
environment for ozone to actually increase when NOy is lowered, until the ratio
crosses to the other side of the ridge line which results in reduced ozone. This also

is part of the “weekend effect” in urban areas.

VOCs are a broad category of chemical compounds, many of which come from
natural sources such as trees. Without measurements of these compounds, it is
impossible to know how the concentrations and composition have changed, thus
affecting the VOC/NOx ratio. The Informative Inventory Report for Ireland [Duffy et
al., 2020] estimates only 4% of total VOCs are related to transport. This is a very

small amount compared to the over 40% of NOy attributed to transport, and so it is
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likely that the reduction in NO; would result in a higher VOC/NOx ratio after
lockdown, creating a more NOy limited environment which would account for the

somewhat lower O3 levels in 2020.
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Figure 75 NOx and VOC contributions by sector from Informative Inventory Report 2020 (Duffy et al. 2020)

The Map€Eire.dk (https://projects.au.dk/mapeire/spatial-results/) website depicts

the Irish emissions inventory according to major sources by species on a spatial
resolution of 1 x 1km. The maps below show NOy and VOC emissions from 2015
across Ireland for comparison. As NOy is heavily associated with transport, roads
and urban areas stand out. VOCs are largely associated with agriculture and
industry, covering rural areas of the country, with increases in urban areas related
to road use and solvents. Comparing the colour scales for the two maps shows that
VOCs are considerably higher than NOy, even in urban areas. Although these are
only estimates, and the inventory is from 2015, this gives the impression that
Ireland, with the exception of some very highly trafficked areas, is NOyxlimited, and
would explain why the model study by Menut et al. predicted a decrease in ozone

for urban areas.
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Figure 76 Spatially resolved NOx and VOC emissions for Ireland based on 2015 Inventory from MapEire.dk

The European Environmental Agency (EEA) has created a tracker system online at

https://www.eea.europa.eu/themes/air/air-quality-and-covid19 where the levels of

PM2.5 and PM10 can be observed on a weekly and monthly basis by country and
city. On this website they note that PM2.5 has not visibly reduced across much of
Europe, due to its more varied sources, including agricultural ammonia, which
would not have been reduced due to Covid-19 restrictions. Home heating had also
not significantly declined during this period, according to the Irish EPA, likely due to
people spending more time in their homes. As the most recent Informative
Inventory Report for Ireland [Duffy et al., 2020] shows, transport made up only
8.7% of the total PM10 in 2018, and 13.8% of PM2.5, making it unlikely that a

reduction in traffic would have a significant impact on these measurements.

Indeed, the Irish measurements of PM10 and PM2.5 do not appear to be greatly
impacted by the lockdown. The percent increase/decrease was within a the
standard deviation of the mean both at rural and urban sites. Even so, small
changes were observed in PM1 at the rural sites. These could be related to other
sources, i.e. what would normally have been traffic related might now be the result

of increased home heating. The composition of PM is also very site dependent, as
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the coastal sites would be heavily influenced by sea salt as shown in the mass

closure experiment.
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Figure 77 PM10 and PM2.5 contributions by sector from Informative Inventory Report 2020 (Duffy et al. 2020)
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5.4.5 Impact of Traffic
The Traffic Infrastructure Ireland (TIl) website

(https://www.nratrafficdata.ie/c2/gmapbasic.asp?sgid=ZvyVmXU8jBt9PJESc7UXt6)

tracks the number and type of vehicles for thousands of locations across Ireland.
When comparing various sites before and after lockdown, there is a roughly 50-60%
reduction in the daily amount of traffic, mainly related to passenger vehicles. This
can be seen in the plots below for the Dublin site nearest to Rathmines, where
previously a daily maximum of 900 vehicles were counted, and after lockdown
there were around 300 vehicles during the same late afternoon peak between
15:00-17:00, as well as a rural area such as Monaghan that previously had about
350 vehicles at the peak afternoon traffic and went down to 170 during the same
period after lockdown. The level of NO; reduction is directly linked to the amount
of traffic, due to its shorter lifetime and higher concentrations closer to the source.
Other TII sites around Dublin are located on very busy motorways, such as the M50,
where there were over 10,000 vehicles/hour prior to lockdown, specifically on the
section leading to the airport, and traffic was reduced to just over 3,000 vehicles
during the same time of day after lockdown. Monaghan on the other hand does not
appear to be influenced by traffic emissions, as seen in the time series plot
comparing Oz and NO; at the stations. Of all the rural stations, it was the only one
to show a slight (1.88%) net increase in O3 during lockdown, small enough and
within the margin of error to be considered no change, and NO, remained constant

throughout.

Further analysis of the data showed that the Dublin site, in addition to experiencing
a 60% reduction in passenger vehicles, also had the same decrease in light goods
vehicles, buses, and heavy goods vehicles. Monaghan had a 50% decrease in
passenger vehicles, yet the number of LGVs, buses, and HGVs did not decrease. As
these types of vehicles tend to emit more pollutants, this is a possible reason that

there is no visible change in NO; levels measured at that station after lockdown.
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6. Modelling

This chapter will describe on-going model related activities and present the initial
findings. The first part will link model forecasts to the Covid-19 observations in the
previous chapter, followed by a model validation section that explores possible
reasons for the differences between models and measurements, also with an in-
depth description of the models. The third section lays the groundwork for future

inverse modelling by developing a method of data preparation.

6.1 Impact of Covid-19 Restrictions on Model Predictions

The previous chapter examined the impact of Covid-19 lockdown on in-situ
observations, so in continuation of this, here the outcomes of model forecasts for
this time period will be evaluated. NUIG’s StreamAir application, which runs the
WRF-Chem v4.15 forecast model (explained in more detail in section 6.2 with
specifications listed in Table 16), has been collecting model outputs for several of
the stations with real-time observations of ozone, nitrogen dioxide, PM10, and
PM2.5, allowing for a comparison of model to measurements during different
phases of lockdown. The model is running with “business as usual” emissions based
on the TNO MACC lll inventory (http://macc.copernicus-atmosphere.eu), and a
reduction in emissions in measurements should lead to changes in the ratio
between measurements and model. Additionally, data from the online Copernicus
Atmospheric Monitoring System (CAMS) model, which runs a “lockdown” scenario

with reduced emissions will be evaluated.

6.1.1 Comparison to NUIG StreamAir Model

There were no significant changes to the ratios of measurement/model PM10 and
PM2.5, and a reduction in the NO; ratio in Cork city during lockdown, which is
consistent with the results of the previous chapter where PM10 concentrations did
not change compared to previous years and NO; was reduced by 26% in urban
areas (see plots page 188 in Appendix C). The model predicts PM10 levels fairly
accurately, and tends to under-predict NO;, confirming that PM10 levels have likely
not changed during the lockdown period, whereas NO; in the urban environment of

Cork has decreased and now matches the model forecast more closely. Ballyfermot
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is classified as a suburban background station, but the grid resolution of the model
covers a larger area making the changes less evident. PM2.5 exhibits a slight
reduction in the measured/modelled ratios after the full lockdown ends, although

the ratios remain close to 1, as the model does predict the concentrations well.

Ozone measured/modelled ratios resulted in some unexpected changes during
lockdown, which are more difficult to explain. The boxplot below shows the
measured/modelled ratio of ozone for the various lockdown stages, and for all sites
it can be seen that the ratio increases during the full lockdown. The previous
section discussed how this is possible in urban/suburban areas due to the
“weekend effect,” however the rural stations tended to have the same, if not lower
ozone compared to previous years. Oddly, the model begins to under-predict ozone
at the remote sites about two weeks after full lockdown comes into effect (see plot

page 189 in Appendix C).

