Variations of the chemical
characteristics and source regions of
aerosols at the Cape Point GAW

station

Thesis presented for the degree of Master of Science
In the Department of Oceanography

University of Cape Town

By: Kurt Spence
Student number: SPNKUR0O1
Supervisor: Dr Katye Altieri

Co-supervisor: Casper Labuschagne (SAWS)



The copyright of this thesis vests in the author. No
guotation from it or information derived from it is to be
published without full acknowledgement of the source.
The thesis is to be used for private study or non-
commercial research purposes only.

Published by the University of Cape Town (UCT) in terms
of the non-exclusive license granted to UCT by the author.



Table of Contents
Plagiarism declaration
Abstract
1. Introduction and literature review
1.1 Introduction
1.1.1 Aims and objectives
1.1.2 Thesis overview
1.2 Anthropogenic impacts on the global nitrogen cycle
1.2.1 Ammonium in the marine atmosphere
1.2.2 Nitrate in the marine atmosphere
1.3 Aerosol impacts on climate, visibility, and health
1.4 Aerosols impacting a coastal region
1.4.1 Anthropogenic and marine sulfur sources
1.4.2 Other inorganic aerosol ions
1.5 AEROCE and other tower sites
2. Methods
2.1 Study site
2.2 Aerosol collection

2.2.1 Tall-tower PMyg

2.2.2 Ground-based, size-segregated cascade impactor

2.2.3 Field blanks
2.3 Aerosol chemical composition analysis
2.3.1 Aerosol extraction
2.3.2 Ammonium colorimetric method
2.3.3 lon chromatography
2.3.4 Aerosol concentration calculations
2.4 HYSPLIT air mass back trajectory

2.5 Auxiliary data from the GAW station

10

10

11

14

14

16

16

17

18

19

19

20

21

21

23

23



2.5.1 Radon (???Rn)
2.5.2 Temperature, barometric pressure, and relative humidity
2.6 Sector-controller
3. Results
3.1 Atmospheric conditions
3.2 Aerosol major ion concentrations
3.2.1 Tall-tower PMyo
3.2.1.1 Non-sector-controlled
3.2.1.2 Sector-controlled
3.2.2 Ground-based high volume air sampler
3.2.2.1 Non-sector-controlled
3.2.2.2 Sector-controlled
3.3 Air mass history
4. Discussion and conclusion
4.1 Comparison of tall-tower and ground-level aerosol collection systems
4.2 Evaluation of the sector-controller
4.2.1 Impact on sampled air masses
4.2.2 Comparison of sector- and non-sector aerosol chemical composition
4.3 Characterizing aerosol chemical composition
4.4 Comparison to other coastal and open ocean studies
4.5 Conclusions
Acknowledgments
References

Appendix

23

24

24

25

25

27

27

29

30

30

33

35

36

44

44

52

52

55

55

57

60

61

62

72



Plagiarism declaration

Declaration

| know that plagiarism is wrong. Plagiarism is to use another’s work and pretend that it is one’s

own.

| have used the Harvard convention for citation and referencing. Each contribution to, and
quotation in this essay/report/project from the work(s) of other people has been attributed, and

has been cited and referenced.

This essay/report/project is my own work.

| have not allowed, and will not allow, anyone to copy my work with the intention of passing it off

as his or her own work.

Signature Date 12/01/2022

Note that agreement to this statement did not exonerate you from the University’s plagiarism

rules (http://www.uct.ac.za/uct/policies/plagiarism_students.pdf)


http://www.uct.ac.za/uct/policies/plagiarism_students.pdf

Abstract

Nitrogen is an essential component for life. The natural nitrogen cycle has been greatly disturbed
by the production of fertilizer and use of fossil fuels, such that it has doubled the amount of
reactive nitrogen (Nr) produced globally. Excessive additions of Nr to the environment can have
negative effects, including eutrophication, loss of biodiversity, enhanced greenhouse gas
emissions, acidification, increased tropospheric ozone, and damage to human health. Excess
ammonia (NHs3) and nitrogen oxide (NO,) emissions lead to increased aerosol loading via
secondary aerosol formation processes. Increased aerosol loading has impacts on the climate and
on human health. Furthermore, the aerosols formed from Nr from continental sources can get
deposited to the open ocean, which is usually nitrogen limited. Knowing the concentrations of
different aerosol species from a pollution free environment, such as the remote open ocean, can
give insights into the natural preindustrial conditions and be used as a baseline for looking into
the impacts of anthropogenic activities. This thesis focuses on establishing the Cape Point Global
Atmosphere Watch (GAW) station as a site for collecting aerosol samples from pristine marine air
masses. The use of a tower site allows for high temporal resolution sampling across multiple
seasons and years, which is logistically difficult when relying on ship-based sampling of pristine
marine environments. Results are presented from the chemical composition analysis of aerosols
sampled at the Cape Point GAW station, including comparisons of two different aerosol sampling
systems (tall-tower PMjo and ground-based size-segregated). Furthermore, the installation and
testing of a sector-controlled sampling system designed to reduce continental influence on
samples is evaluated. Air mass back trajectories and radon (?22Rn) concentrations were used to
classify the air masses of each aerosol sample as either marine, modified marine, or continental.
We found that continental samples had elevated concentrations of NHs*, NO3’, and non-sea-salt
S0.%, whereas the marine samples had elevated concentrations of Cl, and Na*, as expected. A
comparison of the tall-tower PMio and ground-based size-segregated sampling systems showed
that the ground-based sampler measured higher concentrations of coarse mode aerosols. This is
attributed to the settling of large aerosols within the long sampling intake tube from the tower
sampling system. The sector-controlled sampling system based on wind speed and direction was
able to remove some of the influence of continental air masses, however some continental
influence could not be avoided as the continental air masses circulated over the ocean before
being sampled from the marine sector. This system could be improved by having additional cut-
off limits defined for sampling, such as particle number, black carbon, or carbon monoxide (CO)

concentrations.



1. Introduction and literature review

1.1 Introduction

Aerosols can have large impacts on climate through direct and indirect effects. Aerosols have a
direct impact on the radiative forcing of the atmosphere as they scatter and absorb incoming solar
and infrared radiation (Figure 1.1). They also act as cloud condensation nuclei (CCN) and have an
indirect effect on radiative forcing by influencing cloud droplet size distribution, cloud albedo, and
lifetime (Penner et al., 2001; Cavalli, 2004). Aerosols in remote regions have little to no influence
from anthropogenic activities, and in a study that aimed to identify clean regions of the
atmosphere, most of the pristine regions that Hamilton et al., 2014 found were in the southern
hemisphere and over the ocean. Pristine areas can be used as a proxy for preindustrial times and
provide information on the natural aerosol levels (Hamilton et al., 2014). These areas can be used
to monitor the extent to which anthropogenic activities have altered the natural systems and be

used to predict how further changes will impact ecosystems in different climate projections.

Natural and anthropogenic reactive nitrogen (Nr) aerosols get deposited to the ocean surface and
can influence the biogeochemistry of the surface ocean. If the original source of the Nr aerosols
being deposited onto the surface ocean is from terrestrial origin, it represents a source of new Nr
to the system and can be expected to rise in the future (Duce et al., 2008). If the original source
of Nr aerosols is from the ocean, then the Nr is cycling between the ocean and the atmosphere

and would not be expected to rise in the future.



Figure 1.1: Primary and secondary aerosol formation processes over the open ocean, and subsequent

atmospheric processing and radiative impacts (Bréviére & SOLAS Scientific Steering Committee (eds.), 2016).

1.1.1 Aims and objectives

The primary objective of this thesis was to establish the Cape Point GAW station as a reliable field
site to collect and study clean marine aerosols that originate in the remote atmosphere of the
Southern Ocean. This thesis focuses on the inorganic aerosol composition, and in particular
nitrogen-containing aerosols due to their biogeochemical and climate relevance, as well as
potential for complex mixed sources and chemistry in polluted coastal regions. In order to address

this objective, the aims of the thesis were to:

1) Compare existing tall-tower and newly installed ground-level aerosol collection systems at the
GAW station.

2) Install and test a sector-controller for excluding pollution episodes from aerosol collection at
the GAW station.

3) Characterize aerosol chemical composition as a function of aerosol size, atmospheric source

region, and season.



1.1.2 Thesis overview
Aerosol sizes, composition and concentrations vary depending on the source, with coastal
aerosols having features of both terrestrial and marine sources, which are quite distinct. In this
thesis, the Cape Point Global Atmosphere Watch (GAW) Station is used to study aerosols in air
masses passing over both the pristine Southern Ocean and anthropogenic pollution from the city
of Cape Town. During the sampling campaign two different sampling systems, tall-tower, and
ground-level, were compared and a system to exclude sampling from continental air masses was

installed and tested.

The rest of Chapter 1 is a review of the relevant literature on the perturbations of the global
nitrogen cycle, the unique features of coastal aerosols, and a description of tower sampling as a
research tool in marine atmospheric chemistry. In the methods section (Chapter 2), the study site
is described first, followed by the procedure for sample collection, sample extraction and
concentration determination. Specific details are given for the two sampling systems and different
methods for concentration determination. The process for air mass back trajectory determination
is explained, followed by the usefulness of different auxiliary data provided by the GAW station.
The final section of the methods describes the sector-controller that shuts off the sampling system
when the wind direction is from the land. In the results section (Chapter 3), the general
atmospheric conditions are described for the time period of the sampling campaign. The aerosol
concentrations from the two different sampling systems are presented, focusing on seasonal
changes as well as sector-controlled and non-sector-controlled data. The results section also
presents the data based on air mass history. In the discussion and conclusion section (Chapter 4),
the two sampling systems are compared with the tall-tower system seemingly under sampling the
coarse mode fraction of the aerosols. The effectiveness of the sector-controlled sampling system
is then presented, with it being evident that some continental air masses circulate over the ocean
before being sampled. The chemical composition of the aerosols are then characterized with air
mass history showing a clear relationship between the concentrations of aerosol species and their

source regions.



1.2 Anthropogenic impacts on the global nitrogen cycle

Nitrogen is an essential element for life. It is the most abundant major essential element, but it is
generally the least readily available. This is because over 99% of nitrogen exists as N, a very stable
triple bonded molecule, which is unusable by over 99% of living organisms (Galloway et al., 2003).
The breaking of this triple bond has significant energy requirements and converts N, unreactive
nitrogen, to reactive nitrogen (Nr) species, this only happens in high-temperature environments
or by specialized nitrogen fixing microorganisms (Duce et al., 2008). Nr species are nitrogen
compounds that are biologically, photochemically or radiatively active, and include nitrate (NOs’),
nitrite (NOy’), nitrous oxide (N,0), ammonium (NH;*), ammonia (NH3) and organic nitrogen species
(e.g., amino acids, alkylnitrates) (Karl & Michaels, 2001; Galloway et al., 2003; Voss & Hietanen,
2013). There is a natural balance between the creation of Nr, through lightning and biological
nitrogen fixation (BNF), and the removal of Nr, through the conversion of Nr to N; via the microbial
processes of denitrification and anammox. This balance prevents the accumulation of Nr over
long-term time-scales, which causes Nr to often be the limiting factor for primary production
(Galloway et al., 2003; Gruber & Galloway, 2008). Due to the generally low concentration of Nr,
natural processes have adapted to use Nr efficiently and there is a symbiotic relationship between

animals, plants, and soil life allowing for increased biodiversity (Galloway et al., 2014).

The nitrogen cycle is the systematic transformation between different forms of nitrogen as it
moves through different environments and is processed by different organisms (Karl & Michaels,
2001). Nitrogen can transform between organic and inorganic forms as well as reduced and
oxidized forms as it is affected by different processes. The nitrogen cycle is interconnected
between the different Earth systems and there are constant fluxes between them, for example
nitrogen species can exchange between the atmosphere and the surface ocean through either gas
fluxes, dry deposition, or wet deposition. The nitrogen cycle is also interconnected to the
phosphorus and carbon cycle, via the creation of organic matter and its remineralization (Karl &

Michaels, 2001).

The biologically limiting nature of Nr also influenced the growth of the human population. Humans
needed Nr to fertilize the crops they were growing to feed the population. At first renewable
sources were used, such as manure and the promotion of BNF through the cultivation of legumes.
Then turning to non-renewable sources such as the naturally built up reserves of guano and
saltpetre (Galloway et al., 2014). The human population continued to grow and the global demand
for food was higher than the natural and cultivation-induced BNF (C-BNF) supply. This led to the

creation of artificial processes, such as the Haber-Bosch process, to create Nr. The Haber-Bosch



process produces NHs by reacting atmospheric N, with hydrogen in the presence of iron in a high
temperature environment (Erisman et al., 2008). During this period there was also a rise in the
use of fossil fuels to power the industrial revolution. The increased use of the Haber-Bosch process
and increased use of fossil fuels, both of which produce Nr and CO,, has caused a dramaticincrease
in the production of Nr (Galloway et al., 2003). From 1850 to present there has been a rapid
increase in human population, along with increased Nr creation per-capita as lifestyles shifted to
use more energy and consume more animal products (Galloway, 1998). Approximately half of the
human population is currently fed with crops grown using nitrogen fertilizers created with the
Haber-Bosch process (Erisman et al., 2008). Consequently, the total anthropogenic production of
Nr has increased more than 10 fold from 15 Tg N year?in 1860 to 165 Tg N year in 2000 (Galloway
et al., 2003; Gruber & Galloway, 2008). The additional anthropogenic Nr that is added to the

environment has doubled the cycling of nitrogen on the planet (Fowler et al., 2013).

The natural nitrogen cycle has been greatly perturbed by the additional Nr added to the
environment, which can offset the balance of N, fixation and denitrification and lead to the
accumulation of Nr in ecosystems, with implications for biogeochemical cycling (e.g., changes in
nutrient limitation) and climate (e.g., N2O emissions). If an ecosystem is removed from Nr
limitation, primary productivity can increase, which will use additional carbon, phosphorus, and
other nutrients. This will affect both the carbon and phosphorus cycles, including the exchange of
CO; between the surface ocean and the atmosphere, impacting climate (Karl & Michaels, 2001).
The additional Nr added to the earth system has substantial consequences for the health of both
the environment and humans (Galloway et al., 2014), some of which include, eutrophication of
ecosystems, global acidification (lithosphere, atmosphere, and hydrosphere), production of
aerosols, production of tropospheric ozone (through reactions between NOy and volatile organic
compounds) and loss of stratospheric ozone (through a reaction between chlorine and bromide,
which is catalysed by nitric oxide (NO, produced through the decomposition of N,0)) (Wolfe &
Patz, 2002; Galloway et al., 2003). These can have direct impacts on human health as well as
indirect impacts through alterations of global climate. Nr is rapidly spreading throughout the
environment due to efficient atmospheric and hydrological transport processes and its ability to
easily transform into various Nr species. This leads to an effect known as the nitrogen cascade,
whereby one molecule of a Nr species can have numerous effects on multiple systems as it passes
through them and is altered by them (Galloway, 1998). For example, a molecule of NO, released
from fossil fuel combustion into the atmosphere, can produce photochemical smog, and increase
ozone concentrations. That molecule can then be oxidized to nitric acid and increase precipitation

acidity and then be deposited terrestrially, which can cause acidification and eutrophication in the



ecosystem. It could then be discharged into the hydrological system and increase water acidity
and cause eutrophication. The Nr molecule could then be converted to N,O and emitted to the
atmosphere, increasing greenhouse gas concentrations and decreasing stratospheric ozone
(Galloway et al., 2003; Gruber & Galloway, 2008). After the Nr is released into the environment
the initial source becomes irrelevant as the Nr can rapidly convert to different species and cascade
through ecosystems, with the only stopping point being when the Nr is converted back to N; via

denitrification (Galloway et al., 2003).

