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ABSTRACT 

Atmospheric particulate matter has been shown to have acute and chronic health 

impacts, potential to negatively affect ecosystems, and plays an important role in 

climate forcing through its role in the formation of cloud condensation nuclei. Particle 

size, morphology, and chemical composition are key in determining the extent of the 

impacts on populations and the planet. In this study, particulate mass concentration and 

number counts were measure from October 1 – December 31, 2015 and the United 

States Environmental Protection Agency Positive Matrix Factorization v5.0 program 

was used to apportion the particulate matter sources with further evidence provided by 

air mass back trajectories and satellite observations. It was found that sea spray 

contributed 43.4% of particulate matter, long range transport from the continent 

contributed 30.9% of particulate matter, aged biogenic marine emissions/aged marine 

aerosol contributed 24.3% of particulate matter, and fresh biogenic marine emissions 

contributed 1.4% of particulate matter. 
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CHAPTER 1 INTRODUCTION 

Particulate matter (PM) emitted into the atmosphere from natural and anthropogenic 

sources is known to adversely affect human health by increasing risk of cardiorespiratory 

disease, cancer, and mortality (Dockery et al., 1993; Pope et al., 2002; WHO, 2013). 

Many studies of health effects associated with PM investigate fine airborne particles with 

a median aerodynamic diameter less than, or equal to, 2.5 μm (PM2.5), with a focus on 

mass concentration. The World Health Organization (WHO) estimated that 3.1 million 

deaths in 2010 were attributed to PM2.5. Recently, more research has been conducted into 

ultrafine particles (UFPs), that form part of the composition of PM mass, and their impact 

on health and climate. UFP studies focus on number counts as they contribute very little 

to particle mass yet dominate number count (Brace et al., 2014). Due to their small size, 

high number concentration, increased diffusion in the atmosphere (relative to particles > 

0.1 μm), and large surface area, UFPs can deposit large amounts of toxic pollutants deep 

in the lungs (Delfino, Sioutas & Malik, 2005; Oberdörster, 2001). Furthermore, 

atmospheric PM has a significant impact on climate forcing. The Intergovernmental Panel 

on Climate Change (IPCC) reports that aerosols can directly and indirectly affect climate, 

however the magnitude of aerosol impact on climate is largely uncertain (IPCC, 2013). 

By scattering or absorbing incoming solar radiation, particles directly affect the global 

radiation balance. Particles also act as cloud condensation nuclei (CCN) by providing 

condensing surfaces for atmospheric water vapour leading to particle growth and cloud 

droplet formation. These clouds have a higher albedo and scatter more incoming solar 

radiation, which results in atmospheric cooling (IPCC, 2013; Kerminen et al., 2012). 
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Biogenic marine emissions from phytoplankton contribute significant CCN to the marine 

atmosphere, especially during the spring and fall phytoplankton blooms in the northwest 

Atlantic Ocean. In the spring, a combination of light, nutrients, and favourable ocean 

conditions allow for a massive bloom consisting mainly of diatoms. In the summer, these 

nutrients are depleted and the water column stratifies which allows for a small 

assemblage of phytoplankton to take the place of the diatoms. In the fall, increased wind 

and storms causes mixing of the water column and incorporates nutrient rich deeper water 

into the upper sunlit layer (Craig et al., 2015). There are many competing hypotheses for 

the spring bloom which include Sverdrup’s critical depth hypothesis (Behrenfeld, 2010), 

the critical turbulence (Huisman et al., 1999) and eddy stratification (Mahadevan et al., 

2012) hypotheses, and the disturbance recovery hypothesis (Behrenfeld, 2010; Smith et 

al., 2015). It has been suggested that a combination of these hypotheses are what allows 

the spring bloom; however, this uncertainty is one of the drivers behind the recent 

National Aeronautics and Space Administration (NASA) North Atlantic Aerosols and 

Marine Ecosystems Study (NAAMES) mission running from November 2015 to August 

2020. The NAAMES study will utilize aircraft, ship, and satellite observations to 

investigate seasonal phytoplankton growth, providing insight into how their trace reactive 

gas emissions affect remote marine aerosols, CCN abundance, and ultimately their impact 

on climate (NASA, 2015). It is also known that sea salt aerosols are exceptional CCN and 

the uncertainty in the contribution of marine emissions to the global aerosol budget 

corresponds to a large uncertainty in the aerosol number concentration in the marine 

atmosphere (IPCC, 2013; Petters & Kreidenweis, 2007). Therefore, the measurement of 

aerosols in the marine environment is paramount to understanding their influence on 

climate and Earth system processes. Although satellites can provide useful information 
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regarding aerosols in the marine environment, marine aerosol emissions can only be 

constrained by in situ observations (IPCC, 2013).  