This may be related to the proximity of the model boundaries to the stations,
where the amount of initial pollutants is being fed into the model. Ozone also has a
very complex chemistry in the atmosphere, with factors such as temperature, rate
constants, and the disaggregation of volatile organic compounds within the model
making it difficult to determine exactly what is affecting the model forecasts.
Instead, in section 6.2 black carbon will be evaluated, as it is a non-reactive primary
pollutant and its transport and deposition are better understood, allowing for focus

on model inputs.
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Figure 80 Measured/Modelled Ozone Ratios

6.1.2 Comparison to CAMS model

MacelHead

Malin Head

In order to see what changes occur in a model when reduced emissions are applied

with all other inputs remaining the same, another model was examined. The

Copernicus Atmospheric Monitoring Service [CAMS, 2020] has set up a webpage in

support of the Covid-19 crisis, which includes a reduced emissions scenario of one

of their forecast models for Europe. The chemistry transport model CHIMERE is

being run by the French INERIS (Institut national de I'environnement industriel et

des risques) since March with a “business as usual” and “lockdown scenario”

emissions simulation based on country and sector specific reductions calculated by

the Barcelona Supercomputing Center (BSC, Spain). CHIMERE is one of nine models

in the CAMS Ensemble, which produces hourly air quality forecasts over Europe

using the median values of all the models. Compared to the Ensemble forecast,

CHIMERE tends to predict slightly higher ozone, but performs well in depicting

regional distribution. The model is run on a spatial resolution of 0.1° on a domain

covering 25W/30N/45E/72N with 9 vertical levels from the surface to 5000m. All

CAMS models are routinely validated against in-situ and satellite observations,

making them among the most accurate in the world.

Looking at the differences in ozone between the two CHIMERE scenarios for

Carnsore Point, Mace Head, Malin Head, and Dublin over the lockdown period, a

similar trend can be seen as in the previous chapter, where ozone does slightly

increase in Dublin and decreases at the remote sites in the reduced emission
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scenario. Due to difficulty in obtaining raw data, these ozone concentrations are
estimates from a colour scale £10ug/m3, and are not sufficiently accurate to
compare to observations, however the models appear to predict ozone more
accurately in urban areas closer to emissions sources than at the rural stations,
where measured ozone is consistently higher than the forecast. Due to grid
resolution, model forecasts in urban areas will be closer to urban background levels
such as a park or residential neighbourhood. The grid resolution may also impact

the rural stations diluting the amount of ozone present across a large area.

Models all have their limitations, and constant progress is being made in improving
them. This section was able to show that there were observable changes related to
emissions during lockdown in the models, which mirror those in the actual

observations. There are still unresolved issues in the NUIG model forecasts, and the

next section will examine possible reasons for these.
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6.2 Forecast Model Validation

One benefit of actual measurements is the ability to validate models. NUIG recently
launched its StreamAir application, using the WRF-Chem model version 4.15, with
the aim of providing real-time air quality forecasts for Ireland. Many people with
respiratory conditions such as asthma rely on these forecasts for health reasons, so
it is important they are as accurate as possible. This section will compare the model
output to the BC measurements at the stations. The process involved identifying
and correcting several errors, which improved model performance. Additionally it
was possible to obtain output data from a similarly configured slightly older WRF-
Chem version 3.8.1 model with higher grid resolution, operated as the ManUniCast

teaching tool (http://www.manunicast.com, also available as an iphone app and the

first of its kind in the UK) by the University of Manchester [Schultz et al., 2015], in
order to compare the performance of the two models using the same emissions
inventory for Ireland. A brief description of the emissions inventory and models

follows.

Input data for both WRF-Chem models come from TNO (Netherlands Organisation
for Applied Scientific Research), which are renowned for being among the best data
available globally from the emissions inventories of individual countries but are still
only estimates of emissions factors such as industry and transport with very high
uncertainties of up to 300% [Bond et al., 2013]. For Ireland, these estimates are
reported as an annual mean in accordance with the Convention for Long-Range
Transboundary Air Pollution (CLRTAP) and were most recently updated in 2019 as
1.66 Gg of total BC for 2017 according to the official reporting page at
https://webdab01.umweltbundesamt.at/ which also includes a break-down by
sector. As the availability of spatially resolved data for modelling is always
somewhat delayed, the 2011 emissions inventory is the most recent one available,
and thus being used in both models. A comparison of the 2017 to 2011 inventory

showed an approximately 26% reduction in BC in the 6-year period.

WRF-Chem is the Weather Research and Forecasting model coupled to Chemistry,
which is owned by the National Oceanic and Atmospheric Administration (NOAA)

and freely available online at https://ruc.noaa.gov/wrf/wrf-chem/ with all
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supporting documentation. It simulates the transport, mixing, and chemical
transformation of trace gases and aerosols together with meteorology. The model
parameters are defined in a NAMELIST file such as the ones in Appendix A and B for
NUIG and Manchester WRF-Chem respectively. The key differences between the
two models are summarized in Table 16 below, followed by domain maps for each

model.

Table 16 Differences between NUIG and Manchester University WRF-Chem models

NUIG Manchester
Model version 4,15 3.8.1
Coverage area Western Europe | Mainly UK and Ireland
Grid resolution 25000m x 12000m x 12000m
25000m
Vertical resolution 30 (40 inv4.15) 45
Chemical Boundary Conditions | CAMS ECMWF- | WACCM
IFS
Meteorological inputs ECMWEF NOAA GFS
Start hour 12:00 18:00
Interval seconds 10800 21600
Restart interval None 1440
Time step 120 60
Planetary boundary layer YSU PBL scheme | Mellor-Yamada-Janjic PBL
physics
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Figure 82 NUIG StreamAir and Manchester ManUniCast model domains (colour scheme in left image represents
altitude above sea level, grid system in right image is 4km horizontal)
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In the NUIG application, WRF-Chem runs on a 25km grid resolution covering most
of Europe, as far East as the Czech Republic and as far South as Gibraltar, and uses
the CRI (Common Representative Intermediates) mechanism coupled with the
MOSAIC (Model for Simulating Aerosol Interactions and Chemistry) aerosol scheme
and CAMS (Copernicus Atmospheric Monitoring Service) chemical boundary
conditions to predict BC, organic carbon, chlorine, sodium, ammonia, nitrate, and
sulfate in 8 size categories, as well as salt, NOy, ozone, SO,, PM10, and PM2.5 along
with a wide range of meteorological parameters at one hour intervals. The TNO
data are converted using a pre-processing algorithm similar to the one in [Tuccella
et al., 2012] which scales the annual emissions to monthly means and applies a
seasonal adjustment factor which varies from country to country by region. For
Ireland these scaling factors are displayed in Figure 83 below, and are the same for
PM10, PM2.5, and BC. These values were derived from a study by the University of
Stuttgart, Germany (IER) as part of the GENEMIS (Generation and Evaluation of
Emission data) project with the aim of providing more accurate seasonal variations
in models [Lenhart and Friedrich, 1995], and when applied to the 2017 BC emissions
in Ireland’s Informative Inventory Report 2019 [Duffy et al., 2019] do in fact show a
distinct seasonal cycle linked to residential heating as demonstrated in Figure 83.
The emissions categories are based on the EMEP/EEA Air Pollutant Emission
Guidebook’s Selected Nomenclature for Air Pollution (SNAP) as described by
[Kuenen et al., 2014] and shown in Table 17.