The majority of anthropogenically created Nr that reaches the oceans is deposited into coastal
areas through riverine input (Jickells et al., 2017). In moderation, additional Nr can increase algal
growth and increase the production of harvestable fish (Nixon, 1988; Richardson & Jgrgensen,
1996). In excess, additional Nr can cause eutrophication and an increase in hypoxia/anoxia
(Galloway et al., 2003; Voss & Hietanen, 2013). The vast majority of the Nr added to coastal
systems gets converted to N, through microbial denitrification, with a fraction being converted to
N,O and NO (Seitzinger & Kroeze, 1998). Very little of the Nr added to the coastal area is
transported across the continental shelf to the open ocean, so the majority of anthropogenically

created Nr that reaches the open ocean is through atmospheric deposition.

In the oceans Nr is generally a limiting factor on productivity and it has an uneven distribution in
surface waters. The surface concentrations of Nr are generally low in mid latitude waters and high
in the high latitudes, along the equator, and near the coast (Figure 1.2) (Sigman & Hain, 2012).
The variations in concentrations are a result of the supply and demand of Nr, with either
insufficient supply of Nr (mid latitudes), a strong supply of Nr (upwelling along the equator and
western continental boundaries, terrestrial outflows along the coast), or other limiting factors
reducing demand for Nr (iron and light limitations in the high latitudes) (Sigman & Hain, 2012;
Fowler et al., 2013). The open ocean receives a smaller portion of anthropogenic created Nr than
the coastal areas, but it can be significant due to the very low concentrations found in the open
ocean surface (Galloway, 1998; Galloway et al., 2003). AlImost all the Nr added to the open ocean
though atmospheric deposition will be assimilated into organic matter. The majority of this will be
decomposed in deep water, but some can be emitted to the atmosphere, either after it has been

denitrified or in a reactive form such as NHs (Galloway et al., 1995).



Figure 1.2: Composite maps of the satellite-derived chlorophyll (panels a and b) and ship-sampled
nitrate (dominant form of Nr, panels c and d) for the global oceans. Left panels show northern

hemisphere summer and right shows southern hemisphere summer (Sigman & Hain, 2012).

1.2.1 Ammonium in the marine atmosphere
NHs is the dominant alkaline gas in the atmosphere, and it readily reacts to neutralize sulfate,
nitrate and other acidic gases (Wentworth et al., 2016). This forms NHs* aerosols such as
ammonium nitrate (NHzNOs), ammonium bisulfate ((NH4)HSO4) and ammonium sulfate
((NH4)2S04). NH3 is emitted to the atmosphere through both natural and anthropogenic activities,
with emissions from anthropogenic activities having risen dramatically over the past century (and
they are predicted to continue to rise) (Duce et al., 2008). Although most anthropogenic emissions
are terrestrial, the atmosphere is efficient at transporting gases and aerosols, so these can easily
reach the open ocean. Natural terrestrial emissions of NH3 can also be transported to the open
ocean, although they represent a much smaller fraction of the total. The oceans can also be a
source of NHs to the atmosphere due to outgassing. The strength of this source depends on several
factors including the concentration gradient between the atmosphere and the surface ocean, sea
surface temperature, pH and salinity, which influence the outgassing rate of NHs from the ocean
(Paulot et al., 2015; Altieri, Fawcett & Hastings, 2021). The concentration of NH4* in the surface
ocean is dependent on several processes that can either increase the concentration, such as N»
fixation, ammonification and grazing of phytoplankton by zooplankton (through excretion,
egestion, and messy feeding (Steinberg & Saba, 2008)), or decrease the concentration, such as
nitrification and assimilation into organic matter (Karl & Michaels, 2001). After the conversion
from NH; to NH,* in the atmosphere, the aerosol is usually deposited through wet and/or dry

deposition.



The net flux of NH3 has changed from an ocean-to-land flux in preindustrial times to a land-to-
ocean flux due to anthropogenic influences (Galloway et al., 2008). The flux between the
atmosphere and the ocean varies greatly, with the high latitude oceans having a negative NHjs flux
and a positive NHs flux in the low latitude oceans due to the temperature dependence of the flux
(Johnson & Bell, 2008). The emissions, deposition, and the air-sea flux of NHs all have large
uncertainties, but nitrogen isotopes of NH." have been used to identify if the aerosol is of
terrestrial or oceanic origin, which can help constrain some uncertainties (Jickells et al., 2003;
Johnson & Bell, 2008). However, Altieri et al., (2014) did not find a clear correlation between the
isotopic ratios of NH,* in rainwater, in the island of Bermuda, with the origin of the air mass
(terrestrial or marine) and they conclude that the ocean is an important source for atmospheric
NH4* throughout the year. There is a large range in the estimates of anthropogenic NH;* deposition
to the open ocean (50-87.5%, Galloway et al., 1995; Duce et al., 2008), this shows the high level
of uncertainties and the need to better understand the natural oceanic source to predict how

human caused perturbations will influence the system.

1.2.2 Nitrate in the marine atmosphere
Atmospheric nitrate (NOs’) is produced from the oxidation of nitrogen oxides (NOx = NO + NO,)
and has impacts on air quality and the climate, through the contribution to atmospheric
particulate matter and the radiative heat budget (Park & Kim, 2005; Boucher et al., 2013). Nitrate
in the atmosphere is acidic, usually found in the form of nitric acid (HNOs), which is readily
neutralized by NH; gas to form fine mode aerosol NH4NOs. As the air mass moves away from its
sources the concentrations of HNO; and NHs drop, then the NH;NOs can dissociate (Allen, Harrison
& Erisman, 1989). If this occurs near the coast, then the HNOs can react with sea salt aerosols to
form coarse mode NaNOs; (Pakkanen, 1996). The combustion of fossil fuels is the primary emission
source of NOy, and anthropogenic activities have dramatically increased its emission and the
subsequent NOs deposition has also increased (Galloway et al., 2003). Natural NO, emission
sources include biomass burning (Finlayson-Pitts & Pitts, 2000), lightning (Schumann & Huntrieser,
2007), and soil processes (Davidson & Kingerlee, 1997). The emissions of alkyl nitrates from the
surface ocean have also been proposed as a source of NOy to the marine atmosphere in remote
regions (Kamezaki et al., 2019). The South Atlantic and Southern Ocean will primarily contain NOs
aerosols produced through natural sources of NO, and the aerosols from these regions can be
used as proxy for the preindustrial atmosphere, which can be used to understand anthropogenic

perturbations to the system (Hamilton et al., 2014).



1.3 Aerosol impacts on climate, visibility, and health

Aerosols can have large impacts on climate through direct and indirect effects. The aerosols over
the ocean can have a large impact on climate effects because they can form clouds which are
effective reflecting layers above the dark ocean (Charlson, Lovelockt & Warren, 1987; O’Dowd et
al., 2014). The emissions of certain aerosols can lead to increased concentrations of ozone and

enhance the greenhouse potential of the atmosphere (Galloway et al., 2003).

Aerosols in polluted areas have high concentrations and can influence visibility and health. High
concentrations of aerosols will decrease atmospheric visibility, contributing to regional haze
(Galloway et al., 2003). Increases in aerosol concentrations will also increase the concentrations
of fine particulate matter in the atmosphere (Park & Kim, 2005). Increases in ozone concentrations
and fine particulate matter have serious impacts on human health (Pope et al., 1995). Particulate
air pollution has been linked with serious respiratory infection and illness, and cardiopulmonary

and lung cancer (Pope et al., 1995; Follett & Hatfield, 2001).

1.4 Aerosols impacting a coastal region

Coastal areas can be influenced by both polluted air masses coming from cities as well as pristine
air masses coming from open ocean. This allows a unique sampling region where important
features of multiple sources can be observed. Coastal aerosol sampling allows for unique
observations as it can give insight into the natural production, concentrations, and composition of
marine aerosols. It can also provide insight into the impact of continental and anthropogenic
aerosol sources that are moving off the land and over the ocean, which may be deposited to the
marine environment. Coastal sampling can provide improved temporal sampling of marine air
masses as it is accessible year round, which can support ship borne measurements that have lower
sampling frequency. This sampling may be subject to coastal influences, such as enhanced aerosol
production due to higher biological activity depending on the region. Rinaldi et al., (2009)
compared simultaneous coastal and open ocean sampling of the same region and found that both
had similar mass size distributions of the main aerosol chemical components and very similar
relative chemical composition. The only local coastal influence that Rinaldi et al., (2009) found was
elevated nucleation mode concentrations at the coastal site compared to the open ocean. This
points to a coastal source of new particles that is not representative of the open ocean, however
due to the negligible contribution of this size class to the total mass of aerosols, this does not

influence the aerosol chemical composition (Rinaldi et al., 2009).

Regional climate and air quality models struggle to simulate coastal areas due to the mixing of

emission types (e.g., dust, urban pollutants, and ocean emissions) (Paton-Walsh et al., 2018) and



complex meteorology (e.g., land-sea breezes) (Freeman et al., 2017), and model evaluation is
limited due to a lack of observational data sets and difficulty in retrieving satellite images in cloudy
coastal areas (Seinfeld et al., 2016). Urban regions are typically associated with high aerosol
concentrations and poor air quality due to anthropogenic emissions of aerosols and their
precursor gases (Monks et al., 2009). Marine regions are known to have emissions of sea spray,
halogens, NHs, and reduced sulfur species, and are the largest source of natural aerosols globally
(Saltzman, 2009). The air quality and climate impacts of aerosols in coastal cities are difficult to
predict due to the complex mixing of these anthropogenic and ocean emissions (Paton-walsh et

al., 2017).

1.4.1 Anthropogenic and marine sulfur sources
Sulfate aerosols are one of the most abundant particles within the marine atmosphere and are a
considerable source of cloud condensation nuclei. The precursor to sulfate (5S04*) aerosols formed
in the atmosphere is sulfur dioxide (SO) (Saltzman, 2009). SO, is emitted from anthropogenic
activities, such as fossil fuel combustion, coal power plants, domestic burning and industry, as well
as natural sources, such as volcanoes and oceanic emissions of dimethyl sulfide (DMS). DMS is
produced through biological activity in the oceans surface and is emitted to the atmosphere. Once
DMS is in the atmosphere it is oxidized, usually by OH, and can produce a variety of products such
as SO,, dimethyl sulfoxide, dimethyl sulfone, and methanesulfonic acid (Saltzman, 2009). SO, gas
undergoes oxidation in the atmosphere by OH, with O, and H,0, to form SO,%. Sulfate contributes
to the acidity of marine aerosols but is neutralized by NHs, to form (NH4),SO4 or (NH4)HSO,
aerosols, if NH; is present. Sulfate aerosols that form from gaseous precursors are termed non-
sea-salt sulfate, whereas sulfate aerosols that form directly from sea water, due to sea spray or
bubble bursting, are termed sea-salt sulfate (Figure 1.1). Sea-salt sulfate is usually found in the

coarse mode, whereas non-sea-salt sulfate is usually in the fine mode (Saltzman, 2009).

1.4.2 Otherinorganic aerosol ions
Aerosols are comprised of a variety of other inorganic ions, such as sodium, chloride, potassium,
calcium, and magnesium. Depending on the source of the aerosol, whether it is polluted,
continental or marine, the composition of the aerosol will vary. Analysing the aerosol for its
inorganic ion composition can give insights into the source and even specific processes that

formed the aerosols, such as indicators of biomass burning.

Sea spray aerosols primarily consist of unaltered bulk seawater (Saltzman, 2009). In terms of
inorganic ions, this is dominated by sodium and chloride. The concentrations of sodium in aerosols

have been used as a tracer of sea-salt aerosols. The ratio of sodium to other ions in sea water has

10



been used to remove the sea-salt portion of that ion in the aerosol to determine the concentration
of the ion coming from other sources (Pio et al., 2007). Sodium chloride aerosols can react with
nitrate or sulfate and displace the chloride as HCl gas, this results in a deficit of chloride relative
to other ions from sea water (Saltzman, 2009). Chloride can also be emitted through natural and
anthropogenic activities such as biomass burning, dust storms, volcanic eruptions, coal
combustion and industrial emissions, although the vast majority is through sea-salt aerosols (Luo
et al., 2019). Chloride in the atmosphere can react with other species to form aerosols, such as

ammonium chloride (Vignati, 1999).

Potassium is naturally found in both minerals on land and in seawater, it is also a major electrolyte
in the cytoplasm of plant matter (Pio et al., 2008). Therefore potassium aerosols have a large range
of emission sources, such as dust, sea spray and the combustion of plant matter from natural and
anthropogenic activities (wood fires, waste incineration and agricultural burning) (Andreae, 1983).
The ratios of potassium to calcium, iron, sodium, and silicon have been used to remove the aerosol
potassium concentrations emitted from soil dust and sea water, leaving excess potassium which
is attributed to biomass burning. This allows potassium to be used as an indicator of biomass

burning when determining the sources of aerosol samples (Pachon et al., 2013).

Calcium is naturally found on land and in seawater, it is also an essential element for the growth
of plants (Thor, 2019). Calcium has a higher boiling point than potassium (Ca 1484 °C, K 759 °C)
and won’t evaporate as easily during biomass burning, but rather accumulates in ash and smoke
(Popovicheva et al., 2014; Mlonka-Medrala et al., 2020). Calcium also has several anthropogenic
sources, such as construction of buildings, vehicle exhaust emissions and cement factories.
Calcium can react with acidic aerosols such as SO4* and NOs forming coarse mode salts, which

can enhance aerosol deposition (Henning et al., 2003).

Magnesium is present in both the land and oceans, and is a critical part in living cells (Li et al.,
2001). It can be introduced into aerosol form through dust, sea spray and has been found in smoke
from biomass burning (Li et al., 2003; Safai et al., 2010; Popovicheva et al., 2014). Magnesium
aerosols have fewer anthropogenic sources in the forms of coal combustion and metal production

(Popescu & lonel, 2010; Klouda, Brdka & Othal, 2012).

1.5 AEROCE and other tower sites

Coastal sites have been established worldwide for monitoring the marine atmosphere. Different
programs have been focused on different aspects, with the Atmospheric/Ocean Chemistry
Experiment (AEROCE) being one of the largest programs. AEROCE was established as a

coordinated multi-institutional research program on atmospheric and ocean chemistry in the

11



North Atlantic. AEROCE used atmospheric sampling stations in Barbados (West Indies), Bermuda,
Mace Head (lreland), and Tenerife (Canary Islands) (Levy, 1988). AEROCE investigated the
climatology of background tropospheric ozone and the oxidising capacity of the atmosphere. It
monitored aerosol chemical and physical properties (specifically for nitrogen and sulfur species
from combustion, and trace metal and mineral aerosols) and their sources and sinks. AEROCE
explored the role of aerosols in influencing climate as well as the chemical air/sea exchange (Levy,
1988; Savoie, 2001). The North Atlantic Ocean was chosen as the study region as, at the time, it
was the oceanic region most likely affected from the atmospheric transport from continents. The
Bermuda site was extremely important for this as it receives quite clean marine air from the
central North Atlantic Ocean as well as natural and polluted continental air from North America,

Africa, and Europe (Savoie, 2001).