Sable Island is a predominantly marine influenced site (Duderstadt et al, 1998) and ideal 

for continuous long-term measurement of marine emissions. This study will use source 

apportionment, supplemented with satellite observations of ocean colour and air mass 

back trajectory analyses to identify the PM sources impacting air quality on Sable Island 

providing crucial information on how marine emissions impact aerosol composition. 

Ultimately, this information can be used to help global models predict the climate and 

ecosystem effects of marine aerosol emissions. 
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CHAPTER 2  LITERATURE REVIEW 

2.1 Airborne Particulate Matter 

Airborne PM refers to solid particles and/or liquid droplets suspended in a gaseous 

medium (Gibson et al., 2009; Wheeler et al., 2014). Collectively, this suspension is called 

an aerosol. Aerosols are categorized as primary or secondary aerosols and they can be 

further distinguished based on how they are generated and the physical characteristics of 

their particulates (Hinds, 1998; Kulkarni, Baron & Willeke, 2011). Primary aerosols are 

formed when PM is emitted directly into the suspending gas (usually air); examples o f 

primary aerosol formation mechanisms include combustion processes, fragmentation 

processes, and sea spray (Doohoo et al., 2015; Franklin et al., 2014; MacNeil et al., 2014; 

Palmer et al., 2013; Snider et al., 2016; Wheeler et al., 2014). Secondary aerosols are 

formed from gas-to-particle conversions; some examples include cloud droplet formation 

and the oxidation of volatile organic compounds (VOCs) such as isoprene emitted by 

phytoplankton (Facchini et al., 2008; Hinds, 1998; IPCC, 2013; Kulkarni, Baron & 

Willeke, 2011). Aerosols can exist in homogeneous, monodisperse or polydisperse states. 

Homogeneous aerosols are composed of chemically identical particles, whereas 

monodisperse aerosols are composed of same sized particles and polydisperse aerosols 

contain a mixture of particle sizes and chemical compositions. Monodisperse aerosols are 

not found in the natural environment, they are usually engineered and used as test 

aerosols for instrument calibration (Berglund & Liu, 1973; Hinds, 1998; Kulkarni, Baron 

& Willeke, 2011). Atmospheric aerosols are made up of inorganic nitrate, sulphate, 

ammonium, and sea salt, as well as organic species, mineral species, black carbon, and 

biological particles (IPCC, 2013). 
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2.2 Particle Characteristics 

Density is one of three traits used to characterize PM. Particulates produced from 

fragmentation processes will share the density of the parent material, however those 

produced from combustion (smoke, fumes) can have densities far less than anticipated 

due to voids created by their aggregate structure (Hinds, 1998). Individual particles can 

also exist in different phases, which is reflected in their density (DeCarlo et al., 2004; 

Hinds, 1998). Particle shape is another characteristic to consider when sampling PM. 

Liquid droplets are usually spherical, however solid particles seldom are and can have 

complex shapes. Therefore, equivalent diameters are used to apply theories of aerosol 

properties to non-spherical particles. The most common equivalent diameter used for 

aerosols is the aerodynamic diameter (da), which is the diameter that a spherical particle 

with a density of 1000 kg m-3 would have if it shared the same settling velocity as the 

non-spherical particle (DeCarlo et al., 2004; Hinds, 1998). That is to say, a particle with 

an aerodynamic diameter of 5 microns behaves the same as a spherical liquid water 

droplet with a diameter of 5 microns. 

Particle motion is described by Stokes law shown below in equation 1. Stokes law 

assumes the particle is moving in an incompressible fluid, no other particles are close by, 

particle motion is constant, fluid velocity at the surface of the particle is zero, and the 

particle is a rigid sphere to solve the Navier-Stokes equations (DeCarlo et al., 2004; 

Hinds, 1998; Kulkarni, Baron & Willeke, 2011). 