The same scaling factors are applied to Manchester’s TNO input, making it easier to
compare the models. Like NUIG, the Manchester model is also configured to use
the CRl and MOSAIC modules but obtains its chemical boundary conditions from
the Whole Atmosphere Community Climate Model (WACCM,

https://www?2.acom.ucar.edu/gcm/waccm), rather than CAMS. Meteorological inputs

for Manchester come from the NOAA GFS Global Forecasting System, whereas
NUIG uses the ECMWEF. While it uses a one-way nested domain structure for
weather forecasting, consisting of a 20km grid covering most of Europe and a 4 km
grid over the UK and Ireland, the air quality forecasts for Manchester are based on

a single domain of 12 km square grids covering the UK, Ireland, North Sea, and parts
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of France, the Netherlands, and Germany, which is nearly double the resolution of
the NUIG model over a smaller area. It also produces forecasts for 45 vertical levels,
compared to NUIG’s 40. The other major feature in which the models differ is the
planetary boundary layer conditions, with NUIG using the YSU PBL scheme and
Manchester the Mellor-Yamada-Janjic (MYJ) scheme. Some modifications were
made to the Manchester model by [Archer-Nicholls et al., 2014] which include
adding a reduced version of CRIv2-R5 using the Kinetic Pre-Processer (KPP)
interface, adding N,Os heterogeneous chemistry to the existing MOSAIC
framework, and allowing for primary organic aerosol to be included in sea-spray

aerosol.

WRF-Chem PM10 Scaling Factors
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Figure 83 WRF-Chem PM10 Monthly Scaling Factors for Ireland

Table 17 SNAP sectors according to Kuenen et al. 2014 with corresponding abbreviations for Fig 83

SNAP  Sector name

1 Energy industnes (pow)
2 Non-industrial combustion (res)
34 Industry (combustion + processes) (inc)
5 Extraction and distnbution of fossil fuels (exf)
6 Product use (pei)
7 Road transport (tra)

8 Non-road transport and other mobile sources (nrt)
5 Waste treatment (was)
T T . (agr)

(nat — natural)
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Reported BC with Scaling Factors for Ireland
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Figure 84 Seasonal variation of reported 2017 BC data with GENEMIS factors applied

As NUIG went through several iterations of WRF-Chem configuration, only limited
data are available for the stations. Meanwhile, at the same time that NUIG
switched to the newer WRF-Chem version 4.15 model, Manchester University
began collecting their model output data for the Irish stations. The results are
plotted below, showing that the NUIG model forecast for BC is consistently higher

than Manchester’s.
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NUIG and Manchester WRF-Chem BC Daily Averages and Ratios
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Figure 85 NUIG and Manchester WRF-Chem comparison

Looking at the wind speed and wind direction forecasts, both WRF-Chem models

match the actual measured wind direction very closely despite different

meteorological inputs, however the NUIG model tends to over-predict wind speed

by an average factor of 1.36, whereas the average ratio of Manchester to actual

wind speed is 0.98. A study by [Brunner et al., 2015] found in their model inter-
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comparison that the WRF-chem models tended to over-predict surface wind speed,
especially in coastal areas and at lower wind speeds. Higher model forecast wind
speeds would normally result in under-prediction of BC, as it would increase the
rate of dispersion and mixing, so it is unlikely that wind speed or direction are the
reason for the difference between the NUIG and Manchester models. Other
meteorological parameters such as relative humidity, temperature, and sea level
pressure matched well in both models and were consistent with actual surface
conditions at MHD, indicating that the choice of meteorological inputs did not

affect the output.

When comparing MHD measurements to both models, Manchester forecast BC is
on average 29% higher than the measured BC. Given that BC emissions have been
reduced by 26% between 2011 (the year of the model input inventory) and 2017,
and the possibility of further reductions in BC concentrations between 2017 and
2020, especially since Covid-19 lockdown restrictions may be affecting the
measurements now, this appears to be the most accurate possible forecast. NUIG’s
model, on the other hand, still forecasts an average 3.38 times the actual BC at
MHD during pollution events, almost as much as it did in the original model without
wet deposition. Comparing NUIG’s model to the measurements before the Covid-19
lockdown showed almost 1:1 agreement during periods of clean air, which
dominated during this time, but the forecast for the pollution event was again 3.4
times higher than measured. Even taking into account the reduction in emissions
over time, this level of over-prediction indicates that there is still an unresolved

issue affecting the BC forecasts in the NUIG model.
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MHD Wind Direction Comparison 01 Apr 2020-18 May 2020
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Figure 86 MHD wind direction (top) and wind speed (bottom) comparison with WRF-Chem models in hourly
averages
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Manchester WRF-Chem and MHD BC Daily Averages
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Figure 87 MHD BC compared to Manchester WRF-Chem (top) and NUIG WRF-Chem (bottom)
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Model resolution may be a factor, both horizontally and vertically, as Manchester
has a higher resolution than NUIG. However, studies such as [Aligo et al., 2009]
demonstrated that higher vertical resolution did not necessarily improve model
forecasts, particularly for rain, which is the major sink for BC in the atmosphere.
Indeed, it often caused the models to over-predict rain, which would lead to lower

levels of BC, and is contrary to what is seen in the case of MHD.

Forecasting the amount and frequency of precipitation is a challenge using models.
[Mooney et al., 2016] tested the influence of different land surface, radiation
physics, microphysics, and cumulus schemes on precipitation forecasts of WRF-
Chem models for the British Isles. They found that of these options, land surface
had the greatest impact, with the Noah scheme used by both NUIG and Manchester
showing the largest over-predictions of precipitation, particularly in the summer,
when convective activity is highest. The data available for comparison here are
from April 2020, during which time no convective activity occurred at MHD.
Comparing Manchester and NUIG rain forecasts to actual measurements, it is
evident that both models under-predict rainfall amount over 0.5mm, although they
tend to over-predict it at times when measured precipitation is less than that. The
models also over-predict the frequency and duration of rain events, which the NUIG
model does more often. While the comparison of precipitation forecasts to BC does
show a drop in BC concentrations after a rain event, it is possible that BC forecasts
are lower because of the wind direction, as both rain and clean air masses arrive
from the west at MHD. Given the limited time period available, and that it is only
for one coastal station, there is not enough information to draw conclusions from,

and further evaluation will be necessary.
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MHD Hourly Precipitation 01 Apr 2020-01 May 2020
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Figure 88 MHD hourly modelled and measured rainfall

A study by [Banks and Baldasano, 2016] examined how four different planetary
boundary level (PBL) schemes impacted air quality forecasts in Spain. Two of these,
the Yonsei University (YSU) and Mellor-Yamada-Janjic (MYJ) schemes are the ones
being used by NUIG and Manchester respectively. All four schemes predicted a
lower boundary layer than the lidar measured, and of the four, the YSU scheme was
the lowest with nearly 50% lower daytime maximum. The MYJ scheme fared only
slightly better. Under-predicting the boundary layer can significantly affect the
aerosol concentration forecasts, as they will be less diluted in a smaller area. The
study only examined ozone, NO2, and PM10 as air quality indicators, and found the
forecasts for PM10 to be least accurate when compared to measurements at urban,
suburban, and rural stations, though in this case the model under-predicted the
PM10 in every situation. Nevertheless, these results could be regionally dependent,
as [Hu et al., 2019] found the YSU scheme to outperform the MYJ scheme in

predicting the boundary layer for Dublin.
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Finally, the differences could well be related to the chemical boundary conditions
used in the two models. Both models use real-time chemical transport models as a
basis for their boundary conditions, as opposed to set values, which should lead to
improved model forecasts as indicated by [Akritidis et al., 2013]. The WACCM used
by Manchester produces forecasts every 6 hours and is driven by meteorological
fields from the NASA GMAO GEOS-5 model and include anthropogenic emissions
from the Community Emissions Data System (CEDS) inventory for the year 2014
[Hoesly et al., 2018], which are used for the most current CMIP6 (Coupled Model
Inter-comparison Project phase 6). These global files are gridded at 0.9x1.25

degrees with 88 levels (https://www.acom.ucar.edu/waccm/download.shtml).