The data generated through the AEROCE program has provided insights into its main focus as well
as other research areas. The program recorded the large-scale spatial and temporal variability
(daily, seasonally, interannually) of precipitation, aerosols, and gases of interest over the North
Atlantic Ocean, this data set has been used for analysing large-scale transport models (Penner et
al., 2001; Prospero, 2001). The data has also been used to ground truth and calibrate satellite
sensors and is used as part of the NASA Global Aerosol Climatology Project (Prospero, 2001).
AEROCE setup a network of several ozonesonde sites that has given the ozone distributions of the
North Atlantic Ocean over multiple years, this provides insight into the variability and importance
of different sources over the region (Oltmans et al., 1996). This has allowed the characterization
of the meteorological mechanisms and seasonal meteorological conditions that explain the
observed vertical and horizontal distributions and transport of ozone and other pollutants over
the North American east coast and the North Atlantic Ocean (Moody et al., 1995; Prados et al.,
1999). The dust data generated from AEROCE, and other sites from around the world, were used
alongside satellite data to provide information on the global sources of dust and the processes
that influence dust mobilization, which has been used to setup and validate models (Ginoux et al.,
2001). The dust deposition data generated by AEROCE served as a foundation for the hypothesis
that African dust has greatly affected the nitrogen cycle by providing iron to nitrogen fixing
organisms in the North Atlantic Ocean (Michaels 1996). Deep-sea sediment traps found the dust
deposition in the Sargasso Sea (near Bermuda) to be consistent with the atmospheric dust
loadings that were measured at Bermuda, with differing seasonal variations due to surface water
biological activity, and annual variations in the sediment traps due to variations in efficiency of
atmospheric transport of dust from the source as opposed to the variations in the strength of the

source (Jickells et al., 1998). Dust has been found to be the major light scattering aerosol over a
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large area of the North Atlantic Ocean, which can have a large influence on radiative processes
(Maring et al., 2000). The radiative forcing of dust has been extrapolated over large areas using
combined ground-based and satellite measurements (Diaz et al., 2001). Dust transported from
Africa to the United States will increase the loading of particles of PM;s, and could have
implications on air-quality and exceed the Environmental Protection Agency PM,s ambient air

quality standard (Prospero, 1999).

Mace Head (Ireland) was a site in the AEROCE program that has also become a Global Atmosphere
Watch station. Aerosol measurements were first taken at this site in 1958 and it has since grown
to be one of the most crucial sites for marine atmospheric research in the northern hemisphere
(“History of Mace Head”, n.d.). Mace Head has been extensively used for numerous national and
international research projects. The research station has grown with laboratories and a 20 m
sampling tower being constructed. The sampling equipment and methods have also improved
over time. For example, sampling criteria to sample clean marine air masses have improved, first
by being sector-controlled and then having cut offs for total particle number concentration and

black carbon concentration (O’Dowd et al., 2014).

Mace Head has been used as a research station for several decades and it has served as a staging
ground for numerous research projects. The continuous long-term measurements made at Mace
Head have explained seasonal cycles in aerosol properties as well as some medium-term trends.
Some of the focused research projects main findings summarized by O’Connor, Jennings &
O’Dowd, (2008) include: The background marine aerosols have a significant seasonal cycle with
sea salt dominant in winter and the summer submicron size being dominated by biogenic organic
aerosols. Nss-sulfate is present year round, with a maximum in summer, but generally does not
dominate the submicron aerosol mass (Yoon et al., 2007). The organic aerosol has a water soluble
component, attributed to secondary aerosol creation processes, and a water insoluble
component, attributed to organic enhancement in the primary emitted sea-spray aerosol
(Ceburnis et al., 2008). Detected regular coastal nucleation bursts with iodine oxide identified as
the main candidate for particle nucleation and growth at nm scales, with condensation of organic
vapours and sulfuric acid contributing to further growth (O’dowd et al., 2002; Vaattovaara et al.,
2006). Sea-spray fluxes occur at all times and have a strong contribution to the aerosol optical
depth (AOD) which range from 0.05 at low wind speeds and ~0.4 at high wind speeds (18 m/s).
The upper end of this range is comparable to those found in polluted air (Mulcahy et al., 2008).
Anthropogenic produced sulfate can be transported over long ranges and accounted for 85-90%

of the nss-sulfate from the marine sector between 1988-1991 (Savoie, 2002). Long range transport
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of aerosols were also detected due to emissions of forest fires in Canada that influenced the CO

and black carbon (BC) measurements at Mace Head (Forster et al., 2001).

2. Methods

The goal of the sampling campaign was to measure the major ion concentrations of aerosols
collected at Cape Point. Two different sampling systems were used to collect aerosol samples.
Contextual data and HYSPLIT air mass back trajectories were used to classify the aerosol samples
by the regions that the air masses were influenced by. A sector-controller was installed to reduce
the continental influenced air masses from being sampled. The sections below go into further
detail to explain the region, sampling systems, chemical analysis, sample classification, and the

operation of the sector-controller.

2.1 Study site

The World Meteorological Organisation established the Global Atmosphere Watch programme in
1989 by consolidating two existing atmospheric observing networks, the Global Ozone Observing
System and the Background Air Pollution Monitoring Network, which have existed since the 1950’s
and 1960’s. The GAW programme obtains data from 31 global stations and over 400 regional
stations, with additional satellite data providing near global coverage (“GAW stations network and
other measurements | World Metereological Organization”, n.d.). The main focal areas for GAW
are the long-term observation of aerosols, atmospheric deposition, greenhouse gases, ozone,
specific reactive gases, and UV radiation. Many of these focal areas have social and economic
impacts on climate, weather, water supply, water quality, agricultural production, and human and
ecosystem health. GAW studies provide insight into earth system interactions and how
atmospheric chemistry responds to natural and anthropogenic changes. The data from monitoring
programmes, such as GAW, are vital in the implementation of policies, the creation of
international agreements, and the assessment of the effectiveness of these schemes

(“Background and History | World Metereological Organization”, n.d.).

The Cape Point GAW station, which is the only global GAW station in southern Africa, was founded
in 1977 and is situated in a nature reserve 60 km south of the city of Cape Town at the southern
tip of the Cape Peninsula in South Africa (Figure 2.1) (Brunke et al., 2004). The station was built
on top of a cliff, 230 m above sea level, with a 30 m high tower used for air intake and mounting
meteorological equipment. In 1995 a new station was built adjoining the old station (“Global
Atmosphere Watch Station Information System (GAWSIS)”, n.d.). The Cape Peninsula experiences

a Mediterranean-type climate with moderate temperatures, dry and windy summers, and high
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rainfall during winter. The dominant wind direction at Cape Point alternates between southwest,
south, and southeast, therefore the station receives predominantly marine air masses from the
South Atlantic and Southern Ocean (Figure 2.1) (“Global Atmosphere Watch Station Information
System (GAWSIS)”, n.d.; Brunke et al., 2004).

The Cape Point GAW station measures a large variety of meteorological variables that provide
data for several projects and organisations. Weather predictions make use of measurements of
wind speed and direction, temperature, atmospheric pressure, and relative humidity (“Global
Atmosphere Watch Station Information System (GAWSIS)”, n.d.). Measurements of longwave and
shortwave radiation are used to study temporal variations of incoming radiation, as well as the
chemical and physical processes that may alter incoming radiation. The physical and chemical
properties of aerosols (i.e., chemical composition, optical properties, and number concentration)
have implications for the absorption and scattering of radiation, cloud condensation nuclei, and
human and ecosystem health (Calvo et al., 2013; Erisman et al., 2013). The physical and chemical
properties of aerosols measured at Cape Point include fine organic carbonaceous material, aerosol
absorption optical depth, light coefficients of absorption, backscattering and scattering,
multiwavelength optical depth, and number concentration. In addition, measurements of trace
gases, such as ozone, methane, carbon dioxide, nitrous oxide, nitrogen dioxide, sulfur dioxide, and
volatile organic compounds, are important for the study of chemical processes occurring in the
atmosphere, including the absorption of incoming UV radiation, greenhouse effects, and the
formation of secondary atmospheric compounds (“Global Atmosphere Watch Station Information
System (GAWSIS)”, n.d.). Radionuclide concentrations are used to identify the length of time that
an air mass has been exposed to a certain natural source (“Global Atmosphere Watch Station
Information System (GAWSIS)”, n.d.). The Cape Point GAW station provides data that offers
valuable insight into many different processes with far-reaching implications. This makes the Cape
Point GAW station an ideal site for extended field campaigns as there is a wealth and long history

of contextual atmospheric and climatic data.
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Figure 2.1: Location of Cape Point GAW station and dominant wind direction (Brunke et al.,

2004)

2.2 Aerosol collection

2.2.1 Tall-tower PM1g
At the Cape Point GAW station, air is sampled from the top of the 30 m tower. The sampling setup
was custom built by NOAA (National Oceanic and Atmospheric Administration). The sampling line
has a high-volume turbulent flow (~275 CFM (Cubic Feet per Minute)), through a 250 mm pipe
down the tower, produced by an Ametek Windjammer blower fan at the base of the pipe. From
this high-volume flow, a carbon-vane pump draws 5 CFM through a 5-way splitter (each line
drawing 1 CFM). One of these lines passes through a cyclonic size cut for 10 um and is sampled
for aerosols in the coarse mode (PMyy, particles < 10 um). The filters for collecting the aerosol
samples are located inside the laboratory at the base of the tower and are in front of any flow
devices, such that aerosols are not perturbed by pumps or the Gallus volumetric gas counter
before being sampled. All the tubing from the base of the 250 mm intake tube is 1 inch stainless
steel and non-conductive tubing. The samples were collected onto TE-G653-47 47 mm diameter
glass fibre filters (GFF; from Tisch Environmental) that were pre-combusted at 450 °C for 4 hours.
The clean GFFs were stored in muffled foil in zip lock bags until they were ready to be deployed.
All steps in placing, removing, and analysing filters were done with gloves to minimize

contamination. Combusted foil was used as a clean working surface and the forceps and filter
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holders were wiped with Kimwipes and ethanol. The filters were stored at -20°C at the Cape Point
laboratory until they were transported to the University of Cape Town (UCT) Marine
Biogeochemistry Laboratory (MBL) and stored at -20°C prior to analysis (detailed below in Section
2.3.1). The sampling campaign for this study ranged from 19 June 2017 to 24 August 2018 (Table
2.1). The samples were collected twice a week from 19 June 2017 to 05 July 2018, with the
exception of an intensive sampling period from 13 May 2018 to 17 May 2018 where samples were
collected daily (i.e., every 24 hours). The sector-controller (Section 2.6) was installed on 05 July

2018, after which samples were collected weekly.

Table 2.1: Dates, durations, and different sampling conditions of the campaign

Dates Tall- | Ground- | Sector- Intensive | PMyo Field | HVAS Field
tower | based | controller | campaign blanks blanks
PMyo HVAS

19/06/2017 - 19/04/2018 X 21/09/2017

19/04/2018 - 13/05/2018 X X

13/05/2018 - 17/05/2018 X X X 15/05/2018

17/05/2018 - 05/07/2018 X X 21/06/2018 | 21/06/2018

05/07/2018 - 24/08/2018 X X X 24/08/2018 | 24/08/2018

24/08/2018 - 30/08/2018 X X

30/08/2018 - 05/11/2018 X X

05/11/2018 - 10/11/2018 X X

2.2.2 Ground-based, size-segregated cascade impactor
A mass flow controlled high volume air sampler (HVAS) (Tisch Environmental TE-5170X) was
installed at the base of the sampling tower at the Cape Point GAW station. Samples were collected
from 19 April 2018 to 10 November 2018, note that these dates are different than for tall-tower
PMio (Table 2.1). The samples were collected a) twice a week before the sector-controller was
installed, b) once a week under the sector-control, and c) intermittently during intensive sampling
periods, where the sampling frequency was altered and sector-control was turned off, from 13
May 2018 to 17 May 2018, 24 August 2018 to 30 August 2018, and 05 November 2018 to 10
November 2018. The HVAS used a five-stage cascade impactor (Tisch Environmental TE-235) to
hold the sampling filters. Filters used were TE-230-GF (Tisch Environmental) glass fibre slotted
collection substrates for stages 1-5 and TE-G653 (Tisch Environmental) 8” x 10” glass fibre filters
for the back-up filter. These filters were combusted at 450 °C for 4 hours before use. The cascade
impactor segregates the aerosols into different size fractions according to the following cut off
sizes at a flow rate of 40 CFM, from stage 1 to stage 5: > 7.2 um > 3.0 um > 1.5 um > 0.95 um >

0.49 um, with the back-up filter sampling everything < 0.49 um (“HiVol Cascade Impactors - Tisch
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Environmental”, n.d.). Stages 1-4 were summed to the coarse mode fraction (defined as > 1 um)
and stage 5 and back-up filter were summed to get the fine mode fraction (defined as < 1 um).
The HVAS has a chart recorder that records the flow rate and an elapsed time indicator that counts
how long the HVAS was operational. The clean GFFs were stored in muffled foil in zip lock bags
until they were ready to be deployed. All steps in placing, removing, and analysing filters were
done with gloves to minimize contamination. Combusted foil was used as a clean working surface
and the forceps and cascade impactor were wiped with Kimwipes and ethanol. The filters were
stored at -20°C at the Cape Point laboratory until they were transported to the University of Cape
Town (UCT) Marine Biogeochemistry Laboratory (MBL) and stored at -20°C prior to analysis

(detailed below in Section 2.3.1).

The HVAS was calibrated after installation with a HVAS calibrator (Tisch Environmental TE-5028).
The calibration data were used to accurately calculate the volume of air sampled, along with the
recorder chart, temperature, and pressure data for each sample. The volume of air sampled is
required to calculate the concentration of the aerosols. To calibrate the HVAS, a new recorder
chart was placed in the recorder, the calibrator was mounted to the intake of the HVAS and
connected to a water manometer. The calibrator was slightly opened or closed and the response
on the recorder chart and the manometer was recorded. This was repeated at least five times.
The date, the time, the location, the ambient air temperature, and ambient barometric pressure
were also recorded. The readings, the temperature and the pressure data were added to the
calibration worksheet (Tisch Environmental). The standard flow rate and the corrected chart
response for each measurement of the calibration are used in a linear regression to calculate the
slope, intercept, and correlation coefficient. A correlation coefficient of at least 0.990 is required
for a good calibration (“(30) Calibration and Operation of a High Volume Mass Flow Controlled
Ambient Particulate Sampler - YouTube”, n.d.). Two calibrations were performed, on 11 June 2018
and 09 September 2018, (Appendix Figure Al and A2) they had correlation coefficients of 0.9992
and 0.9996, their slopes were 54.5966 and 54.5154, and their intercepts were 6.0495 and 6.1477.
This leads to a difference of 0.6% between the calculated flow rates and shows that the calibration

did not vary much over time.

2.2.3 Field blanks

Field blanks were taken using the procedure described above to place and remove GFFs, but
without turning the vacuum pumps or the HVAS on. The field blanks were treated the same as
samples. Field blanks were taken to determine possible sources of contamination from the
transport and handling at the GAW station as well as possible contamination during the analysis.

Field blanks for the tower sampling system (PMio) were taken on 21 September 2017, 21 June
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2018, and 24 August 2018. Field blanks for the HVAS were taken on 15 May 2018, 21 June 2018,
and 24 August 2018. Field blanks were quantified for all major ions (Na*, NH4*, K*, Mg?*, Ca®, CI,
NOs and SO4%). The average concentrations for the field blanks are in Table 2.2 (PM1o and HVAS,
average concentrations for HVAS field blanks for each stage in Appendix Table Al). All sample
results (Section 3) were corrected using their respective field blank values (i.e., PMio samples were
corrected using PMy field blanks; further detail on field blank correction in Section 2.3.4). The
NH4*, NOs', and SO4% concentrations were of particular interest for this study due to their natural
and anthropogenic sources and were therefore the main focus for the concentration range of the
standard curve prepared. The concentrations of K*, Mg?, and Ca?* were of similar orders of
magnitude to NH4*, NOs, and SO4% and were therefore covered in the standard curve used. It
should be noted that the blanks as well as the samples had much higher concentrations of Na*
and CI than the other ions. Therefore Na* and CI" were outside of the range of the standard curve
and the concentrations are known with less accuracy. This may impact the accuracy of the non-
sea-salt sulfate (nss-S04%) concentration as it uses the Na* concentration to calculate nss-SOs*
(Section 2.3.4, equation 3). The samples were not run on a higher standard curve, with a focus on

Na* and ClI,, due to limited surface area of the tall-tower PMio samples and time limitations.