 

𝐹𝐷 = 3𝜋𝜂𝑉𝑑                                                            (1) 
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Where FD = resisting force (form force + frictional force) on a spherical particle moving 

through a fluid,  = viscosity, V = particle velocity, and d = particle diameter. Non-

spherical particles have larger surface areas than spherical particles, therefore they 

experience more drag force. Applying a shape factor () corrects for non-spherical 

particle shapes (DeCarlo et al., 2004; Hinds, 1998; Kulkarni, Baron & Willeke, 2011). 

As shown in equation 2 below, the terminal settling velocity of an airborne particle is 

proportional to the square of its diameter (Hinds, 1998; DeCarlo et al., 2004). 

 

𝑉𝑇𝑆 =
𝜌𝑝𝑑𝑒

2𝑔

18𝜂𝜒
                                                            (2) 

 

Where VTS = terminal settling velocity, p = particle density, de = equivalent volume 

diameter,  = fluid viscosity, and  = particle shape factor. A spherical particle has a 

shape factor of 1, and non-spherical particles generally have shape factors larger than 1. 

For example, cylindrical particles have shape factors ranging from 1.01 – 1.68, a cluster 

of 3 spherical particles has a shape factor of 1.15, quartz a factor of 1.36, and sand a 

factor of 1.57 (DeCarlo et al., 2004; Hinds, 1998). Since da accounts for particle shape 

and density, when substituted for de (Hinds, 1998; Decarlo et al., 2004), the equation for 

terminal settling velocity becomes:  

 

𝑉𝑇𝑆 =
𝜌0𝑑𝑎

2𝑔

18𝜂
                                                          (3) 

 

Where 0 = 1000 kg m-3.  
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This highlights that particle size is usually the most important characteristic affecting 

particle behavior (Kulkarni, Baron & Willeke, 2011). As such, atmospheric particles, 

which typically range from 0.01 microns to 100 microns, are segregated into size 

fractions. Total suspended particles (TSP) or super-coarse particles refers to all particles 

with a median aerodynamic diameter ≤60 m (Hinds, 1998; Kulmala et al, 2004). 

Respirable and fine particles are those with median aerodynamic diameters ≤10 m 

(PM10) and ≤4 m (PM4), respectively. Coarse particles are found in the size fraction 

between PM2.5 and PM10, UFPs have median aerodynamic diameters ≤100 nm. UFPs can 

be subdivided into nucleation mode (3-20 nm) and Aitken mode (20-90 nm) (Hinds, 

1998; Kulmala et al., 2004). Accumulation mode particles are a sub-group of fine 

particles, having median aerodynamic diameters between 0.1 m – 1 m (Kulmala et al., 

2004). 

2.3 Particle Distributions 

Super-coarse and coarse mode particles are not stable in the atmosphere; they have 

greater settling velocities than fine and ultrafine particle modes and therefore, shorter 

atmospheric lifetimes (IPCC, 2013). As shown in Figure 1, coarse mode particles tend to 

dominate PM volume. 

Figure 1 shows fine mode particles dominate PM surface area. This is a result of their 

typically aggregated structure. Smaller (nucleation and accumulation mode) particles 

coagulate or have atmospheric vapours condense on their surface, causing particle growth 

(Kulkarni, Baron & Willeke, 2011). 
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UFPs only account for 1% - 8% of ambient PM mass but dominate particle number 

counts, as shown in Figure 1. UFPs make up 80% of particle number concentration in 

urban environments (Zhu et al., 2002). Wichmann et al., 2000 found that 88% of particle 

number counts in Erfurt, Germany were from UFPs. 

 

 

Figure 1. Ambient particle distribution as a function of particle number, surface area, and 

volume (Royal Society of Chemistry, 2012) 

 

2.4 Species and Sources 

Primary sources of PM include sea spray, surface dust, fossil fuel combustion, biomass  

burning, and volcanoes (Dohoo et al., 2013; Teather et al., 2013). Sea spray is 
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naturogenic and caused by the bursting of sea surface bubbles, breaking waves, and high 

sea surface winds, and is influenced by sea temperature and composition. Sea spray 

aerosols are composed of inorganic salt particles (coarse mode), traces of sulphate, and 

organic aerosols (accumulation mode) derived from biological activity and are 

responsible for emitting 1400-6800 Tg yr-1 of PM to the atmosphere (IPCC, 2013). 