NUIG is using the regional CAMS-IFS (Integrated Forecasting System) Reanalysis
dataset [/Inness et al., 2018], which is the latest version covering the years 2003-
2016 over Europe. It incorporates meteorological inputs from the ECMWF, as well
as the Carbon Bond 2005 (CB05) chemistry scheme from the Tracer Model 5 (TM5)
global chemistry transport model [Huijnen et al., 2010] in conjunction with satellite
data for NO,, ozone, and aerosol optical depth (AOD). It has an 80km horizontal
resolution and 3-hour temporal resolution, with 60 vertical levels. Anthropogenic
emissions for this model come from the MACCity inventory [Lamarque et al., 2010]
used in the older CMIP5. The major distinction between CEDS and MACCity is that
CEDS, in addition to better temporal resolution, is able to capture trends in fuel use,
technology, and emissions controls over time by matching default estimates to
specific inventories and scaling them to produce a consistent historical time series,
which also allows for extrapolation of data for more recent years where no

information is yet available.

As both WACCM (using the parameters described above) and CAMS (using an
ensemble of 9 regional models) offer online forecasting systems based on their
boundary conditions, a comparison was made between these two models for 17
April 2020, along with the corresponding outputs from ManUniCast and StreamAir.
On this day, the wind was predominantly from the southeast bringing BC to Mace
Head across Ireland from the southern UK and mainland Europe, and would

continue until 23 April, leading to the elevated BC concentrations measured at the
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station during that period. At 18:00 UTC on 17 April, the measured BC at MHD was
0.24pg/m3 with a daily average of 0.3ug/m3. As can be seen in the illustrations
below, both WACCM and CAMS predict similar patterns of elevated BC between
0.4-0.5pg/m?3 for WACCM and 0.5-0.7pg/m?3 for CAMS over Mace Head, which
translates into model outputs of between 0.5-0.7pg/m3 and 0.7-1pg/m?3 for
ManUniCast and StreamAir respectively when applying TNO emissions specific to

Ireland.

To investigate this further, the 14™ of May, a day with clean background air was
selected, when the dominant wind was from the north at MHD, and a HYSPLIT back
trajectory [Stein et al., 2015] showed the air mass had not crossed land in the
previous three days. On this day ManUniCast agreed with the actual measurements
of 0.05ug/m?3of BC at MHD, whereas the NUIG model predicted over 0.2ug/m3.The
CAMS model predicted about 0.5ug/m? at MHD that day, while WACCM forecast
about 0.02ug/m3. As indicated in a study by [Samaali et al., 2009], initial chemical
and lateral boundary conditions can have a profound impact on regional air quality
forecasts. The differences between the chemical boundary conditions may
therefore be the cause of the discrepancy between the two WRF-Chem models,
with WACCM being a global model applied to the small domain over Ireland and the
UK by ManUniCast and CAMS being a regional scale model for Europe, applied to an
almost identical domain in the NUIG model, where the lateral boundaries are much

closer to Ireland.
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CAMS BC Fossil Fuel Forecast
17 April 2020

bc_al at 992.5 hPa time 2020-04-17 18:00 (ppb)
70°N ! , , o
| ) I< <,
L LY
" K 20
60°N s - N 3
5
2
1
50°N 0.5
0.2
0.1
0.05
40°N 0.02
pa/im3
<4JEEESE T 40 T 30°N Lo
0 0.4 0.8 12 1.6 2.0 0° 20°E 40°E 60°E

Figure 89 CAMS (left) and WACCM (right) forecast model output for BC on 17 April 2020 (zoomed in over Europe
for WACCM)
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Figure 90 StreamAir (zoomed in over UK and Ireland) and ManUniCast BC forecast for 18:00 on 17 April 2020
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CAMS BC Fossil Fuel Forecast
14 May 2020
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Figure 91 CAMS (left) and WACCM (right) forecast model output for BC on 14 May 2020 (zoomed in over Europe
for WACCM)
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Figure 92 StreamAir (zoomed in over UK and Ireland) and ManUniCast BC forecast for 18:00 on 14 May 2020

Based on this model inter-comparison, it appears that the chemical boundary
conditions may be the primary cause of the discrepancies between the models, but
any of the other factors discussed could be acting either individually or in
combination to cause the differences in outputs. In order to isolate these factors,
further investigation in the form of sensitivity tests is required to optimize the NUIG
model and obtain the best possible air quality forecasts. The network and the
measurements it can provide is therefore essential not only to help validate
forecast predictions affecting air quality and climate but will eventually provide

valid data for more accurate emissions inventories.
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6.3 Preparation for Inverse Modelling

As shown previously in the section on transboundary pollution, one of the key
features of a network with stations along the borders of the country is the ability to
monitor incoming and outgoing pollution. Ideally, it would be possible to track this
pollution not only to a source region, but to very specific point sources. This will
require sophisticated models, which take the measured data from the stations as
inputs and calculate how much of a particular substance is coming from where—a
technique known as inverse modelling. It works backwards from the receptor point
using meteorological data and what is known about atmospheric chemistry to trace

the origin of the species of interest.

Inverse modelling has been used in a variety of ways to study trace gases and
aerosols in the atmosphere, and many different models exist already. A study by
[Alexe et al., 2015] compares four different inversion models using the same
emissions data for Europe, both bottom-up (emissions inventories) and top-down
(direct measurements). The four models used were TM5 [Meirink et al., 2008],
LMDZ [Hourdin et al., 2006], TM3 [Trusilova et al., 2010], and NAME-INV [Jones et
al., 2007]. Both TM5 and LMDZ used the 4DVAR (4 dimensional variability)
application to minimise a cost factor, and TM3 employed the STILT (Stochastic
Time-Inverted Lagrangian Transport Model) for finer scale resolution. NAME-INV
was run using meteorological data from the UK Met Office, unlike the other models
which used variations of the European Centre for Medium-range Weather Forecasts
(ECMWEF).

The study used two Lagrangian (NAME-INV and TM3-STILT) and two Eulerian
(LMDZ-4DVAR and TM5-4DVAR) models. Lagrangian models track a parcel of air
over a period of time, whereas Eulerian models iteratively model conditions at a set
location.

Apart from being completely different algorithms, the models differ in grid
resolution, vertical resolution, and meteorological inputs. While three out of the
four models use ECWMF based met data, the format and how it is applied varies for

each model.
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In this study the NAME model consistently reported lower emissions than the other
three models, but was closer to the IPCC estimates. This could be due to a different
meteorology input than the other models, or because NAME included oceans and
seas as potential sources, while the other models did not.