Table 2.2: Average concentration of major ions (nmol/filter) in the tall-tower PMo and ground-

based HVAS field blanks (standard deviation in parenthesis).
Na* NH,* K* Mg?* Ca* cr NO; SO4*
Tall-tower PMyg
1759.0 40.5 135.1 10.9 41.3 880.2 216.5 27.7
(213.0) (22.0) (35.9) (5.6) (24.5) (328.8) (86.7) (8.2)
Ground-based HVAS

Coarse 44363.5 599.0 27826  181.3 950.4 14834.5 1268.3 246.7
mode (5879.1) (81.4) (449.1) (38.4) (174.8) (3978.9) (396.8) (90.0)

Fine 50888.6  490.3 28069 172.4  802.0 202369 10380  138.2
mode  (5959.5)  (65.1)  (341.1) (26.2) (192.6) (4282.8) (528.9) (149.3)

PMy1o

2.3 Aerosol chemical composition analysis

2.3.1 Aerosol extraction
When extracting the filters, all sample handling was done inside a laminar flow cabinet (Air
Science). All surfaces and items were wiped with Kimwipes and ethanol before encountering any
samples. Care was taken when handling the sample filters to only touch the edges of the filters as
the edges do not contain any sample and are not extracted. For tall-tower PMi, and the cascade

impactor back-up filter, the circle cutter was used to remove a 1.38 cm diameter circle of the filter
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for analysis. For the slotted filters (cascade impactor stages 1-5), ceramic scissors were used to
cut a section of the filter. This section was accurately measured using a set of Vernier calipers. The
sampled section of the filter was then placed in an acid washed centrifuge tube. A carefully
measured aliquot of Milli-Q water was added to the centrifuge tubes. The centrifuge tubes were
then placed in an ultrasonic bath (Bransonic, M1800-E) and sonicated for one hour. After
sonication, the centrifuge tubes were placed in a refrigerator at 4°C for at least 12 hours. The
samples were then filtered through a 0.2 um filter into an acid washed HDPE bottle. The extracts

were then analysed using a colorimetric method or lon Chromatography (Sections 2.3.2 and 2.3.3).

2.3.2 Ammonium colorimetric method

The colorimetric method for measuring NHs" concentrations was used alongside lon
Chromatography as the coastal aerosols have a high salt content, and the Na* peak in the ion
chromatogram can obscure the NH;*" peak. Standards and the extracts from the samples and field
blanks were analysed for NH,;* concentrations using the Holmes fluorometric method (Holmes et

al., 1999). Gloves were worn during all steps of collection and analysis to minimize contamination.

Standard solutions of known concentrations were prepared every day that samples were
analysed. The standards were made up from a primary ammonium chloride (NH4Cl) standard of
100 uM, that was made up from a mother stock of 10 mM. The standards made had
concentrations that were chosen to cover the expected sample concentration range (0-40 uM).
Standards and sample extracts were poured into ‘aged’ HDPE bottles (i.e., bottles stored with the
orthophthaldialdehyde (OPA) working reagent to remove any NH,* present) after first rinsing with

the standard or sample.

OPA working reagent was added to the sample extracts and standards using a dispensette, in a
ratio of 1:5 v/v (OPA:Sample). Samples were stored in the dark for 2-4 hours to react, allowing
them to reach maximum fluorescence. The relative fluorescence units (RFU) were measured using
a Trilogy Fluorometer with a UV module. The cuvette for the fluorometer was rinsed multiple
times with Milli-Q water and once with the sample before filling the cuvette with the sample and
taking two readings, with care being taken to ensure it stayed clean and dry. This was repeated
with the same sample for a second set of readings, before starting with the next sample. Milli-Q
water was measured at random intervals throughout the analysis process to ensure that the
cuvette did not get scratched or dirtied and the instrument did not drift. Approximately 10% of
the sample filters were extracted in duplicate. Standard curves were used to calculate the NH,*
concentrations of the samples, by plotting the RFU of the standards against the concentrations of

the standards. Due to the large difference in concentrations between samples two standard
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curves were used. A straight line for the lower concentration range (0-10 uM) and third order
polynomial for the higher concentration range (10-40 uM). The RFU of the samples were then
used to determine their concentration. The standard curves had at least 5 points and an R? value
of at least 0.9 to be acceptable. Some of the samples had higher concentrations than expected
and were not covered by the concentration range of the standard curve. These samples were run

again with a modified standard curve.

2.3.3 lon chromatography
Aerosol extract samples were analysed using two Dionex Aquion lon Chromatography systems (IC)
(Thermo Scientific), one for the analysis of anions and one for the analysis of cations. The anion IC
contains a guard column (AG22 RFIC 4x50 mm), and an analytical column (AS22 RFIC 4x250 mm).
The baseline signal is enhanced by suppressing eluent conductivity signal with the ADRS 600 4 mm
RFIC ERS suppressor. A solution of 4.5 mM sodium carbonate and 1.4 mM sodium bicarbonate
were used as an eluent with a flow rate of 1.2 mL/min. The anion IC was calibrated using a seven
ion standard containing fluoride, bromide, chloride, nitrite, nitrate, sulfate and phosphate (Dionex
Seven Anion Standard Il). The standards were made up by diluting the stock seven ion standard in
dilutions of 1/5000, 1/1000, 1/500, 1/100, 1/50 and a Milli-Q water blank. The cation IC contains
a guard column (CG12A-5um RFIC 3x30 mm), and an analytical column (CS12A-5um RFIC 3x150
mm). The baseline signal is enhanced by suppressing eluent conductivity signal with the CDRS 600
4 mm RFIC ERS suppressor. A 20 mM methansulfonic acid solution is used as an eluent with a flow
rate of 0.5 mL/min. The cation IC was calibrated using a six ion standard containing lithium,
sodium, ammonium, potassium, magnesium, and calcium (Dionex Six Cation-Il Standard). The
standards were made up by diluting the stock six ion standard in dilutions of 1/10000, 1/5000,
1/1000, 1/500, 1/100 and a Milli-Q water blank. 1500 pL of samples and standards were injected
into the IC’s with a Dionex AS-DV autosampler from Thermo Scientific. The autosampler vials were
rinsed three times with Milli-Q water, then rinsed with sample/standard before being filled with
the sample/standard and capped. The standards were made up on the day that samples were
analysed. The ICs and the autosampler are controlled by a dedicated computer with Chromeleon
software (v 7.2.10) that can identify the sample peaks, plot the standard curves, and calculate the
concentrations of the different ions in the samples. Average R? values for each ion are as follows:

Na*0.9995, K* 0.9999, Mg?* 0.9999, Ca®* 0.9999, CI- 0.9978, NO5" 0.9987, and SO4* 0.9993.

2.3.4 Aerosol concentration calculations

The concentration of the aerosol extract solution was determined through either colorimetric

methods or through lon Chromatography. This concentration was multiplied by the volume of
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Milli-Q that was used to extract the sample, to calculate the number of moles of analyte in the
solution. The number of moles in the solution came from the filter cut and possible sources of
contamination, such as the Milli-Q water and the sample solution container. The area of the filter
extracted was used to calculate the number of moles per square centimetre, which was
extrapolated to the size of the sampling area on the filter. This was used as the total number of
moles on the filter (equation 1). The total number of moles on the field blank filter was subtracted
from the total number of moles on the sample filter. This gave the total number of moles of each
ion per aerosol sample excluding the filter itself or any contamination that may be present that
was not from the atmospheric aerosol. The total number of moles of the sample divided by the
volume of air that had passed through the filters were used to calculate the atmospheric
concentration of the aerosols (equation 2; nmol/m3). lons that had negative concentrations after
having the field blank concentration subtracted from them were set to zero. Concentrations that

are zero represent values that are below the method detection limit.

Equation  Filter moles (nmoles)

. , , nmoles , ,
L Solution concentration ( T ) * Solution volume (L) * Filter total area (cm?)
- Filter extract area (cm?)
Equation . nmol
Aerosol Concentration ( 3 )
2:

_ Sample filter moles (nmol) — Field blank filter moles (nmol)

Volume air sampled (m3)

Non-sea-salt sulfate (nss-SO4%>) was calculated (equation 3) by converting the molar
concentrations of Na* and SO,* to their weight by multiplying them by their atomic mass
(22.989769 g/mol and 96.06 g/mol respectively). The [Na*] is then multiplied by the mass ratio of
S0.%/Na* in sea water (0.2516 (Millero, 2013)) to determine the amount of SO4* coming from
seawater. The seawater SO4* is subtracted from the total SO4* to give the nss-SO4%, this is then

divided by the atomic mass to convert it back to the molar concentration.

z?uation nss — S02 (n:::l)
([502-] ("Z:fl) % 96.06 (%)) — (Iva*] ("n"ilfl) +22.989769 (=) 02516 )
- 96.06 (-2
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2.4 HYSPLIT air mass back trajectory

Air mass back trajectories were computed for each aerosol sample using NOAA’s Hybrid Single-
Particle Lagrangian Integrated Trajectory (HYSPLIT v4) with NCEP Global Data Assimilation System
(GDAS) output. HYSPLIT uses a simple particle dispersion simulation and meteorological data to
compute air parcel trajectories. Back trajectories were run for each hour when the filter was
deployed. When the sampling was sector-controlled (discussed below in Section 2.6), the air mass
back trajectories were calculated every hour that the pumps were running for at least 45 min of
the hour. The PySPLIT (Cross, 2015) package in Python was used to generate and plot the HYSPLIT
air mass back trajectories. NH4* aerosols have a lifetime in the atmosphere of 3.2 to 4.2 days (Xu
& Penner, 2012)(Adams, Seinfeld & Koch, 1999). NOs™ aerosols have a lifetime in the atmosphere
of about 3.9 days (Xu & Penner, 2012). Given the lifetime of the atmospheric aerosols of interest
(i.e., NOs and NHs*), 5 days was considered a sufficient length of time for the air mass back
trajectories. Scarchilli, Frezzotti & Ruti, 2011 also used 5 day HYSPLIT air mass back trajectories
and found that the uncertainties, from both the resolution of the meteorological dataset and the
numerical truncations in the calculation algorithm, resulted in a total error of 15-30 % of the total
travel distance of the airmass. Therefore, longer air mass back trajectories have greater total
errors. The HYSPLIT air mass back trajectories identify the regions that the air masses passed over

before reaching the sampling location.

2.5 Auxiliary data from the GAW station

2.5.1 Radon (???Rn)

Radon is a radioactive gas produced through the radioactive decay of radium. Radium is found in
many rocks and when it decays to 222Rn it is released to the atmosphere. 222Rn is the most stable
isotope of radon and it has a half-life of 3.8 days (Brunke et al., 2004). 22Rn in air can be used as
a signature of land contact of said air mass. In marine air 2Rn decays to very low concentrations
(1 —2 orders of magnitude less) due to its relatively short half-life (Brunke et al., 2004). This makes
the 222Rn concentration an ideal tool to separate out marine and terrestrial signals. The Australian
Nuclear Science and Technology Organisation (ANSTO) designed and built a 1500 L dual flow loop
two filter radon detector that was installed at the Cape Point GAW station in 2011. It has monthly
calibration checks and every 3 months sample flow is shut off to evaluate the instrumental
background reading. The detector records data as 30-minute average readings. The %?2Rn
concentration is measured continuously at the Cape Point GAW station as part of a long-term
analysis of trace gases found in the air originating from remote environments (Brunke et al., 2004).

These data were made available by the South African Weather Service (SAWS) for this project.
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2.5.2 Temperature, barometric pressure, and relative humidity
The Cape Point GAW station routinely measures temperature, barometric pressure, and relative
humidity as part of their weather service activities. The relative humidity and temperature are
measured with a Vaisala 110, and barometric pressure is measured with a Vaisala PTB101, and
both record 5-minute average readings. These data were made available for use for this project.
Temperature and barometric pressure were used when the ground-based HVAS was calibrated,
and average values were used for each sample period to accurately determine the ground-based

HVAS flow rate.

2.6 Sector-controller

A sector sampling system (Campbell Scientific Africa) was installed at the Cape Point GAW station
on 05 July 2018. The 03002 wind sentry anemometer and vane, manufactured by R.M Young, was
mounted to an existing pole. The wind sentry has a range of 0 — 50 m/s + 0.5 m/s wind speed and
360° mechanical and 352° electrical (8° open) azimuth with * 5° accuracy. The signal wires from
the wind sentry were wired into a CR300 data logger located in the SAWS laboratory. The data
logger was connected to two relay switches, which were wired to feed power to the two different
sampling systems, i.e., the ground-based HVAS and the tall-tower PMyo. The data logger was
programmed such that it would only switch the relays and power the pumps when the wind was
within a specified angle range, above 135° and less than 290° (Figure 2.2). The angle was originally
set to above 130°, but this was adjusted on the 09 September 2018 after HYSPLIT air mass back
trajectories showed continental air masses coming from the Cape Agulhas region still being
sampled. It was programmed such that the specified conditions would need to be met for a
minimum of 5 minutes before the relays would feed power to the pumps to switch on. This
prevents the pumps from turning on when a gust of wind comes from the specified direction, but
the major air mass still is mainly of a non-targeted source. The ability to specify the wind direction
and speed to be sampled allows for targeted sampling of pure marine or continental air masses.
Although a specific area will be targeted it is not necessarily truly a pure signal as air masses can
circulate over land and water before being sampled from the specified sector. The air mass
histories for each sample were also confirmed by using HYSPLIT air mass back trajectories and

radon data.
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Figure 2.2: Marine sampling sector at Cape Point

3. Results

3.1 Atmospheric conditions

Atmospheric temperature and rainfall data are recorded at the Cape Point GAW station by SAWS,
and have been averaged hourly for atmospheric temperature and summed to daily values for
rainfall. The daily average minimum and maximum atmospheric temperatures from 2017 to 2019
(Figure 3.1A) and daily rain amounts (Figure 3.1B) are presented to provide context on the typical
seasonality at Cape Point. The aerosol sampling period only covered a fraction of this time and is
highlighted in the figures in grey. Seasonal variability is more pronounced than interannual
variability, with the average daily maximum varying from 22.6°C in the summer to 16.3°C in the
winter (Figure 3.1A). The difference between the daily maximum and minimum is 6.11°C on
average and is fairly consistent throughout the seasons. During the aerosol sampling periods there
was a maximum temperature of 34.8°C, a minimum temperature of 4.2°C and an average
temperature of 15.0°C. The wind speed had a maximum of 27.2 m/s, minimum of 1.1 m/s and an
average of 7.3 m/s (Appendix Figure A3). Wind direction has a distinct seasonality at Cape Point
(Figure 3.2), as has been established in previous work (Brunke et al., 2004), with a dominant

east/southeast wind the majority of the year and a shift to west/northwest winds during winter.
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There is more interannual variability in rainfall than in temperature and wind speed, although in

general rainfall is more consistent and intense in winter (Figure 3.1B).

Figure 3.1: A) Daily max (red) and min (blue) temperatures, B) Daily rainfall at Cape Point from 2017 to
2019. The aerosol sampling period is highlighted in grey, the first grey block indicates tall-tower PM1

and then the second indicates ground-based HVAS, with the sampling overlap in darker grey.
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Figure 3.2: Seasonal wind roses for 2017-2019, for wind speeds greater than 5m/s.

3.2 Aerosol major ion concentrations

3.2.1 Tall-tower PM1g

A total of 80 samples were collected, with 73 samples collected with no air mass sector restrictions
(non-sector-controlled; 19 June 2017 to 05 July 2018) across all seasons, and 7 samples collected
using the sector-controller (09 July 2018 to 24 August 2018) during winter. Major ion
concentrations were determined for all bulk aerosol tall-tower PMio samples (Figure 3.3). Figure
3.3 below show seasonal boxplots for each of the major ions, with sector and non-sector-
controlled samples shown separately. All boxplots presented are defined as follows. A box
extending from the first quartile (Q1) to the third quartile (Q3) with a line at the median value.
The boxes have whiskers that extend to the maximum and minimum values that are not outliers.
Outliers are defined as values that are greater than 1.5 times the interquartile range (IQR, Q3-Q1)
added to Q3, or less than 1.5 times the interquartile range subtracted from Q1 (outliers > (Q3 +

1.5*%IQR) & outliers < (Q1 — 1.5*IQR)).
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Figure 3.3: Box and whisker plots of seasonal tall-tower PMi, aerosol concentrations specifying

sector and non-sector-controlled samples.
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Figure 3.3 (continued): Box and whisker plots of seasonal tall-tower PMyo aerosol concentrations

specifying sector and non-sector-controlled samples.