Manders et al, (2010) found that continental sea salt concentrations in Europe ranged 

from 0.3 g m-3 – 13 g m-3, with concentrations decreasing further inland. In coastal 

regions sea salt can account for 80% of atmospheric PM mass (European Environment 

Agency, 2012). Gibson et al. (2009) found at four sampling sites in west-central Scotland, 

UK, the coastal site PM10 was dominated by sea salt and chlorine depletion was noted at 

the urban sites. 

Mineral dust is an important contributor to atmospheric aerosols, especially in dry and 

semi-arid deserts and regions impacted by human activities and decreased vegetation 

(Teather et al., 2013). The most significant source of mineral dust is the Sahara Desert 

(Fuzzi et al., 2015). The magnitude of mineral dust emissions to the atmosphere is a 

function of surface wind speed and surface characteristics. Naturogenic sources of re-

entrained mineral dust (e.g. saltation) are responsible for 75% of global dust emissions 

and contribute 1000 – 4000 Tg of global aerosol mass per year (Fuzzi et al., 2015; IPCC, 

2013). Anthropogenic activities (e.g. agricultural practices and road traffic) contribute the 

remaining 25% of global dust emissions (Fuzzi et al., 2015). Mineral dust contributes 

mainly to the coarse mode and less to the super-coarse and fine modes (Fuzzi et al., 2015; 

IPCC, 2013; Miller-Schulze et al, 2015). Querol et al. (2009) found that mineral dust 
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contributed between 2 g m-3 and 14 g m-3 to the coarse particle mode in Europe and 

only 0.5 g m-3 to 2 g m-3 to the fine mode.  

Combustion processes emit nitrogen and sulphur containing gases, which oxidize in the 

atmosphere to form nitrates and sulphates of ammonia (Gibson, 2004; Gibson et al., 2012; 

Gibson, Kundu & Satish, 2013; MacNeil et al., 2013; Palmer et al., 2013). Combustion is 

also a source of black carbon (BC) and organic carbon (OC), an important source of 

atmospheric UFPs (Kulkarni, Baron & Willeke, 2011). The most significant source of 

ultrafine particles in urban environments is vehicle emissions (Krecl et al., 2015 ; Brace et 

al., 2014). While measuring ultrafine particle counts at 30, 60, 90, 150, and 300 m 

downwind of Interstate 405 in Los Angeles, USA, Zhu et al. (2002b) found particle 

number counts peaking at 160 000 particles cm-3 for particles ≤13 nm at 30 m from the 

interstate. Particles smaller than 13 nm were no longer detected 90 m downwind of the 

interstate, and at 300 m downwind, ultrafine particle number concentrations were 

indistinguishable from background concentrations (Zhu et al., 2002b). In a second study, 

Zhu et al. (2002a) examined UFP number concentrations a 17, 20, 30, 90, 150, and 300 m 

downwind of freeway 710 in Los Angeles. UFP counts for particles ≤10 nm peaked 

around 320 000 particles cm-3 at 17 m from the freeway, at 20 m the concentration 

dropped to 240 000 particles cm-3 for particles ≤10 nm and at distances greater than 150 

m, UFP number concentrations were indistinguishable from background concentrations. 

The most significant emissions from volcanoes are in the form of ash (coarse mode) and 

sulphur gas. Volcanoes also emit carbon dioxide (CO2), hydrochloric acid (HCl), 

hydrofluoric acid (HF), hydrobromic acid (HBr), water vapour, and mercury (Hg) at 

lower concentrations (European Environment Agency, 2012; Glasow, Bobrowski & Kern, 
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2009). Sulphur gas is emitted predominantly in the form of sulphur dioxide (SO2); 

sulphate (SO4) and hydrogen sulphide (H2S) account for approximately 1% of sulphur gas 

emissions from volcanoes (IPCC, 2001; Gibson et al., 2013).  

There are between 8 and 15,000 wildfires in North America every year, generating vast 

amounts of primary and secondary PM that can travel thousands of kilometers and impact 

downwind populations, ecosystems, and ultimately climate (Palmer et al., 2013; Franklin 

et al., 2014; MacNeil et al., 2014; Wheeler et al., 2014). Forest fires consumed a median 

of 17 000 km2 of land per year in Canada from 1990 – 2011, contributing large amounts 

of atmospheric PM and trace gases (Palmer et al., 2013; Gibson et al., 2013). Other 

sources of primary aerosols include industrial processes such as cement manufacturing, 

metallurgy processes, and waste incineration. 