It is interesting to note that none of the models produced even remotely similar
results, even when run using identical data inputs, meaning that there are still too
many unknowns. The study concluded that a denser measurement network in
addition to improved models would be required in order to obtain more consistent

results.

Despite some model inconsistencies, the successful implementation of inverse
modelling using measured data of GHG emissions in the UK [Ganesan et al., 2015]
and Netherlands [Vermeulen et al., 1999] suggests that such an approach would be
applicable to Ireland as well. Using a similar inversion model such as the NILU
(Norsk Institutt for Luftforskning) Flexinvert [Thompson and Stohl, 2014; Thompson
et al., 2015] in conjunction with the measured data from ICOS is a viable option for
obtaining more accurate emissions estimates for Ireland. This is a simple box model
which determines source/receptor relationships (SSRs) based on concentration
changes at the receptor. Flexinvert has been tested against the results of
[Bergamaschi et al., 2015], and compared favourably [Thompson and Stohl, 2014],
as demonstrated in Table 19. Of course the model’s resolution depends on the
number of receptors, i.e. measurement stations, which implies that more stations
are needed for greater accuracy, however for a start it is possible to gain a greater

insight into Ireland’s GHG emissions using the three existing stations.
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Table 18 Thompson and Stohl (2014): Comparison of CH4 emissions (TgCH4 year-1) from this study with the
range of values from an inversion ensemble for 2006 and 2007 (Bergamaschi et al., 2014). The prior and
posterior emissions are shown from test S1 and include the 1SD prior and posterior uncertainties. NW Europe
includes the UK, Ireland, the BENELUX, France, and Germany. E Europe includes Hungary, Poland, Czech Rep.
and Slovakia, according to the definition of Bergamschi et al, 2014.

Prior Posterior Bergamaschi et al. {2014)
UK + Ireland 2664084 2412033 232457
BENELU* LIS+080 10904026 144220
France 4334137 314+042 202494
Germany 2224116 2484033 235351
NW Europe 1039+£417 0124134 8.13-1444
Hungary 037+062 050017 034073
Poland 2814+£105 2624038 1.34-287
Czech Republic + Slovakia  1.18+£094 127027 1.12-1.63
E Europe 436+£261 43040382 3.50-400
NW + E Furope 1475+417 1351+216 11.71-19.34

Already inverse modelling is being used as part of the IMPLICIt (IMProving inversion
model Capability in Ireland) project to obtain a national top-down emissions
inventory for greenhouse gases such as carbon dioxide and methane in Ireland, by
means of the FLEXINVERT model as described in [C O'Dowd et al., 2019]. In this
project, methane emissions sources (fluxes) were modelled based on
measurements from several European monitoring stations (receptors), including
Mace Head, Malin Head, and Carnsore Point for the year 2012. The results of using
the actual measurements were 30% higher than those predicted by the model using
a priori data from bottom-up estimates. Given its effectiveness so far, it is hoped
that this model can be applied to black carbon as well. Previous studies such as [P
Wang et al., 2016] have successfully used inverse modelling on BC data and found
the levels of it in China to be 1.8 times higher than predicted by bottom-up
estimates. These models perform best when supplied with large amounts of data
from multiple receptors (in this case monitoring stations), and the AC3 Network will

be able to provide these inputs.
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Figure 93 Schematic diagram of the FLEXINVERT system that combines observations, a priori and background
information and model sensitivities to provide CH4 surface flux estimates. Source: IMPLICIt Report, O’Dowd 2019
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Figure 94 Example of a plot of the EDGAR 1.0x1.0_NAT created using FLEXINVERT which includes both
anthropogenic and natural CH4 sources, over a wide domain (top) and zoomed into the European domain
(bottom). Source: IMPLICIt Report, O’'Dowd 2019

To maximise the capability of the network, modelling techniques will be used to
show how pollution is transported into and across the country from station to
station. The models currently available are still quite limited in their spatial
resolution, and thus require smooth datasets which do not include local sources or
“spikes,” which when averaged would give an inaccurate representation of the
actual regional influence. This is a complex task as previous studies have shown that
different methods and different control inputs can make a significant difference in

the outcome. Most of the studies to date have relied on daily or even monthly data
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as model inputs, however, this makes it impossible to see the daily variations in

certain species such as BC.

In preparation for modelling BC transport, a statistical algorithm using the standard
deviation of the background (SD) method described by [E/ Yazidi et al., 2018] has
been applied to some of the AE33 data from Malin Head, the station most affected
by local influences. It involves selecting a background mean of several hours or days
and removing data points that fall outside a set number of standard deviations of
this mean. This method has been proven to be most effective for spike removal of
local sources in other studies as well. As local spikes in BC are assumed to be short-
lived, the one-minute data from the instrument are used to conduct this analysis,
however, for future model inputs these data will be averaged to one hour to reduce
the volume of data and further smooth the input without sacrificing too much on
accuracy. The goal was to find the smoothest representation of regional
background concentrations without removing too many data points or actual valid
peaks not connected to local sources. This was done using Python Pandas to
generate a rolling mean of black carbon for a given time interval, and then filtering
out data which falls outside a set number of standard deviations of the mean. By
varying the time window and standard deviation inputs to the algorithm as shown
in Table 20, it was found that a three-day time window provided the best
estimation of the average regional background, with peaks above 2 standard
deviation of the background average excluded. This involved removing only 7% of
the data points, and cut out the most noise, whereas higher standard deviations
kept more of the extreme values, and longer time windows excluded what appear
to be valid data. The results of this are shown in the plots below for a period of
regional pollution in April 2018. The top plot uses a 3-day time window for the
background average, removing points greater than 2 standard deviation. By
contrast the bottom plot is of the same dataset using a one-week window and
eliminating points higher than 1 standard deviation. Note the difference
particularly around 4 and 9 April, where the second plot removes several points

that are part of a definite regional pattern. Although there are still a few smaller
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spikes in the one-minute data, these will be smoothed once the data are averaged

to one hour without causing a significant increase to the concentration.

El Yazidi et al. also applied the SD method to data between the first and third
quartile of their background averages (50% of data) and found it in their case to
yield even more accurate results. This was not the case when applied to the BC
data, as the background averages for any time window at the coastal station were
very low and the regional pollution exceeded three times the standard deviation of
the background, causing the algorithm to cut out the majority of data. This
experiment shows that the spike removal algorithm will vary not only by species,
but by station/location, and further fine-tuning of the models and algorithm on a

case by case basis in future will be necessary to achieve the most accurate results.