3.2.1.1 Non-sector-controlled
For the non-sector-controlled samples (n=73, 19 June 2017 to 05 July 2018), Na* ranged from 0.0
— 183.9 nmol/m3, with an average of 76.6 nmol/m3. The Na* concentrations have the highest
average in spring and lowest in autumn. NH,* ranged from 0.5 — 31.6 nmol/m3, with an average of
5.1 nmol/m? and have the highest average concentrations in spring and lowest in summer. K*
ranged from 0.0 — 7.7 nmol/m3, with an average of 2.2 nmol/m? and have the highest average
concentrations in summer and lowest in autumn. Mg?* ranged from 0.4 — 20.9 nmol/m3, with an
average of 8.2 nmol/m3 and have the highest average concentrations in spring and lowest in
autumn. Ca% ranged from 0.0 — 7.0 nmol/m3, with an average of 2.6 nmol/m?and have the highest

average concentrations in spring and lowest in autumn. ClI- ranged from 11.9 — 263.1 nmol/m?3,

29



with an average of 102.1 nmol/m3 and have the highest average concentrations in spring and
lowest in autumn. NOs ranged from 0.3 —45.0 nmol/m?3, with an average of 8.7 nmol/m3 and have
the highest average concentrations in autumn and lowest in summer. SO4> ranged from 5.0 —59.5
nmol/m3, with an average of 12.1 nmol/m? and have the highest average concentrations in spring
and lowest in winter. Nss-SO4% ranged from -3.1 — 56.4 nmol/m3, with an average of 7.5 nmol/m3

and have the highest average concentration in autumn and lowest in winter (Figure 3.3).

3.2.1.2 Sector-controlled
For the sector-controlled samples (n=7, 09 July 2018 to 24 August 2018), Na* ranged from 33.6 —
113.5 nmol/m?3, with an average of 65.2 nmol/m3. NHs* ranged from 0.8 — 8.7 nmol/m?3, with an
average of 3.7 nmol/m3. K* ranged from 0.0 — 3.1 nmol/m3, with an average of 1.2 nmol/m3. Mg*
ranged from 3.8 — 14.7 nmol/m3, with an average of 8.3 nmol/m3. Ca% ranged from 0.0 — 6.2
nmol/m3, with an average of 2.7 nmol/m3. CI- ranged from 29.1 — 148.9 nmol/m?3, with an average
of 90.5 nmol/m3. NOs™ ranged from 0.0 — 19.2 nmol/m?3, with an average of 4.8 nmol/m3. SO,*
ranged from 7.0 — 21.6 nmol/m?3, with an average of 11.7 nmol/m3. Nss-SO4* ranged from 2.3 —

18.8 nmol/m?3, with an average of 7.8 nmol/m3 (Figure 3.3).

3.2.2 Ground-based high volume air sampler
A total of 33 samples were collected with 20 samples collected with no air mass sector restrictions
across all seasons except summer, and 13 samples collected using the sector-controller during
winter and spring. Major ion concentrations were determined for all aerosol samples (Appendix
Figure A4 presents ion concentrations for individual impactor stages). Figure 3.4 below show

seasonal boxplots for each of the major ions.
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Figure 3.4: Box and whisker plots of ground-based HVAS seasonal aerosol concentrations.
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Figure 3.4 (continued): Box and whisker plots of ground-based HVAS seasonal aerosol

concentrations.
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3.2.2.1 Non-sector-controlled
For the non-sector-controlled ground-based HVAS samples (n=20, 16 April 2018 to 05 July 2018,
24 August 2018 to 30 August 2018, and 05 November 2018 to 10 November 2018), the total Na*
ranged from 3.2 - 457.3 nmol/m3, with an average of 231.2 nmol/m3. The Na* concentrations are
much higher in the coarse mode than in the fine mode. Total NH,* ranged from 0.1 —34.5 nmol/m?3,
with an average of 5.1 nmol/m? and have higher average concentrations in fine mode than in the
coarse mode. Total K* ranged from 0.4 — 9.2 nmol/m3, with an average of 5.7 nmol/m3 and have
higher average concentrations in the coarse mode than in the fine mode. Total Mg?* ranged from
1.1 — 41.2 nmol/m?3, with an average of 22.1 nmol/m? and have higher average concentrations in
the coarse mode than the fine mode. Total Ca?* ranged from 0.7 — 23.1 nmol/m3, with an average
of 7.9 nmol/m?3 and have higher average concentrations in the coarse mode than in the fine mode.
Total CI ranged from 141.2 — 687.6 nmol/m?3, with an average of 354.3 nmol/m3 and have much
higher average concentrations in the coarse mode than in the fine mode. Total NOs™ ranged from
8.9 — 61.5 nmol/m?3, with an average of 24.0 nmol/m? and have higher average concentrations in
the coarse mode than in the fine mode. Total SO4* ranged from 22.4 — 68.6 nmol/m?3, with an
average of 34.1 nmol/m3 and have higher average concentrations in the coarse mode than in the
fine mode. Total Nss-SO4% ranged from -0.1 —59.7 nmol/m?3, with an average of 20.4 nmol/m?3 and

have higher average concentrations in the fine mode than in the coarse mode (Figure 3.5).
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Figure 3.5: Ground-based HVAS sector and non-sector-controlled major ion concentrations.
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Figure 3.5 (continued): Ground-based HVAS sector and non-sector-controlled major ion

concentrations.

3.2.2.2 Sector-controlled
For the sector-controlled ground-based HVAS samples (n=13, 09 July 2018 to 24 August 2018, and
30 August 2018 to 05 November 2018), the total Na* ranged from 164.4 —398.9 nmol/m3, with an
average of 282.3 nmol/m3. The Na* concentrations are much higher in the coarse mode than in
the fine mode. Total NH,* ranged from 0.1 — 26.6 nmol/m?3, with an average of 3.4 nmol/m3 and
have higher average concentrations in fine mode than in the coarse mode. Total K* ranged from
3.6 — 13.2 nmol/m3, with an average of 7.3 nmol/m? and have higher average concentrations in
the coarse mode than in the fine mode. Total Mg?* ranged from 13.2 — 38.5 nmol/m3, with an
average of 24.9 nmol/m?* and have higher average concentrations in the coarse mode than the

fine mode. Total Ca?* ranged from 5.4 — 17.8 nmol/m3, with an average of 9.5 nmol/m? and have
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higher average concentrations in the coarse mode than in the fine mode. Total Cl" ranged from
139.6 — 648.3 nmol/m3 with an average of 355.0 nmol/m® and have higher average
concentrations in the coarse mode than in the fine mode. Total NOs ranged from 9.5 — 82.7
nmol/m3, with an average of 26.7 nmol/m? and have higher average concentrations in the coarse
mode than in the fine mode. Total SO4% ranged from 20.2 — 74.7 nmol/m3, with an average of 38.5
nmol/m3 and have higher average concentrations in the coarse mode than in the fine mode. Total
Nss-S04% ranged from 8.3 — 54.1 nmol/m3, with an average of 21.5 nmol/m? and have higher

average concentrations in the fine mode than in the coarse mode (Figure 3.5).

3.3 Air mass history

The air masses that reach Cape Point can have influences from both marine and continental
sources, this can be affected by wind direction which varies seasonally. The radon concentrations
measured at Cape Point provide insight into the regions that influenced the air masses. The
seasonality in radon concentration is due to the changes in wind direction (Figure 3.6). Most of
the seasons have a strong east/southeast component, except for winter which has a more variable
wind direction coming from the northwest (Figure 3.2). During the sampling period the radon had
a maximum concentration of 9344 mBg/m3, a minimum concentration of 92 mBg/m3 and an

average concentration of 999 mBg/m?3.

Samples have been classified by their air mass back trajectories into one of three groups, either
marine, modified marine, or continental using HYSPLIT air mass back trajectories. The radon
concentrations are then used to confirm the air mass classifications. Samples with HYSPLIT air
mass back trajectories that do not encounter land before reaching the sampling site for at least
120 hours have been classified as marine samples (Figure 3.7A and 3.8A). Marine samples
classified using HYSPLIT have an average radon concentration of 264 mBg/m3. Samples that have
air mass back trajectories that are predominantly over the ocean, with some continental
influence, have been classified as modified marine samples (Figure 3.7B and 3.8B). Modified
marine samples have an average radon concentration of 763 mBg/m?3. Samples with a large
continental influence have been classified as continental samples (Figure 3.7C and 3.8C). It should
be noted that due to the location and wind patterns of the sampling area the continental samples
are not samples from a pure continental source, but rather a marine sample with a large
continental influence. Continental samples have an average radon concentration of 1859 mBg/m?3.
Tables 3.9 and 3.10 present the numbers of samples and seasonal variations for the classified air
masses. Figures 3.9 — 3.10 present the concentrations for the different ions from the classified air

masses. These data are discussed in more detail in Section 4.3.
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Table 3.9: Seasonal count of sample classification for all tall-tower PMjo samples.

Season Total Marine Modified Marine Continental
Summer 3 - 2 1
Autumn 24 1 15 8
Winter 34 5 19 10
Spring 19 2 9 8

Table 3.10: Seasonal count of sample classification for all ground-based HVAS samples.

Season Total Marine Modified Marine Continental
Summer 0 -- -- --
Autumn 8

Winter 16 5 6 5
Spring 9

Figure 3.6: Seasonal radon roses from 2017 to 2019 (mBg/m?3). Note that irregular bin intervals

were used to cover the dataset more appropriately.
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Figure 3.7: Examples of a) marine, b) modified marine and c) continental air mass back trajectories,
calculated with HYSPLIT for 120 hours. Note the bottom two images in each panel are zoomed in

portions of the main image.
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Figure 3.8: Radon plots for the a) marine, b) modified marine, and c) continental air mass

examples. Note change in y-axis scale.
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Figure 3.9: Box and whisker plots of tall-tower PMo aerosol concentrations for classified samples.
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Figure 3.9 (continued): Tall-tower PM1g aerosol concentration ranges for classified samples.

41




Figure 3.10: Box and whisker plots of ground-based HVAS aerosol concentrations for classified

samples.
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Figure 3.10 (continued): Ground-based HVAS aerosol concentration ranges for classified samples.
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4. Discussion and conclusion

The primary objective of this thesis was to establish the Cape Point GAW station as a reliable field
site to collect and study marine aerosols that originate in the remote atmosphere of the Southern
Ocean. This thesis focuses on all major inorganic ions, but particularly nitrogen-containing
aerosols due to their biogeochemical and climate relevance, as well as potential for complex
mixed sources and chemistry in polluted coastal regions. In order to address this objective, the

aims of the thesis were to:

1) Compare existing tall-tower and newly installed ground-level aerosol collection systems
at the GAW station.

2) Install and test a sector-controller for excluding anthropogenic and continental influences
from aerosol collection at the GAW station.

3) Characterize aerosol chemical composition as a function of aerosol size, atmospheric

source region, and season.

4.1 Comparison of tall-tower and ground-level aerosol collection systems

During the sampling campaign there was an overlap from the PMy, tall-tower sampling and the
HVAS ground-level sampling, from 16 April 2018 to 24 August 2018. During the overlap of
sampling, 21 samples were collected with the tall-tower PM;o system and 19 from the ground-
based HVAS. The difference in the number of samples is due to the tall-tower PMio samples being
changed over twice during the period of one ground-based HVAS sample, which occurred twice.
The tall-tower PMio samples that were changed twice in the period of one ground-based HVAS
samples were averaged to be comparable to the single ground-based HVAS sample. For the HVAS
data to be compared to the tall-tower PMy, data, each stage of the ground-based HVAS samples

were summed together to give the total aerosol concentration.

The ground-based HVAS data compare reasonably well with the tall-tower PMi, data, with both
datasets showing similar temporal trends (i.e., maxima and minima in the concentrations at the
same time). However, the ground-based HVAS data have higher concentrations for all ions, except
NH4* which is quite similar (figure 4.1). Scatter plots (figure 4.2) show the relationship between
the ground-based HVAS and tall-tower PM;o samples, with an average R-squared value of 0.670
(standard deviation of 0.131). The scatter plots (figure 4.2) have a 1:1 line plotted on them, which
clearly shows the ground-based HVAS samples have higher concentrations than the tall-tower

PM1o samples, except for NH,*.
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Figure 4.1: Comparison of the total ground-based HVAS and tall-tower PMj aerosol concentrations

during the sampling overlap.
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Figure 4.1 (continued): Comparison of the total ground-based HVAS and tall-tower PMyo aerosol

concentrations during the sampling overlap.
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Figure 4.2: Scatter plots of the total ground-based HVAS and tall-tower PMo aerosol concentrations.

A 1:1 line and the R-squared value has been displayed.
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Figure 4.2 (continued): Scatter plots of the total ground-based HVAS and tall-tower PMio aerosol

concentrations. A 1:1 line and the R-squared value has been displayed.

The comparison of the ground-based HVAS data to the tall-tower PMy, data shows that the
ground-based HVAS measures higher concentrations for most of the ions. A notable exception is
that the NH;* concentrations are very similar between the ground-based HVAS and tall-tower PMsq
and fall around the 1:1 line. The nss-SO4% is higher in the ground-based HVAS samples than the
tall-tower PMyo samples but falls closer to the 1:1 line than the other ions. NH4* and nss-S04% are
typically associated with smaller aerosol sizes and are more abundant in the fine mode than coarse
mode (Figure 3.4, Appendix figure A4). All the other ions are more abundant in the coarse mode
than the fine mode (Figure 3.4, Appendix Figure A4), these ions also have a larger deviation from

the 1:1 line and are more abundant in the ground-based HVAS samples than the tall-tower PMio
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samples. There is a discrepancy with the coarse mode aerosols, where the ground-based HVAS

has higher concentrations than the tall-tower PMyo.

There are some differences between the sampling systems, the HVAS was installed at the base of
the PMyo tower. It samples the air in the immediate vicinity, making it more susceptible to ground-
level influences. The tall-tower PMo system is situated in the laboratory at the base of the 30 m
tower, but it samples air from the top of the tower that is pulled through tubing into the
laboratory. This will avoid ground-level influences but does mean the air being sampled first
travels through a long distance of tubing. The ground-based HVAS is subject to environmental
changes, such as fluctuations of temperature and humidity, whereas the tall-tower PMjo samples
are collected inside the laboratory, which is temperature and humidity controlled. The intake tube
for the tall-tower PMo system is heated to keep humidity below 50%, this may cause semi-volatile
materials to be lost. However, if the loss of semi-volatile material occurs due to the heated intake,

it is more likely to impact the fine mode fraction than the coarse mode fraction (Allen et al., 1997).

The discrepancy in the coarse mode aerosol concentrations between the two sampling systems
could be due to the systems sampling air masses at different heights, as the intakes are 30 m apart.
However, that is unlikely as they are both situated on top of a cliff 200 m above sea level, which
is the nearest source of coarse mode aerosols. If we accept that the systems are both sampling
the same air masses, then the discrepancy is most likely due to differences in the sampling
systems. The first stage of the ground-based HVAS samples aerosols > 7.2 um with no upper cut-
off, whereas the tall-tower PMjo collects everything < 10 um. As such, a possible explanation is
that the ground-based HVAS may be including more of the coarse mode aerosols given that it
samples a larger size range than the tall-tower PMio. An alternative explanation is that the tall-
tower PMo sampling system is under sampling the coarse mode fraction. This could be due to
coarse mode aerosols settling out within the tall-tower PMyo intake tube coming from the top of

the tower before they reach the sampling filter.