Figure 2 and Figure 3 show source contributions to global PM2.5 from the Surface 

PARTiculate mAtter Network (SPARTAN) and PM10 at various urban, rural, and marine 

ground based sites around the world (Snider et al., 2015) 
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Figure 2. Global PM2.5 Speciation from SPARTAN Ground Based Sampling Network 

(Snider et al., 2016) 

 

In Figure 2, ANO3 and ASO4 are ammonium nitrate and ammonium sulfate, respectively. 

RM is residue matter, EBC is equivalent black carbon, TEO is trace elemental oxides, and 

PBW is particle bound water. v is hygroscopicity, which describes a particles ability to 

uptake water. Hygroscopic particles often cause a problem during measurements as they 

attract excess moisture. This increased particle bound water increases the size and mass of 

the PM, resulting in a particle that is no longer representative of the original PM emitted 



 13 

or formed. Figure 3 shows PM10 speciation at various urban, rural, and marine regions 

around the world. 

 

Figure 3. Continental Speciation of PM10 (IPCC, 2014) 

 

It is clear from Figure 3 that sea salt is a significant contributor to PM10 in the marine 

environment and mineral (surface dust) heavily impacts PM10 in Africa and Asia. Gibson 

et al. (2009) found that easterly airflow impacting the west coast of Scotland was laden 

with SO4-PM10 originating form the coal fired power stations in Germany. 
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Secondary sources of PM are the result of chemical reactions between gas phase 

precursors and these aerosols have a greater impact on the atmosphere than previously 

thought (IPCC, 2013; Gibson et al., 2009). The gasses primarily responsible for the 

formation of secondary particles include SO2, oxides of nitrogen (NOx), ammonia (NH3), 

and VOCs. SO2 and NOx are emitted during combustion processes and react with NH3, 

primarily from agricultural processes, to form secondary inorganic aerosol (SIA) (Fuzzi et 

al., 2015). This process is well understood. Secondary organic aerosol (SOA) formation 

processes, however, are not well understood mainly due to incomplete emissions 

inventories of biogenic VOCs (Fuzzi et al., 2015; IPCC, 2013). The formation of SOA 

occurs from condensation of low-volatility vapours; VOCs are oxidized by atmospheric 

O3, the hydroxyl radical (OH), and NO3, thereby decreasing their volatility and causing 

them to cluster and condense forming new PM (Fuzzi et al., 2015; Hao, et al, 2009; IPCC, 

2013)(Gibson, Guernsey, et al., 2009). On a global scale, the majority of SOA is formed 

from oxidation of terrestrial biological VOCs and dimethylsulphide (DMS), emitted by 

phytoplankton (IPCC, 2013; Keller, Bellows & Guillard, 2009). Globally, SOA 

comprises 60% of organic aerosol mass (Hao, et al., 2009). At northern mid-latitudes 

SOA production is complemented by anthropogenic NOx sources (IPCC, 2013). 

Dimethylsulphide, produced by phytoplankton, is a significant source of atmospheric 

sulphur (Malin, Turner & Holligan, 1994). Dimethylsulphide is ultimately oxidized to 

SO4 which acts as a powerful cloud condensation nuclei and also forms crystals that 

reflect sun light back into space, contributing to global cooling (IPCC, 2013; Kloster, 

2006). Kulmala et al. (2004) suggests that formation of 3 nm UFPs can be up to 10 

particles cm-3 s-1 in the boundary layer and 100 particles cm-3 s-1 in urban environments. It 

is also noted that particle growth rate averaged 1-20 nm hr-1 in mid- latitudes (depending 
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on temperature and condensable vapour) and reached lows of 0.1 nm hr-1 in polar regions. 

O’Dowd et al. (2002) studied formation and growth of UFPs at Mace Head Atmospheric 

Research station in the western coast of Ireland and found 3 nm UFP formation rates 

reached 100 000 particles cm-3 s-1.  

The most significant source of indoor particulates is smoking. Cooking is the largest 

contributor to indoor PM in non-smoking households and the second largest in smoking 

households (Kulkarni, Baron & Willeke, 2011). Stovetop cooking and the use of toaster 

ovens can lead to UFP number concentrations greater than 100 000 particles cm-3 and 

UFP number concentrations in restaurants can be between 50 000 particles cm-3 – 200 

000 particles cm-3 (Wallace & Ott, 2010). Brace et al. found that median UFP number 

concentrations measured in a Halifax, Nova Scotia hospital operating theatre and hallway 

outside the operating theatre were 798 and 668 particles cm-3 during electrocautery 

procedures, respectively. Median outdoor UFP number concentrations in Halifax were 

11646 particles cm-3 (Brace et al., 2014). Radon, when present indoors, can agglomerate 

onto existing PM, creating radioactive aerosols (Kulkarni, Baron & Willeke, 2011). 