Table 19 Percentage of data points removed (%rem) and BC average (avg) by background time period and
standard deviation on MLH data from 4-11 April 2018

1 min avg 1 std dev 2 std dev 3 std dev

283 372 %rem | avg %rem | avg %rem | avg

1 day 16 2251235 | 6 245 +255 2.5 262 279
3 days 18.5 |194+180 |7 235 +238 3.3 254 +263
1 week 23 169149 | 8 228 £227 3.6 250 £255
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6. Modelling
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Figure 95 MLH spike removal example
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6. Modelling

MLH One Minute BC Spikes Removed
One Day Background Avg with 10 std dev of 50% of Data
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Figure 96 Spike removal using only data between the first and third quartile (50%) of a one-day time window
with 10SD from the mean

Applying the formula to an entire year of data, the results are as follows. The
algorithm seems to capture the most extreme spikes, only removing 4% of the data
(approx. 20,000 points), as well as highlighting periods of regional pollution. It will
be helpful to experiment with variations of the spike-removed data in the future
inverse models to see how they affect the outcome, and select the best method
based on that. As these models will be used to supply Irish emissions inventories, it
is critical that the results are as close to reality as possible, because they will form

the basis of important decisions regarding environmental and air quality policies.
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6. Modelling

MLH One Minute BC Spikes Removed
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Figure 97 One year of spike-removed data for Malin Head
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7. Conclusions and Future Work

7. Conclusions and Future Work

It was the purpose of this study to gain a better understanding of the nature and
sources of atmospheric aerosols in Ireland, using measurements from a newly
established network currently consisting of three coastal sites. This was
accomplished through analysis and inter-comparison of data from the same
instruments at different stations, as well as different instruments at the same
stations. The five main objectives outlined in the beginning have been met, and the

following conclusions can be drawn from the results of this work.

Black carbon at the stations is generally low, on average 500ng/m?3 annually for
Malin Head and Carnsore Point, reflecting regional pollution levels, and only around
100ng/m?3 at Mace Head due to the dominant air masses coming from the marine
sector. All stations had higher average BC during the winter months, most probably
as a result of home heating. The frequency distribution shows two distinct peaks at
each station, one for clean air and one for regional pollution, although in winter a
third peak emerges in the high pollution range, indicative of local influences. Wind
sector analysis shows that the largest amount of BC at Carnsore Point comes from
the east, even though the wind is only from that direction 13% of the time. At Malin
Head the wind is predominantly from the south/southeast, and the majority of BC
originates from this sector. Mace Head experiences the highest BC concentrations
(88%) from the inland direction, although the amount is only about half as much as

Carnsore Point receives from outside Ireland.

Brown carbon or biomass burning (BB) contribution is still not fully resolved,
however, based on the results of this study in which levoglucosan measurements
were compared to brown carbon from the aethalometer, it can be said that the
instrument default settings for a (1) and awb (2) are similar enough to those
derived from levoglucosan of at (1) and awb (2.2), and therefore adequate for
estimating the BB at the coastal stations. Substituting higher or lower values, such
as those used and recommended by previous studies of a:r (0.9) and awb (1.68)
resulted in unrealistic levels of BB, and until a better measurement technique is

developed, the aethalometer model will suffice. A positive matrix factorization

166



7. Conclusions and Future Work

(PMF) using levoglucosan measurements may help to find more exact and site-

specific values in the future.

Despite the uncertainty in BB contribution, trends are clearly visible over time, and

in summer the levels are nearly half those in the winter.

Transboundary pollution is evident not only from BC and BB but confirmed by
measurements from the other instruments as well. The Fidas and ACSM wind roses
show the highest levels of particulate originating outside of Ireland, especially in the
fine particle (PM2.5 or below) range. The presence of BC and BB, which are the

result of combustion, only proves that the sources are anthropogenic in nature.

Given that BC is an anthropogenic tracer, it is possible to examine periods of
“clean” air in its absence, and so high particle counts measured by the CPC in
summertime could be linked to tidal new particle formation events. In conjunction
with SMPS measurements, it was shown that these new particle bursts are often
captured by the CPC, but the particles do not always grow to a size detectable by

the SMPS, and even then, do not continue to grow.

Measurements from the EMEP campaign showed that organic carbon (OC)
constitutes approximately 80% of total carbon (TC) and is at least seven times
higher than elemental carbon (EC). This indicates that a large quantity of the
organics is comprised of secondary organic aerosol. As the MLH ACSM was
measuring PM2.5 while the CRP ACSM only measured PM1, Malin Head organics
were double those at Carnsore Point, and though this could be due to the generally
higher local pollution levels at that station, evidence from the measurements
suggests that a greater amount of organics fall into the PM2.5 and PM10 range than
was previously assumed. When testing various OM/OC ratios from previous studies
on the OC data from the EMEP campaign, it was found that only between 40-60% of
the total OM was made up of PM1 organics, when using OM/OC ratios of 1.59 and
2.1 for UCD and MHD. These ratios are higher than the commonly accepted OM/OC
ratio of 1.4, and the percentage of PM1 organics decreased as the ratios increased,
which implies previous studies have been underestimating the level of total
organics in the atmosphere. When the CRP total organics were calculated by
doubling the PM1 organics (assuming about 50% are greater than PM1 based on
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7. Conclusions and Future Work

the EMEP results), they constituted approximately 8% of total PM10 mass. This was
in agreement with the findings from other studies, which used OM/OC conversion

factors of 1.4 and 1.5 and could mean that CRP has a similar OM/OC ratio to Dublin
in the Fall/Winter. More data are necessary to determine the actual ratios, as these

can vary by season and be affected by factors such as plankton blooms.

The Fidas measurements showed a distinct bi-modal distribution between PM2.5
and PM10, particularly during the summer at Malin Head. When comparing the
ratios of PM2.5/PM10 by wind sector in the summer and winter, the results show
very high ratios in the summer, especially to the west of the station, which may be
linked to the new particle formation events occurring in the warmer months. Higher
wintertime ratios tend to be from the polluted sector in the southeast due to the
stronger local influence of home heating as is also indicated by the other

measurements at the station.

The lockdown resulting from the on-going Covid-19 pandemic appears to have an
impact on the regional pollution in Ireland. While PM10 and PM2.5 were largely
unaffected, PM1 at Malin Head exhibited a decrease in the signal variability as
evidenced by the reduced standard deviation of the mean, which could be related
to reduced local road traffic and dust. Although NO; was generally lower in 2020
compared to the previous years’ average, the difference increased after lockdown
came into effect, with an average 50% reduction across all Dublin sites. Kilkenny
was the notable exception with slightly higher NO; during lockdown, likely due to
agricultural activity. Comparing ozone at the stations to other sites within Ireland
showed that in suburban areas there was a 13.7% increase compared to the
previous three-year average, and a 5.6% decrease in rural areas. This change was
reflected in the CAMS model which simultaneously ran a business as usual and
reduced emissions scenario during this time period. Comparison to the NUIG
forecast model showed the model starting to under-predict ozone two weeks after
lockdown began at urban and rural sites alike, indicating that the reduction in
pollutants had enough of an impact on regional air masses to be reflected in the

model.
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7. Conclusions and Future Work

Although the data and analysis from this study have provided a solid foundation
and some insight into the nature of the atmospheric aerosols, while clearly showing
a transboundary contribution of pollution reaching Ireland from other countries,
much more needs to be done to understand the complexity of this topic, leaving
open several opportunities for future work. The comparison of measurements and
WRF-Chem forecasts identified and corrected some problems in the NUIG model
setup, resulting in improved model performance, but the differences are still not
completely resolved. Multiple years of data are required to accurately model the
atmosphere, and this network is contributing to that purpose as well by laying a

foundation for better emissions inventories.

The impact of the Covid-19 restrictions might also be looked into further, in order
to evaluate the possible environmental benefits of people working from home,
even after the pandemic ends, which would greatly reduce traffic and thus
pollution. If it could be shown to reduce costs for businesses and employees who
no longer need to provide office spaces or commute long distances, the impact on

daily life would be profound.