If the tall-tower PM1o sampling system is under sampling coarse mode aerosols, or if the ground-
based HVAS is sampling a larger size range, then it would lead to the ground-based HVAS values
being higher than the tall-tower PM3o values. A two-sided T-test between the tall-tower PMjo and
total ground-based HVAS revealed that all ions, except NH,4*, have statistically different means (p-
values < 0.05, Appendix Table A2). Comparing the tall-tower PM;o data to the ground-based HVAS
data without the larger coarse mode sizes (i.e., HVAS S3-BU; total HVAS excluding stages 1 and 2)
should result in more comparable values. Indeed, when stages 1 and 2 are excluded, Na*, NH,",

Mg?*, Ca?, CI, and NOs™ all have statistically identical means (two-sided T-test, p-values > 0.05,
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Appendix Table A2). Scatter plots of tall-tower PMi vs HVAS S3-BU fall around the 1:1 line for
most of the ions (Figure 4.3). Given that NH4" is not typically present in the coarse mode, it is not
surprising that it compares well between the ground-based HVAS and tall-tower PMio sampler
even if stages 1 and 2 are included. These comparisons were also done for HVAS S2-BU (excluding
only stage 1, Appendix Table A2) and HVAS S4-BU (excluding stages 1, 2 and 3, Appendix Table
A2), but most of the coarse mode ions matched best with HVAS S3-BU. If the issue were simply
that the ground-based HVAS included aerosols larger than 10 um than the S2-BU data should be
most comparable to the tall-tower PMio, however that does not appear to be the case. Given the
evidence that the tall-tower PM;io sampling system is under sampling the coarse mode fraction,
then the tall-tower PMo dataset is not giving the bulk aerosol concentration, but rather particles

approximately < 3 um (assuming it is equivalent to HVAS S3-BU).
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Figure 4.3: Scatter plots of ground-based HVAS stage 3 to back up and tall-tower PMjo aerosol

concentrations. A 1:1 line and the R-squared value has been displayed.
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Figure 4.3 (continued): Scatter plots of ground-based HVAS stage 3 to back up and tall-tower PMyo

aerosol concentrations. A 1:1 line and the R-squared value has been displayed.

4.2 Evaluation of the sector-controller

4.2.1 Impact on sampled air masses

The sector-controller worked as designed in that it turned off the sampling pumps when the wind
came from the specified sector and turned the pumps on when the wind was coming from the
correct sector for the specified period of time (Figures 4.4-4.6). The sector-controller prevented
the immediate sampling of any continental pollution episodes, which resulted in samples that
would have otherwise been categorised as modified marine to be categorised as marine samples
(Figure 4.5). However, the sector-controller was not entirely successful at excluding all continental
pollution episodes as some continental air masses circulate over the ocean prior to being sampled

(Figure 4.6). This demonstrates the importance of and continued need for classifying samples
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individually with air mass back trajectories and radon concentrations, even when the sector-

controller is operational.

Other coastal sampling sites have installed similar measures to selectively sample marine air
masses. They have improved on the criteria for sampling by not only using wind direction to
control the sampling, but also other variables such as particle number and black carbon (O’'Dowd

et al,, 2014).

Figure 4.4: Wind roses from 09-07-2018 to 24-08-2018, a) wind rose for entire period, b) wind rose

when pumps were sampling under sector-control.
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Figure 4.5: HYSPLIT air mass back trajectories from 06-08-2018 to 13-08-2018, left) every hour for
the entire period, right) every hour the pumps were running at least 45 min of the hour under

sector-control. Note the bottom two images in each panel are zoomed in portions of the main

image.

Figure 4.6: HYSPLIT air mass back trajectories from 16-07-2018 to 23-07-2018, left) every hour for
the entire period, right) every hour the pumps were running at least 45 min of the hour under

sector-control. Note the bottom two images in each panel are zoomed in portions of the main

image.
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4.2.2 Comparison of sector- and non-sector aerosol chemical composition
The sector-controller was only operational and connected to the tall-tower PMio sampler during
winter 2018, and as a result there are only 7 sector-controlled tall-tower PMio aerosol samples for
comparison with the non-sector-controlled samples. Therefore, we compare the sector-controlled
tall-tower PMyo data (Figure 3.3) with the non-sector-controlled tall-tower PMjo winter data
(Figure 3.3), while noting that 4 of the sector-controlled tall-tower PMio samples are classified as
continental samples due to recirculating air masses. Based on the typical seasonality of the Cape
Point GAW station, winter should be a time when the continental/anthropogenic influence would
be greatest. Under sector-controlled sampling, species with continental and/or pollutant sources
such as NHJ*, K*, NOs’, and nss-SO4* have lower concentrations than under non-sector-controlled
conditions, when comparing within winter. This suggests that the sector-controller is effective at
eliminating at least some portion of the continental/anthropogenic air masses that reach the
sampling site. However, we note that a larger dataset is required for a true evaluation of the

impact of the sector-controller on the aerosol chemical composition.

4.3 Characterizing aerosol chemical composition

Cape Point has a distinct seasonality with most seasons having a dominant east/southeast wind
direction, except for winter which is more variable and predominantly west/northwest (figure
3.2). Winter also has higher radon concentrations than the other seasons, indicating a higher
continental influence (figure 3.6, Appendix figure A5) (Brunke et al., 2004). Interestingly, in this
dataset, winter has both the highest number and highest proportion of marine samples (Table 3.9
and 3.10). It is important to note that there were fewer samples collected in summer than in the
other seasons, but regardless, winter should be the time of the least number of marine samples.
Therefore, the air mass origins of a sample cannot be assumed based on seasonality and need to

be determined individually.

Furthermore, looking at the seasonality of non-marine aerosols that typically have anthropogenic
sources, such as NOs’, NH4*, and nss-SO4%, there is not only no significant concentration increase
during winter, as expected, but no strong seasonality more generally (figure 3.3, and 3.4; Welch
test p-values > 0.05 in tall-tower PM1o and ground-based HVAS for these ions across all seasons
(except for ground-based HVAS NOs which was significantly lower in winter than autumn),
Appendix Table A7 and A13). Whereas if you look at the same aerosol species plotted by their air
mass history, a clear trend occurs with significantly higher concentrations in continental samples

as opposed to marine samples (Figures 3.9 and 3.10; Welch test p-values < 0.05 in tall-tower PMg
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and ground-based HVAS (in the dominant size class for the ion) for these ions in continental

compared to marine samples, Appendix Table A11 and A15).

This is also true for marine aerosols such as Cl,, Na*, and Mg?*, which show a stronger trend with
air mass history than with season (Figures 3.3, 3.9, and 3.10). The only significant seasonal
difference for these ions was that autumn had significantly lower average concentrations than
winter and spring (Welch test p-values < 0.05 in tall-tower PM1o and ground-based HVAS (in the
dominant size class for the ion), Appendix Table A7 and A13). The comparison between air mass
history categories shows these ions have significantly higher concentrations in marine air mass
samples than continental air mass samples (Welch test p-values < 0.05 in tall-tower PMyo and
ground-based HVAS (in the dominant size class of the ion), Appendix Table A11 and A15). Grouping
samples by air mass history shows clear and expected trends based on major sources, whereas
grouping samples by season does not show any clear trends. This is further supported by the radon

data (figures 3.3 and 3.9).

This point is further echoed and enhanced by the size segregated ground-based HVAS data, where
both the aerosol concentration trends and aerosol size class are consistent with expected trends
for the air mass history (figures 3.4 and 3.10). Using K* as an example, the size segregated
seasonality does not show any clear trends, but the size segregated sources show an interesting
trend. K* has a coarse mode fraction that decreases with continental air mass samples and a fine
mode fraction that increases with continental air mass samples (figures 3.4 and 3.10). This is
consistent with expectations that coarse mode K* comes from a marine source, such as sea spray,

whereas fine mode K* comes from a continental source, such as biomass burning (Andreae, 1983).

Aerosol species with a strong marine component include Na*, CI', and Mg?" in both tall-tower PMyo
and ground-based HVAS data. These all had the highest concentrations in marine samples, and
lower concentrations in more continental samples (Figures 3.9 and 3.10). These species all exist
predominantly in the coarse mode (Figure 3.10). The elevated concentrations of these species in

marine samples are most likely due to them originating from sea spray (Saltzman, 2009).

Aerosol species with a strong continental source include NOs, NH4*, and nss-SO4* in both tall-
tower PMio and ground-based HVAS data. These species all had the highest concentrations in
continental samples and lower concentrations in marine samples (Figures 3.9 and 3.10). NOs is
found predominantly in the coarse mode, whereas NHs* and nss-SO4% are found mostly in the fine
mode (Figures 3.10). Possible continental sources include vehicle emissions, industrial emissions,
and agricultural emissions (Galloway et al., 2004; Saltzman, 2009). While there is a strong

continental component, there is also a marine component from sea spray and outgassing of NH3
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and DMS and their subsequent conversions to NH;* and nss-SO,% respectively. The presence of
coarse mode nitrate is consistent with expectations for a polluted coastal area (Yeatman, Spokes
& lJickells, 2001). NH; and HNOs concentrations decrease from polluted to coastal areas due to
dilution with relatively clean marine air, causing fine-mode NH;NOs3 aerosols to dissociate back to
their gas-phase precursors. As a result, the inorganic chemical composition in marine areas is
dominated by fine-mode (NH4)HSO, (and, if enough NHjs is present, (NH4),S04) and coarse-mode
NaNOs aerosols (Saltzman, 2009).

The rest of the aerosol species have a combination of continental and marine sources. SO4% and
K* both have a coarse mode marine component that decreases with continental samples as well
as a fine mode continental component that is lower with marine samples and increases with
continental samples (Figures 3.9 and 3.10). Ca?* is predominantly in the coarse mode and this
fraction is slightly higher in the marine samples, there is also a smaller fine mode component that
increases with continental samples (Figures 3.9 and 3.10). Possible sources include sea spray, dust,
biomass burning, construction of buildings, quarries, and vehicle exhaust emissions (Pio et al.,

2007; Saltzman, 2009).

4.4 Comparison to other coastal and open ocean studies

Compiling data generated from a number of sources (Xu et al., 2013; Yeatman, Spokes & Jickells,
2001; Cavalli, 2004; Rinaldi et al., 2009; Baker et al., 2010; Zhang et al., 2010; Mkoma et al., 2014)
combines aerosol concentration data from the coastal sites of Mace Head (Ireland), Baia de Todos
os Santos (Brazil), Weybourne (England), and the Zhongshan station (East Antarctica) and aerosol
concentration data from cruises through the North Atlantic Ocean, Southern Ocean, Pacific Ocean,
South Atlantic Ocean, and Mediterranean Sea (Table 4.1). Most of the data from the listed papers
is from the open ocean or coastal sites that restrict sampling to ensure only marine air is sampled,
although there is some data from continental air masses, which is noted in the table. All of these
studies used high volume samplers without an upper cut off, except for Mkoma et al., 2014 who

had a 10 um cut off.

The aerosol data generated from this work are comparable to other coastal sampling sites and
cruises in the open ocean. Comparing the tall-tower PM1o and ground-based HVAS data in Tables
4.1 to the other studies in the table, the tall-tower PMio NH4" concentrations are similar to those
found by other studies, with tall-tower PMi; marine samples slightly lower than the marine
samples from the listed studies and the tall-tower PM1o continental slightly higher than the marine
samples from the listed studies. Interestingly, the continental samples from the literature had

much higher NH4* concentrations than any observed in this study. The ground-based HVAS NH,*
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data follow a similar trend, but the marine concentrations are lower than the tall-tower PMyp
marine and the ground-based HVAS continental are higher than the tall-tower PMj, continental.
The ground-based HVAS NHs* continental data are therefore more similar to the continental
samples from the South Atlantic Ocean but is still considerably lower than the continental samples
from Mace Head and Weybourne. The concentration of NO3™ from the listed studies ranges from
0.66 - 23.39 nmol/m? for clean samples and 9.50 - 790.00 nmol/m?3 for continental samples. The
tall-tower PM1o NOs” marine samples have a slightly higher concentration than most of the clean
samples in the literature, but still towards the lower end of the range, and the tall-tower PMy,
continental samples have concentrations similar to the lower end of the continental range in the
literature. The ground-based HVAS NOs; marine concentrations were higher than most of the clean
samples from the literature, whereas the ground-based HVAS continental samples were similar to
the lower end of the continental range from the literature. The tall-tower PM1p nss-S04% marine
concentrations are at the lower end of the range of the clean samples in the literature, whereas
the tall-tower PMjo continental concentrations are slightly higher than the lowest continental
concentrations from the listed literature. The ground-based HVAS nss-S04% marine concentrations
are higher than most of the clean samples, but still within the range from the literature. The
ground-based HVAS nss-S04% continental samples are at the mid to lower end of the range of the
continental samples. Most of the studies in the compiled table did not report concentrations for
the other major ions (Na*, K*, Mg?*, Ca%, CI', and SO4%). For those that did, the tall-tower PMyo
concentrations were generally at the lower end of the literature range, if not below the range,
whereas the ground-based HVAS concentrations were generally in the mid to upper end of the
literature range. The tall-tower PM;o comparison shows the tall-tower PMsg data is in the mid to
lower end of the ranges from the listed studies for the fine mode aerosols, but low to below the
range for coarse mode aerosols. This is most likely due to the majority of the studies listed here
not having a 10 um cut off and sampling at a lower altitude, therefore having a larger contribution

from coarse mode aerosols.
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Table 4.1: Compiled aerosol concentrations from multiple papers and multiple regions, tall-tower PMj, and ground-based HVAS data are from this study
(nmol/m?3; rounded to two significant figures).

Coastal/open

nss-

Reference Location ocean Classification Na* NH,* K Mg Ca® cr NOs S04 SO4*
Cape Point Coastal Marine 110 1.1 2.4 12 2.9 160 3.2 10 3.9
Tall-tower PMqo Cape Point Coastal Continental 66 6.8 24 6.7 2.8 77 12 16 12
Ground-based Cape Point Coastal Marine 220 0.4 4.3 20 6.4 320 9.1 21 7.2
HVAS Cape Point Coastal Continental 140 6.2 4.9 12 6.5 160 23 28 20
Mace Head Coastal Marine N/A 3.4 N/A N/A N/A N/A 2.9 N/A 5.0
North Atlantic
(Rinaldi et al., 2009) | Ocean Open ocean | Marine N/A 3.5 N/A N/A N/A N/A 2.1 N/A 5.3
(Mkoma et al.,
2014) Brazil Coastal Marine 110 2.8 15 11 7.8 14 2.8 5.8 N/A
Eastern Antarctica Coastal N/A N/A 2.3 N/A N/A N/A N/A 0.66 N/A 4.4
(Xu et al., 2013) Southern Ocean Open ocean | N/A N/A 5.3 N/A N/A N/A N/A 0.81 N/A 5.0
(Cavalli, 2004) Mace Head Coastal Marine N/A 5.3 N/A N/A N/A N/A 2.3 N/A 3.1
Mace Head Coastal Marine 220 11 N/A N/A N/A N/A 8.6 N/A 7.8
Mace Head Coastal Continental 81 180 N/A N/A N/A N/A 130 N/A 69
(Yeatman, Spokes Weybourne Coastal Marine 500 45 N/A N/A N/A N/A 13 N/A 3.6
& Jickells, 2001) Weybourne Coastal Continental 110 1000 N/A N/A N/A N/A 790 N/A 160
North Atlantic
Ocean 1 Open ocean Marine 130 0.0 2.5 18 9.3 110 11 14 5.9
North Atlantic
Ocean 2 Open ocean Marine 300 0.0 7.7 40 67 243 23 38 20
Pacific Ocean Open ocean Marine 250 0.0 5.9 30 11 250 1.9 22 6.7
South Atlantic Ocean | Open ocean | Marine 200 0.42 5.2 32 38 140 17 20 8.5
(Zhang et al., 2010) | Mediterranean Sea Open ocean | Continental 180 0.76 33 20 42 98 15 21 10
North Atlantic Open ocean | Marine N/A 6.5 N/A N/A N/A N/A 7.3 N/A N/A
South Atlantic Ocean | Open ocean | Marine N/A 3.3 N/A N/A N/A N/A 2.7 N/A N/A
(Baker et al., 2010) | South Atlantic Ocean | Open ocean | Continental N/A 13 N/A N/A N/A N/A 9.5 N/A N/A
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4.5 Conclusions

The primary objective and aims for this thesis have been achieved. An aerosol sampling system
was installed at the Cape Point GAW station that collects clean marine samples that originate in

the remote Southern Ocean.

The existing tall-tower PMjo sampling system and the newly installed ground-level HVAS both
show similar temporal trends in the inorganic aerosol concentrations. However, the tall-tower
PM1o sampling system appears to be under sampling the coarse mode fraction of aerosols when
compared to the ground-based HVAS. It is possible that this is due to large aerosol particles
settling out in the 30 m long intake tube. It is therefore recommended to use the ground-based
HVAS for future work as it seems to sample the air masses more completely across the full size

spectrum.

The sector-controller was successfully installed and tested. It was found to exclude air masses
coming directly from the continent and did help to minimize contamination from continental air.
However, it did not completely prevent sampling of continental air masses that circulated over
the ocean before being sampled. Recommended improvements for the sector-controller to
prevent sampling continental air masses would be to add additional cut-off limits for the sampling,
such that it is not only turned off due to wind direction, but also from particle concentration, black

carbon concentration and/or carbon monoxide concentration.

The aerosol samples’ chemical composition was characterized as a function of size, atmospheric
source region, and season. The size distribution of the major ions is as expected with CI-, Na*, NOs’
, Ca%*, and Mg?* predominantly in the coarse mode, NH4*, and nss-S04> predominantly in the fine
mode, and SO,% and K* being distributed through both the coarse and fine modes. This size
distribution is expected as the coarse mode species are generally primary aerosols and emitted
directly via sea spray or dust, whereas the fine mode species are generally secondary aerosols and
emitted as a gas and form particles. A very strong relationship was observed between the
concentration of different ions and different air mass source regions. The main source regions for
each aerosol sample were classified as marine, modified marine, or continental depending on the
120 hour air mass back trajectories and 222Rn concentrations. The ClI, Na*, and Mg?* concentrations
were lower in samples with more continental influence, consistent with these species having a
marine source. The NOs’, NHs*, and nss-SO4% concentrations were higher in samples with more
continental influence, consistent with an anthropogenic source for these species. The SO4* and K*

concentrations had an interesting distribution as the concentration in the coarse mode decreased
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with more continental influence, and the fine mode concentration increased with more

continental influence. This indicates both marine and continental sources for those ions.

There is a seasonality at Cape Point with a dominant east/southeast wind most of the year and a
shift to west/northwest winds during winter. This causes winter to have high levels of continental
influence, but also the most marine samples as there is a sharp gradient from clean marine air to
polluted air in the northwest region (Figure 2.1). The seasonality in the chemical composition of
the aerosols is dominated by the changing wind regimes. The changes that can be noted between
different seasons can be explained by the changes in the source regions of the air masses passing
over different regions in different seasons. Therefore, regardless of season or dominant wind
direction, each aerosol sample collected needs to be individually classified by means of air mass

back trajectory and 22Rn concentrations.

The major inorganic aerosol concentrations measured here are comparable to what is observed
at other coastal sampling sites. The concentration of aerosols from remote regions with little to
no anthropogenic influence can give an indication of the natural concentration levels. These
background concentration levels can be used as a proxy for the preindustrial atmosphere, which
is required to understand the influence of anthropogenic perturbations to the natural system.
These can be used in models to further predict how the system will be affected in the future under

a variety of different pollution scenarios.
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Appendix

Table Al: Average concentration of major ions (nmol/filter) in ground-based HVAS field blanks for

each stage (standard deviation in parenthesis).

Na* NH,* K* Mg?* Ca* cr NO3 SO.*
Stagel | 10136.1 | 137.8 598.4 44.5 241.2 3256.6 361.6 53.7
(2436.8) | (29.6) (118.9) (11.8) (54.6) (1868.8) | (146.6) (38.0)
Stage 2 | 11849.4 | 148.8 918.0 34.4 177.9 3856.4 407.3 116.0
(3089.1) | (41.5) (389.7) (5.2) (90.8) (2059.7) | (135.0) (26.7)
Stage 3
11512.4 | 162.4 692.4 56.3 287.5 3653.4 339.7 40.6
(3203.4) | (47.8) (171.5) (29.1) (121.4) (1963.3) | (258.3) (57.4)
Stage4 | 10865.5 | 150.0 573.8 46.0 243.8 4068.1 159.7 36.4
(2970.2) | (41.8) (79.3) (21.4) (68.0) (2059.7) | (225.8) (51.5)
Stage 5 | 12000.2 | 158.1 915.9 68.2 401.6 3382.2 466.8 40.8
(3240.1) | (30.7) (310.1) (25.6) (182.6) (1803.4) | (160.4) (57.7)
Back up | 38888.4 | 332.3 1891.0 104.1 400.4 16854.6 | 571.2 97.4
(5001.8) | (57.4) (142.1) (5.4) (61.3) (3884.6) | (504.0) (137.7)

Table A2: P-values for t-test comparing PMj to total HVAS, HVAS S2-BU, HVAS S3-BU, and HVAS

S4-BU (>0.05 is significant)

Na* NHz* K* Mg?* Ca* cr NO3 SO4* nss-

5042—
PM]_O'

HVAS 0.000 0.999 0.000 0.000 0.000 0.000 0.000 0.000 0.000
PM]_O'
HVAS

S2-BU 0.000 0.957 0.000 0.000 0.000 0.000 0.000 0.000 0.001
PMjio-
HVAS

S3-BU 0.901 0.804 0.001 0.241 0.215 0.671 0.169 0.008 0.010
PM]_O'
HVAS

S4-BU 0.004 0.747 0.041 0.000 0.554 0.001 0.442 0.096 0.030
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TE-5170 Calibration

Site Information
11/ 06/ 2018 -

Location: Cape poi nt, Cape Tow Site ID: Date: 12: 20
Sampler: TE-5170 Serial No: Tech: Kurt Spence /
Brandon Qpi e

Site Conditions

Barometric Pressure (mBar): 997, 40 Corrected Pressure (mm Hg): 748
Temperature (deg C): 18 Temperature (deg K): 291
Average Press. (mBar): 995, 00 Corrected Average (mm Hg): 746
Average Temp. (deg C): 20 Average Temp. (deg K): 593

Calibration Orifice

Make: Ti sch Qstd Slope: 1, 55683
Model: TE- 5028A Qstd Intercept: - 0, 00238
Serial#: 1179 Date Certified: 22/ 08/ 2016

Calibration Information

Plate or H20 Qstd | IC

Test # (cm) (m3/min) (chart) (corrected) Linear Regression
1 6, 04 0, 996 59, 6 59, 83 Slope: 54,5966
2 4,30 0, 840 51,8 52, 00 Intercept: 6,0495
3 2,86 0, 686 42,7 42, 86 Corr. Coeff: 0,9992
4 2,22 0, 604 39,0 39, 15
5 3,41 0, 749 46, 5 46, 68 #t of Observations: 12
6 5,24 0, 928 56, 0 56, 21
7 6, 38 1,023 61,8 62, 04
8 4,91 0, 898 54,6 54, 81
9 3,75 0, 785 48, 6 48, 79
10 2,47 0, 637 40, 2 40, 35
11 4,37 0, 847 52,3 52, 50
12 5, 84 0, 979 59,1 59, 33

Calculations

Qstd = 1/m[Sqrt(H20(Pa/Pstd)(Tstd/Ta))-b] m =sampler slope
IC = I[Sqrt(Pa/Pstd)(Tstd/Ta)] b =sampler intercept

| =chart response
Qstd = standard flow rate Tav = daily average temperature
IC = corrected chart response Pav = daily average pressure
| = actual chart response
m = calibrator Qstd slope Average | (chart): 44,0
b = calibrator Qstd intercept Average Flow Calculation m3/min
Ta = actual temperature during calibration (deg K) 0,694601759
Pa = actual pressure during calibration (mm Hg) Average Flow Calculation in CFM
Tstd = 298 deg K 24,5263881
Pstd =760 mm Hg Sample Time (Hrs): 24,0
For subsequent calculation of sampler flow: Total Volume in m3
1/m((1)[Sqrt(298/Tav)(Pav/760)]-b) 1000,226532

Total Flow in CF
35317,99886

NOTE: Ensure calibration orifice has been certified within 12 months of use

Tisch Environmental 145 South Miami Ave, Cleves OH 45002 @ 877.263.7610 e sales@tisch-env.com ® www.tisch-env.com

Figure A1: High volume air sampler calibration sheet from 11/06/2018
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TE-5170 Calibration Worksheet

Site Information

Location: Cape poi nt, Cape Towr Site ID: Date: 09/ 09/ 2018
Sampler: TE- 5170 Serial No: Tech: Kurt Spence

Site Conditions

Barometric Pressure (mBar): 1000, 90 Corrected Pressure (mm Hg): 751
Temperature (deg C): 16 Temperature (deg K): 289
Average Press. (mBar): 995, 00 Corrected Average (mm Hg): 746
Average Temp. (deg C): 20 Average Temp. (deg K): 593

Calibration Orifice

Make: Ti sch Qstd Slope: 1, 55683
Model: TE- 5028A Qstd Intercept: - 0, 00238
Serial#: 3202 Date Certified: 22/ 08/ 2016

Calibration Information

Plate or H20 Qstd | IC
Test # (cm) (m3/min) (chart) (corrected) Linear Regression

1 6, 50 1, 039 62,1 62, 68 Slope: 54,5154

2 5, 89 0, 989 59,8 60, 36 Intercept: 6,1477

3 5,23 0, 932 56, 3 56, 83 Corr. Coeff: 0, 9996

4 3,90 0, 805 49,3 49, 76

5 2,86 0, 690 43,5 43,91 # of Observations: 6

6 2,30 0, 619 40, 1 40, 48

Calculations
Qstd = 1/m[Sqrt(H20(Pa/Pstd)(Tstd/Ta))-b] m =sampler slope
IC = I[Sqrt(Pa/Pstd)(Tstd/Ta)] b =sampler intercept
= chart response

Qstd = standard flow rate Tav = daily average temperature
IC = corrected chart response Pav = daily average pressure
| = actual chart response
m = calibrator Qstd slope Average | (chart): 44,0
b = calibrator Qstd intercept Average Flow Calculation m3/min
Ta = actual temperature during calibration (deg K) 0,693835033
Pa = actual pressure during calibration (mm Hg) Average Flow Calculation in CFM
Tstd =298 deg K 24,49931503
Pstd =760 mm Hg Sample Time (Hrs): 24, 0
For subsequent calculation of sampler flow: Total Volume in m3
1/m((1)[Sqrt(298/Tav)(Pav/760)]-b) 999,122448

Total Flow in CF
35279,01364

NOTE: Ensure calibration orifice has been certified within 12 months of use

Tisch Environmental 145 South Miami Ave, Cleves OH 45002 @ 877.263.7610 ® sales@tisch-env.com ® www.tisch-env.com

Figure A2: High volume air sampler calibration sheet from 09/09/2018
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Figure A3: Wind speed and direction (vector arrows) for Cape Point 2017-2019

Table A3: Tall-tower PMo aerosol concentrations (nmol/m3) for non-sector-controlled tower

samples (19 June 2017 to 05 July 2018; n=73)

NSC Na* NH4* K* Mg* Ca? cr NOs SO  nss-SO4%
Average 76.6 5.4 2.2 8.2 2.6 102.1 8.7 12.1 7.5
Standard

o 39.8 5.1 1.3 4.2 1.4 61.0 7.5 7.1 7.4
deviation
Minimum 0.0 0.5 0.0 0.4 0.0 11.9 0.3 5.0 -3.1

Maximum  183.9 31.6 7.7 20.9 7.0 263.1 450 595 56.4
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Table A4: Seasonal average tall-tower PMio aerosol concentrations (hmol/m?3) for non-sector-

controlled tower samples (standard deviation in parentheses)

NSC Na* NH4* K* Mg | ca* cr NOs | SO4* | nss-SO.*
Summer | 67.9 5.0 3.6 8.4 33 | 1147 | 65 12.5 8.4
(n=3) (209) | (1.4) | (3.0) | (1.1) | (1.7) | (19.9) | (15 | (2.9 (1.8)
Autumn | 44.5 5.2 1.3 4.8 1.4 552 | 103 | 127 10.0
(n=24) | (22.8) | (5.0) | (0.8) | (2.3) | (0.9) | (30.3) | (10.8) | (10.6) | (10.6)
Winter | 90.7 5.2 2.3 9.5 30 | 1134 | 72 10.9 5.4
(n=27) | (382) | (6.3) | (0.8) | (4.2) | (1.3) | (629) | (3.2) | (4.6) (5.2)
Spring 98.4 5.9 3.0 10.8 33 | 1432 [ 9.0 13.0 7.1
(n=19) | (36.5) | (3.9) | (1.5) | (3.6) | (1.3) | (54.8) | (7.3) | (4.6) (4.5)

Table A5: Tall-tower PMyo aerosol concentrations (nmol/m3) for sector-controlled tower samples

(09 July 2018 to 24 August 2018; n=7)

SC Na* NH4* K* Mg?* Ca? cr NOs | SOs* | nss-SOs*
Average 65.2 3.7 1.2 8.3 2.7 90.5 4.8 11.7 7.8
Standard 32.2 2.7 1.2 3.5 1.9 50.3 6.8 5.0 5.9
deviation
Minimum 33.6 0.8 0.0 3.8 0.0 29.1 0.0 7.0 2.3
Maximum | 113.5 8.7 3.1 14.7 6.2 148.9 19.2 21.6 18.8
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Table A6: Seasonal average ground-based HVAS aerosol concentrations (nmol/m?3, standard

deviation in parentheses)

Total

Coarse
mode
Fine
mode

Total

Coarse
mode
Fine
mode

Total

Coarse
mode
Fine
mode

Na*

151.6
(81.9)
142.6
(79.9)
9.0
(9.5)

280.7
(97.9)
250.1
(84.5)
30.6
(39.1)

287.8
(72.0)
264.4
(67.5)
23.4
(28.5)

NH4*

5.2
(4.7)

1.4
(1.7)

3.8
(3.2)

3.9
(8.5)
0.6
(0.5)
3.3
(8.5)

4.8
(8.4)
13
(2.7)
35
(5.8)

K* M g2+ Ca 2+

Autumn (n=8)
4.4 15.2 5.0
(2.8) (8.4) (3.5)

3.2 14.6 4.4
(2.1) (8.4) (3.4)
1.3 0.7 0.6

(0.9) (0.8) (0.6)
Winter (n=16)
7.0 25.4 10.1
(2.2) (8.6) (4.9)
4.9 23.9 8.8
(1.5) (8.1) (3.5)

2.1 1.5 1.3
(2.2) (1.8) (1.9)
Spring (n=9)

6.8 26.3 9.1
(3.1)  (65)  (3.4)
5.2 25.1 8.4
(1.5)  (6.8) (2.8
16 1.2 0.6
(1.9)  (1.9) (1.2)

Cr

250.9
(108.6)
245.4
(112.3)
5.5
(8.5)

403.4
(193.9)
377.7
(177.6)
25.7
(58.5)

359.9
(96.7)
340.7
(96.5)
19.2
(30.3)

NOs

335
(15.3)
28.3
(11.6)
5.3
(5.5)

18.9
(10.7)
15.5
(10.1)
3.4
(1.7)

28.6
(21.7)
23.6
(16.6)
5.0
(5.2)

SO4*

32.1
(4.5)
17.8
(4.5)
14.3
(5.1)

36.7
(12.6)
21.8
(5.9)
14.9
(12.9)

37.6
(15.1)
22.3
(5.3)
15.3
(10.7)

nss-
SO4*

23.4
(3.2)
9.4
(4.9)
14.0
(5.1)