In addition to inverse modelling of black carbon to pinpoint the actual sources of
pollution, a positive matrix factorization (PMF) of the brown carbon with
levoglucosan should be conducted to determine more accurate alpha values. The
network will continue to expand and include other stations and more
instrumentation over time, including continuous measurements of ASCM data, and
instruments with the ability to measure isotopes, which will make it possible to
distinguish between natural and anthropogenic sources, providing a broader
overview of the atmospheric conditions in Ireland, and contributing to the global
measurements of the factors influencing the climate and establishing a long-term

record.
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Appendix A: NUIG WRF-chem NAMELIST

&time_control

run_days = 0,

run_hours = 96,
run_minutes = 0,
run_seconds = 0,

start_year = 2020

start_month = 04

start_day = 28

start_hour =12

start_minute = 00, 00, 00,
start_second = 00, 00, 00,
end_year = 2020

end_month =05

end_day = 04

end_hour =12

end_minute = 00, 00, 00,
end_second = 00, 00, 00,
interval_seconds = 10800
input_from_file = .true.,  .true., .true,,
history_interval = 60, 360 , 60,
frames_per_outfile = 1, 4, 4,
restart = false.,

restart_interval = 2880
frames_per_auxinput5 = 12,
auxinput5_interval_m = 60,60,6 O,
io_form_auxinput4 = 0
io_form_auxinput5 = 2

debug_level = 1500

/

&dfi_control

/

&domains

time_step = 120,
time_step_fract_num = 0,
time_step_fract_den = 1,
max_dom = 1

e_we = 157, 31, 46,

e_sn = 165, 22 , 28,

e_vert = 30, 30, 30,
num_metgrid_levels = 21,
num_metgrid_soil_levels = 4,
dx = 25000, 15000, 5000,
dy = 25000, 15000, 5000,
grid_id = 1, 2, 3,
parent_id= 1, 1, 2,
i_parent_start = 1, 6, 9,
j_parent_start = 1, 6, 6,
parent_grid_ratio = 1, 3, 3,
parent_time_step_ratio = 1, 3, 3,
feedback = 0, !
smooth_option = 0

/

sfcp_to_sfcp = true.
&physics

mp_physics = 2, 2, 2,
progn = 1, 1, 1,
ra_lw_physics = 1, 1, 1,
ra_sw_physics = 2, 2, 2,
radt = 4, 40, 40,

170



P
-

sf_sfclay_physics
sf_surface_physics
bl_pbl_physics
bldt =
cu_physics
cu_diag =
cudt
ishallow
isfflx
ifsnow
icloud = 1,
surface_input_source
num_soil_layers =
sf_urban_physics =
mp_zero_out =
mp_zero_out_thresh
maxiens = 1,
maxens
maxens2
maxens3
ensdim
cu_rad_feedback = .true.,
/
&fdda
/
&dynamics
rk_ord = 3
w_damping =
diff_opt = 1, 1,
4
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o
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o
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km_opt =
diff_6th_opt
diff_6th_factor = 0.12, 0 .12, 0.12,
base_temp = 290

damp_opt = 0,

zdamp = 5000., 5000., 5000.,
dampcoef = 0.01, 0 .01, 0.01
khdif = 0, O, 0,

kvdif = 0, O, 0,

non_hydrostatic = true., true., .true.,
moist_adv_opt
scalar_adv_opt
chem_adv_opt
tke_adv_opt
time_step_sound
h_mom_adv_order
v_mom_adv_order
h_sca_adv_order
v_sca_adv_order
/

&bdy_control
spec_bdy width = 5,

spec_zone = 1,

relax_zone = 4,

specified = true., false., .false.,
nested = false., .true., .true,,
/

&grib2

/

&namelist_quilt

nio_tasks_per_group =0,

nio_groups =1,

/

&chem

0]
WuwuhANNNN
WuwuhANNNDN
WuwuhrNNNN
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kemit =
chem_opt
bioemdt
photdt
chemdt

io_style_emissions

emiss_inpt_opt
emiss_opt
emiss_opt_vol
chem_in_opt
phot_opt =
gas_drydep_opt
aer_drydep_opt
bio_emiss_opt

aircraft_emiss_opt

ne_area =
depo_fact
dust_opt =
dmsemis_opt
seas_opt =
gas_bc_opt
gas_ic_opt
aer_bc_opt
aer_ic_opt
gaschem_onoff
aerchem_onoff
wetscav_onoff
cldchem_onoff
vertmix_onoff
chem_conv_tr
conv_tr_wetscav
conv_tr_aqgchem

biomass_burn_opt

plumerisefire_frq
have_bcs_chem
aer_ra_feedback
aer_op_opt
opt_pars_out
diagnostic_chem

chemdiag =1,
n205_hetchem =2,
ne_area =

/

&namelist_quilt

5,
15, 0,
5, 0,

TR
w

200,

A

250,

nio_tasks_per_group =0,

nio_groups =1,

/

601,

0,

0,

0,4,

2,

121,

20, 0, 0O,
0, O, 0,
0, 0, )
3,

1, 1, 1,
1, 1, 1,
1, O 0,
0, O, 0,
0.25,

0,

0, 1, 1,
0, 1, 1,
0, 1, 1,
0, 1, 1,
1, 1, 1,
1, 1, 1,
1, O, 0,
1, O, 0,
1, 1, 1,
1, O, 0,
1, O, 0,
1, O, 0,
0, O, 0,
120, 30 , 30,
true,,

1,

0,

0,

0

’

false., .false.,

172



Appendix B: Manchester University WRF-Chem NAMELIST

&time_control

run_days = 0,

run_hours = 0,
run_minutes = 0,
run_seconds = 0,
start_year = 2020,
start_month = 04,
start_day = 28,

start_hour = 18,
start_minute = 00,
start_second = 00,
end_year = 2020,
end_month = 05,
end_day = 01,

end_hour= 00,
end_minute = 00,
end_second = 00,
interval_seconds = 21600,
input_from_file = .true.,
fine_input_stream = 0,
history_interval = 60,
frames_per_outfile = 1,
restart = false.,
restart_interval = 1440,
io_form_history = 2,
io_form_restart = 2,
io_form_input = 2,
"io_form_auxinput2 =2" ,
io_form_boundary = 2,

"met_em.d<domain>.<date>",
auxinput4_inname "wrflowinp_d<domain>",
auxinput4_interval 360,

auxinput5_interval = 60,

frames_per_auxinput5
io_form_auxinput2 =
io_form_auxinput4 =
io_form_auxinput5 =
io_form_auxinput6 =
io_form_auxinput7 =
io_form_auxinput8 =
iofields_filename = '‘add_remove_var.txt',
ignore_iofields_warning = false.,
debug_level = 0,