19.8
(14.8)
6.7
(3.9)
13.1
(13.4)

20.2
(13.8)
6.3
(5.2)
13.9
(9.1)

Table A7: P-values for Welch test on seasonal average ground-based HVAS aerosol concentrations

(>0.05 is significant; vales correspond to Table A6)

Autumn-Winter
Autumn-Spring
Winter-Spring

Autumn-Winter
Autumn-Spring
Winter-Spring

Autumn-Winter
Autumn-Spring
Winter-Spring

Na*

0.003
0.003
0.837

0.008
0.005
0.649

0.051
0.183
0.606

NH4*

0.612
0.892
0.794

0.192
0.912
0.436

0.828
0.885
0.945

K* Mg2+ Ca2+

Total
0.045 0.014 0.009
0.117 0.010 0.029
0.880 0.776  0.555
Coarse mode
0.064 0.021 0.010
0.040 0.014 0.019
0.615 0.713 0.810
Fine mode
0.202 0.129 0.179
0.645 0.416 0.942
0.560 0.747 0.272

cr

0.022
0.047
0.463

0.038
0.083
0.507

0.194
0.224
0.718

NOs”

0.035
0.592
0.237

0.021
0.509
0.211

0.372
0.916
0.391

5042_

0.206
0.327
0.892

0.082
0.080
0.843

0.862
0.804
0.941

nss-
5042_

0.370
0.520
0.949

0.211
0.237
0.845

0.809
0.968
0.863
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Table A8: Ground-based HVAS Non-sector-controlled major ion concentrations (16 April 2018 to

05 July 2018, 24 August 2018 to 30 August 2018, and 05 November 2018 to 10 November 2018,

standard deviation in parentheses, nmol/m?3, n =20)

NSC Na* NHa4* K* Mg* | ca* cr NOs | SO | nss-SO.>

Total 231.2 5.1 57 | 221 | 7.9 3543 | 24.0 | 341 20.4
(111.6) | (7.9) | (2.5) | (9.7) | (5.0) | (169.1) | (14.0) | (10.6) | (11.9)

Coarse | 211.9 1.0 43 | 2120 | 7.0 | 3370 | 200 | 202 | 7.5(4.2)

mode | (95.9) | (1.1) | (2.0) | (9.2) | (3.9) | (155.2) | (11.9) | (6.0)

Fine 19.3 4.1 1.3 1.1 1.0 17.3 41 | 139 12.9

mode | (35.1) | (7.7) | (1.2) | (1.6) | (1.7) | (51.2) | (3.8) |(11.0)| (11.5)

Table A9: Ground-based HVAS Sector-controlled major ion concentrations (09 July 2018 to 24

August 2018, and 30 August 2018 to 05 November 2018, standard deviation in parentheses,

nmol/m?3, n=13)

SC Na* NH4* K* Mg?* Ca** cr NOs | SO4* | nss-SO4*

Total 282.3 3.4 7.3 24.9 9.5 355.0 26.7 38.5 21.5
(81.9) | (7.2) | (2.9) | (8.0) | (3.9) | (158.9) | (19.6) | (13.6) | (13.7)

Coarse 252.6 1.0 4.9 23.5 8.7 333.2 22.1 22.2 7.0(5.3)

mode | (80.9) | (22) | (15 | (8.0) | (3.3) | (150.5) | (15.6) | (4.7)

Fine 29.7 2.4 2.4 1.4 0.9 21.7 4.6 16.3 | 14.5(9.1)

mode (26.3) (5.0) (2.5) (1.6) (1.2) (30.8) (4.3) (10.2)
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Table A10: Tall-tower PMyo aerosol ion concentrations (nmol/m?3) and radon concentrations (mBg/m?3)

for different air mass history categories.

Na* NHsf K*  Mg*  Cca* cr NO3 SO.* nss-SO,>  Radon
Marine (n=8)
Average 109.1 1.1 24 11.8 2.9 164.0 3.2 104 3.9 294.2
Standard 445 10 15 44 1.5 58.1 3.1 3.1 1.7 62.8
deviation
Minimum 483 0.1 00 6.5 0.0 97.5 0.0 7.0 1.9 183.6
Maximum 1743 2.9 4.7 185 4.5 244.3 7.3 15.0 6.4 390.5
Modified marine (n=45)
Average 754 27 19 85 2.4 104.7 7.0 10.2 5.7 771.9
Standard 39.3 2.7 1.0 4.0 1.3 54.8 3.9 2.6 3.2 376.5
deviation
Minimum 0.0 00 00 04 0.0 15.9 1.0 5.0 -3.1 385.9
Maximum 1839 12.2 4.7 20.9 7.0 263.1 22.3 20.8 16.5 2049.8
Continental (n=27)

Average 66.0 6.8 2.4 6.7 2.8 76.5 12.0 15.6 11.6 1814.4
Standard 328 68 1.7 35 1.8 55.3 10.8 10.5 10.6 1050.7
deviation
Minimum 195 04 00 2.1 0.0 11.9 2.6 5.1 2.4 590.3
Maximum 140.6 36.1 7.7 14.7 6.2 209.3 45.0 59.5 56.4 4644.6

Table A11: P-values for Welch test on tall-tower PM1o aerosol concentrations for different air mass

history categories (values correspond to Table A10)

Na*  NHs K Mg*  Ca¥  CI NOs SO oo
SO,

Marine -

Modified Marine  0.075 0.077 0359 0.088 0439 0.024 0.010 0.847 0.028

Marine -

Continental 0.030 0.001 0.954 0.015 0.865 0.003 0.001 0.031 0.001
Modified Marine
- Continental 0.277 0.006 0.195 0.049 0.397 0.040 0.027 0.014 0.008
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Table A12: Average tall-tower PMso aerosol concentrations (nmol/m3) by season and air mass history

(with standard deviation in parentheses).

All

Marine
(n=0)
Modified
marine
(n=2)
Continental
(n=1)

All

Marine
(n=1)
Modified
marine
(n=15)
Continental
(n=8)

All

Marine
(n=5)
Modified
marine
(n=19)
Continental
(n=10)

All

Marine
(n=2)
Modified
marine
(n=9)
Continental
(n=8)

Na*

67.9
(20.9)

57.0
(12.5)

89.9

44.5
(22.8)
95.1

39.7
(22.2)

47.2
(17.4)

85.5
(38.0)
114.3
(50.7)
95.1
(29.1)

52.7
(24.9)

98.5
(36.5)
103.2
(56.2)
97.5
(41.8)

98.4
(31.1)

NH4*

3.4
(1.1)

3.7
(1.3)

2.7

3.7
(3.1)
0.1

2.6
(2.3)

6.2
(3.0)

4.1
(6.7)
1.0
(0.8)
2.5
(3.1)

8.6
(10.5)

4.0
(3.3)
1.9
(1.5)
3.0
(3.1)

5.7
(3.3)

K+

3.6
(3.0)

1.9
(0.8)

7.0

1.4
(0.8)
15

13
(0.9)

1.4
(0.8)

2.0
(0.9)
1.9
(1.2)
2.1
(0.9)

2.1
(1.0)

3.0
(1.5)
4.2
(0.8)
2.6
(1.1)

3.3
(2.0)

Mg2+ Ca2+
Summer (n=3)
8.4 33
(1.1) (1.7)
8.2 2.5
(1.4) (1.6)
8.9 4.8
Autumn (n=24)
4.9 14
(2.3) (0.9)
6.5 2.5
5.0 1.5
(2.5) (0.9)
4.3 1.1
(2.2) (0.9)
Winter (n=34)
9.2 2.9
(4.0) (1.4)
13.1 2.9
(4.4) (1.8)
10.0 2.7
(3.3) (1.2)
5.9 33
(2.6) (1.7)
Spring (n=19)
10.8 33
(3.6) (1.3)
11.0 3.0
(4.6) (1.3)
11.5 3.2
(4.0) (1.2)
10.0 3.5
(3.3) (1.5)

cr

114.7
(19.9)

105.3
(16.4)

133.3

55.2
(30.3)
101.5

60.6
(30.9)

39.1
(21.1)

108.7
(60.6)
178.3
(58.2)
116.6
(48.8)

59.0
(40.0)

143.2
(54.8)
159.3
(71.5)
152.7
(53.8)

128.5
(57.0)

NOs

6.5
(1.5)

6.4
(2.1)

6.5

10.3
(10.8)
0.3

7.1
(2.7)

17.6
(16.4)

6.7
(4.2)
3.3
(3.1)
7.0
(3.9)

7.9
(4.6)

9.0
(7.3)
4.5
(4.0)
7.1
(5.9)

12.4
(8.5)

SO4*

12.5
(2.9)

11.3
(2.9)

14.8

12.7
(10.6)
7.6

9.5
(1.3)

19.4
(16.9)

11.0
(4.6)
10.7
(2.6)
9.6
(2.5)

13.9
(7.1)

13.0
(4.6)
11.2
(5.3)
12.4
(3.5)

14.1
(5.9)

nss-S04*

8.4 (1.8)

7.9(2.2)

9.4

10.0
(10.6)
1.9
7.1(1.9)
16.6
(16.8)
5.9 (5.4)

3.8 (1.5)

3.9(2.9)

10.7 (7.3)

7.01(4.5)
5.0 (1.9)

6.5 (4.4)

8.2 (5.1)
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Table A13: P-values for Welch test on average tall-tower PM, aerosol concentrations by season

and air mass history (values correspond to Table A12).

nss-

Na* NH4* K* Mg?* Ca? cr NOs SO4* .
SO,
All

Summer -
Autumn 0.181 0.895 0.326 | 0.006 | 0.199 | 0.016 | 0.113 | 0.926 0.492

Summer -
Winter 0.284 0.932 0.467 | 0.413 | 0.738 | 0.714 | 0.848 | 0.498 0.120

Summer -
Spring 0.102 0.496 0.777 | 0.041 | 0.977 | 0.131 | 0.188 | 0.805 0.394

Autumn -
Winter 0.000 0.839 0.005 | 0.000 | 0.000 | 0.000 | 0.125 | 0.470 0.087

Autumn -
Spring 0.000 0.615 0.000 | 0.000 | 0.000 | 0.000 | 0.643 | 0.914 0.220

Winter -
Spring 0.229 0.466 0.017 | 0.152 | 0.275 | 0.041 | 0.207 | 0.151 0.404

Marine

Winter -

Spring 0.834 0.679 0.053 | 0.636 | 0.890 | 0.777 | 0.754 | 0.914 0.539
Modified Marine

Summer -
Autumn 0.244 0.429 0.505 | 0.114 | 0.537 | 0.080 | 0.729 | 0.542 0.706

Summer -
Winter 0.057 0.365 0.807 | 0.267 | 0.891 | 0.528 | 0.795 | 0.569 0.195

Summer -
Spring 0.045 0.752 0.443 | 0.097 | 0.648 | 0.064 | 0.793 | 0.696 0.569

Autumn -
Winter 0.000 0.759 0.021 | 0.000 | 0.002 | 0.000 | 0.883 | 0.815 0.000

Autumn -
Spring 0.003 0.526 0.010 | 0.001 | 0.003 | 0.001 | 0.995 | 0.039 0.717

Winter -
Spring 0.884 0.414 0.252 | 0.338 | 0.318 | 0.109 | 0.944 | 0.056 0.131

Continental

Autumn -
Winter 0.589 0.938 0.134 | 0.172 | 0.003 | 0.198 | 0.142 | 0.406 0.379

Autumn -
Spring 0.002 0.865 0.031 | 0.001 | 0.002 | 0.003 | 0.440 | 0.423 0.212

Winter -
Spring 0.005 0.800 0.144 | 0.012 | 0.748 | 0.013 | 0.207 | 0.939 0.402
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Table A14: Size segregated ground-based HVAS aerosol concentrations categorized by air mass

history (nmol/m?3, standard deviation in parentheses)

Total HVAS

Coarse
mode HVAS
Fine mode
HVAS

Total HVAS

Coarse
mode HVAS
Fine mode
HVAS

Total HVAS

Coarse
mode HVAS
Fine mode
HVAS

Na*

353.7
(100.4)
314.1
(82.1)
39.5
(61.5)

234.2
(99.8)
221.5
(96.1)
12.7
(8.0)

219.0
(74.0)
187.3
(50.6)
31.8
(30.6)

NH4*

0.7
(0.7)
0.4
(0.4)
0.2
(0.3)

2.6
(2.6)
0.7
(0.8)
1.9
(2.1)

9.9
(11.9)
1.8
(2.7)
8.1
(10.8)

K* Mg  Ca* cr NO5
Marine (n=6)

6.9 32.1 10.2 516.5 14.5
(2.2) (8.4) (3.31) (177.3) (10.9)
5.8 30.1 9.3 466.2 10.5
(1.8) (8.0) (3.3) (166.5) (9.4)
1.1 2.0 0.9 50.3 4.1
(1.4) (2.7) (1.4) (90.3) (3.0)

Modified marine (n=17)

5.2 22.5 7.0 360.7 21.9
(25)  (9.3)  (3.3) (123.8) (9.2)
4.3 21.7 6.6 353.9 18.8
(2.0) (9.2) (3.2) (124.2) (8.2)
1.0 0.7 04 6.8(63) 3.1

(0.7) (0.6) (0.4) (1.4)

Continental (n=10)

7.8 19.1 10.4 247.0 36.9
(2.8) (5.0) (6.3) (137.4) (21.6)
4.4 17.5 8.4 225.9 30.4
(1.4) (4.1) (4.4) (113.4) (16.6)
3.5 1.6 1.9 21.2 6.5

(2.3) (1.8) (2.2) (35.9) (6.2)

SO4*

32.7
(9.8)
23.2
(6.8)
9.5
(3.5)

32.0
(6.4)
20.8
(4.9)
11.2
(4.0)

44.2

(16.2)

19.9
(6.0)
24.3

(14.9)

nss-S04*

11.5 (8.6)

4.3 (4.4)

7.2 (6.1)

18.1 (5.6)

7.5 (4.0)

10.5 (3.9)
31.1
(16.2)

8.6 (5.2)

22.5
(14.5)
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Table A15: P-values for Welch test on ground-based HVAS aerosol concentrations categorized by

air mass history (values correspond to Table A14)

Na* | NH+ | Kk | mMg* | ca* | o | Noy | so | M%)
SO,
Total HVAS
Marine -
Modified marine 0.034 | 0.010 | 0.156 | 0.043 | 0.070 | 0.088 | 0.181 | 0.873 | 0.124
Marine -
Continental 0.021 | 0.036 | 0.458 | 0.011 | 0.937 | 0.012 | 0.016 | 0.100 | 0.007
Modified marine -
Continental 0.656 | 0.087 | 0.026 | 0.236 | 0.138 | 0.046 | 0.061 | 0.045 | 0.034
Coarse mode
Marine -
Modified marine 0.046 | 0.244 | 0.109 | 0.062 | 0.118 | 0.174 | 0.090 | 0.450 | 0.150
Marine -
Continental 0.010 | 0.141 | 0.131 | 0.010 | 0.676 | 0.014 | 0.008 | 0.342 | 0.100
Modified marine -
Continental 0.238 | 0.238 | 0.862 | 0.111 | 0.254 | 0.013 | 0.062 | 0.680 | 0.582
Fine mode
Marine -
Modified marine 0.335 | 0.006 | 0.809 | 0.304 | 0.418 | 0.291 | 0.473 | 0.352 | 0.246
Marine -
Continental 0.782 | 0.047 | 0.023 | 0.781 | 0.270 | 0.478 | 0.311 | 0.012 | 0.012
Modified marine -
Continental 0.083 | 0.105 | 0.008 | 0.150 | 0.053 | 0.240 | 0.120 | 0.022 | 0.030
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Figure A4: Box and whisker plots of average ground-based HVAS aerosol concentrations for each

cascade impactor stage.
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Figure A4 (continued): Box and whisker plots of average ground-based HVAS aerosol

concentrations for each cascade impactor stage.

Figure A5: Daily average radon concentration for 2017 — 2019
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