/

&domains

time_step = 60,
time_step_fract_num
time_step_fract_den
max_dom = 1,

s_we = 1,

s_sn = 1,

e_we = 131,

e_sn = 131,

e vert = 45,

p_top_requested = 5000,
num_metgrid_levels = 32,
num_metgrid_soil_levels = 4,
dx = 12000,

dy = 12000,

grid_id 1,

auxinputl_inname

cooNNMNI

non
LS
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parent_id= 0,
i_parent_start =
j_parent_start =
parent_grid_ratio =

parent_time_step_ratio

feedback = 1,
smooth_option =
interp_type =
t_extrap_type =
force_sfc_in_vinterp

use_levels_below_ground

use_surface =
lagrange_order =
sfcp_to_sfcp =
/
&physics
mp_physics
progn =
ra_lw_physics =
ra_sw_physics
radt =
sf_sfclay_physics
sf_surface_physics =
bl_pbl_physics
bldt =
cu_physics
cugd_avedx
cudt =
isfflx
ifsnow
icloud =
surface_input_source
num_soil_layers =
sf_urban_physics =
mp_zero_out =
mp_zero_out_thresh
maxiens = 1,
maxens
maxens2
maxens3 = 16,

o

[T, ]

o

I
=

=

non
ww

ensdim = 144,

cu_rad_feedback =
sst_update =
sst_skin = 1
usemonalb
tmn_update
/

&fdda

/
&dynamics
rk_ord =
w_damping
diff_opt
km_opt
diff_6th_opt
diff_6th_factor =
base_temp =
damp_opt =

I
T I TINY

zdamp = 5000.

dampcoef
khdif
kvdif
non_hydrostatic

n
ool

Ll

NP o

true.,
1,
.true,,

N A

true.,,
1,

true.,

0,
0.12,
290

0.01,

true.,

true.,

1.00E-12
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moist_adv_opt
scalar_adv_opt
chem_adv_opt
tke_adv_opt
time_step_sound

h_mom_adv_order=

v_mom_adv_order

h_sca_adv_order
v_sca_adv_order
/

&bdy_control
spec_bdy_width
spec_zone
relax_zone
specified =
nested =

/

&grib2

/

&namelist_quilt

nio_tasks_per_group =0,

nio_groups =1,
/

&chem

kemit =
chem_opt
bioemdt
photdt
chemdt

io_style_emissions =

emiss_inpt_opt
emiss_opt
emiss_opt_vol
chem_in_opt
phot_opt =
gas_drydep_opt
aer_drydep_opt
bio_emiss_opt
gas_bc_opt
gas_ic_opt
aer_bc_opt
aer_ic_opt
gaschem_onoff
aerchem_onoff
wetscav_onoff
cldchem_onoff
vertmix_onoff
chem_conv_tr
seas_opt =
dust_opt =
dmsemis_opt

noNI

biomass_burn_opt =

have_bcs_chem
aer_ra_feedback
chemdiag=
n205_hetchem

/

TRl

WuUuwuhsANNNMNN

601,

121,
20,

-
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Appendix C: Supplementary Material

ICOS station classification taken from the Atmospheric Station Specifications v1.1

Category Gases, continuous Gases, periodical Meteorology, continuous Eddy Fluxes
Class 1 * (03, CH4, CO : at each * COz, CHg, N20, 5F¢, CO,  + Air temperature,
sampling height H3,13C and 120 in CO2: relative humidity, wind
Mandatory weekly sampled at direction, wind speed:
parameters highest sampling at highest and lowest
height sampling height*
* 14C (radiocarbon + Atmospheric Pressure
integrated samples): at
highest sampling ¢ Planetary Boundary
height Layer Height**
Class 2 # COz, CH4: at each + Air temperature,
sampling height relative humidity, wind
Mandatory direction, wind speed:
parameters at highest and lowest
sampling height*
* Atmospheric Pressure
Recommended « 222Rn, N20, 02/Nz + CHy stable isotopes, ¢ COz: atone
parameters*** ratio 0z/Nzratio for Class 1 sampling

stations: weekly height
* CO for Class 2 stations sampled at highest

sampling height

*  Atmospheric temperature and relative humidity recommended at all sampling heights

** Only required for continental stations.

#* Recommended for its scientific value but support from ATC in terms of protocols, data base, spare analyzer will not be ensured as long
as the parameters are not mandatory.

Current ICOS compliance status of Irish stations

Station Gas Flask Temp. Press. RH Wind Wind Dir. PBL Class
Analyser Sampling Speed

MHD Picarro X PRT pt100 | Vaisala Vaisala A100L2 W200P Vaisala 1
G2301 ° PTB 220 HMP 45D ° ° CL31 X
[ ] [ ] [ ) [ ]

CRP Picarro N/A Rotronic Young Rotronic Gill Gill N/A
G1301 MP402H 61302 MP402H Windsonic | Windsonic
[ ] [ ] [ ] [ ) [ ] [ ]

MLH Picarro N/A PRT pt100 | Vaisala Vaisala A100L2 W200P N/A 2
G2401 ° PTB 220 HMP 45D ° ° °
[ ] [ ] [ )

X Not ICOS compliant ® ICOS Compliant
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Optical attenuation: ATN = —100 «In(I /1) Ip = reference signal;
I = spot signal
Flow: Fipn=Foue*(1—-2) F,.: = measured flow

{ = leakage factor

. . 5+(AATN/100 ,
Attenuation coefficient: barn = % S = spot area; t = time
in
. . b . .
Absorption coefficient: baps = "T"‘ C = multiple scattering parameter
(Weingartner et al. 2003)
. b . .
Black carbon concentration: BC = :—’” Oqir = Inass absorption cross-section
air
Loading effect compensation: BC = BCpeasured/ (1 — k * ATN)
k = compensation parameter
S+(AATN, /100
Final equation: BC = H(AATH,/109)

T F(1-{)a g4+ Ce(1—k+ATN, JsAL

AE33 equations, taken from AE33UsersManual_Rev154.pdf
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TEOM flow diagram taken from Thermo Fisher Scientific 2016 TEOM Operating Manual, illustrating the relative
simplicity of this instrument.
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AE33 Biomass Burning formula:

babs_low_WB = (babs_low-((lambda_low/lambda_high)*-alpha_TR)*babs_high) /
(1-((lambda_low/lambda_high)”-alpha_TR) / ((lambda_low/lambda_high)A-
alpha_WB))

babs_low_TR = babs_low - babs_low_WB

babs_high_TR = babs_high - babs_low_WB / ((lambda_low/lambda_high)A-
alpha_WB)

babs_high_WB = babs_high - babs_high_TR

BC_TR_ratio_high = babs_high TR / babs_high

BC_high = babs_high / MAC_high

BCTR = BC_high * BC_TR_ratio_high

BCWB = BC_high — BCTR

BC_WB_ratio=(1-BC_TR_ratio_high)*100

The variable inputs are:

babs_low=BC2 (450nm or lower wavelength) * 14.54 (MAC for lower wavelength)
babs_hi= BC7 (950nm or higher wavelength) * 7.19 (MAC for higher wavelength)
alphaTR= alpha for fossil fuel/traffic component

alphaWB= alpha for wood/biomass burning component

lambda_low=the lower wavelength used in calculation, ie. 450nm
lambda_hi=the upper wavelength used in calculation, ie. 950nm

MAC= mass absorption cross-section, wavelength dependent

The output gives the BCTR (traffic) and BCWB (wood burning) components in ng/m?3
as well as the percent BB (BC_WB_ratio).
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MLH FIDAS PM2.5 vs PM10 01 Jun 2018-31 Aug 2018 Summer

. R’ = 0678
p=0.0
slope = 1.303
offset = 0.729

Ch 4.8.1 MLH Fidas PM10 vs PM2.5 Summer
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Cork City Monthly NO2
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Measured/Modelled PM2.5 Ratio
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Appendix D: Course List

GS505 Graduate Research Skills

GS506 Teaching and Learning

GS509 Participation in Workshops/Courses
GS511 Research Placement

GS530 Graduate Research and Information Skills

GS057 Statistical Methods for Research
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