2.5  Health Effects 

It has been well documented that exposure to PM is linked to increased risk of 

cardiovascular and cardiopulmonary disease, lung and other cancers, morbidity, and 

mortality (Pope et al., 2002; Dockery et al., 1993; WHO, 2013). No evidence exists of a 

safe level of PM where no health effects may be observed. The World Health 

Organization estimates that 3% of cardiopulmonary and 5% of lung cancer deaths are 

caused by PM exposure globally and that in 2010, 3.1 million deaths were attributed to 

PM2.5 (WHO, 2013). 



 16 

Particle size and chemical composition play major roles in particle toxicity (Dockery et 

al., 1993; Mirowsky, et al., 2013; Øvrevik et al., 2006). Particle size influences where in 

the respiratory system particles are deposited. Particles must follow a series of direction 

changes when inhaled and coarse particles are easily impacted on airway walls due to 

their inertia. Impaction deposition is of primary concern in extrathoracic region (upper 

airway) where the majority of inhaled PM mass is deposited (Hinds, 1998; Salma et al, 

2002). Samoli et al. (2008) found a 0.2% - 0.6% increase in all-cause mortality associated 

with a 10 g m-3 increase in PM10. Pope et al. (2002) found that TSP and PM10 were not 

consistently associated with mortality. Kan et al. (2007) also showed no significant effect 

of PM10 on mortality in Shanghai, China where PM10 concentrations averaged 52.3 g  

m-3 over the 10 month study; for reference, the WHO guideline for annual PM10 

concentration is 20 g m-3 (WHO, 2013) and the annual mean PM10 concentration in 

Canada is 11 g m-3 (WHO, 2014). The literature suggests that coarse particles are less 

toxic than smaller size fractions. Coarse particles are generally made up of crustal 

elements and windblown dust, they contain lower concentrations of soluble metals which 

may contribute to their lower toxicity (Costa & Dreher, 1997). 

Fine particles have less inertia than coarse particles, can be breathed deeper into the 

lungs, and are likely to be more toxic than coarse particles, posing a greater risk to human 

health. Fine particles are deposited in the alveolar region of the lungs by settling and 

diffusion. Particles  0.5 m in diameter follow diffusion deposition mechanisms rather 

than settling (Dockery et al., 1993; Hinds, 1998). An increase in PM2.5 of 10 g m-3 was 

found to be associated with a 4% increase in all-cause mortality, a 6% -13% increase in 

cardiopulmonary mortality, and an 8% increase in lung cancer (Krewski et al., 2009; Pope  
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et al., 2002; WHO, 2013). A study by Boldo et al. (2006) found that in 23 European 

cities, 1296 lung cancer deaths and 8053 cardiopulmonary deaths could be prevented 

annually by reducing annual mean PM2.5 concentrations to 20 g m-3. The same study 

found a further reduction in annual mean PM2.5 to 15 g m-3 would prevent 1901 lung 

cancer deaths and 11 612 cardiopulmonary deaths annually. Currently, the Canadian 

Ambient Air Quality Standard (CAAQS) for annual mean PM2.5 is 10 g m-3, the 24-hour 

mean is 28 g m-3. The standards for annual and 24-hour mean PM2.5 will be reduced to 

27 g m-3 and 8.8 g m-3, respectively in 2020 (Environment and Climate Change 

Canada, 2013). From the WHO Ambient Air Pollution Database, annual mean PM2.5 

measured at Sherbrooke, Nova Scotia was 7 g m-3 for 2010. Chemical species common 

to PM2.5 include sulphates, nitrates, and elemental and black carbon, organics, iron (Fe), 

and zinc (Zn), all of which are associated with mortality (Bell et al., 2007). Gibson et al. 

(2013) found that 47% of PM2.5 mass in Halifax, Nova Scotia during a 45-day sampling 

campaign was attributed to ammonium sulphate and 27.9% to ammonium nitrate/aged 

marine aerosol mixture. Other species found included Zn, Fe, from vehicles, nickel (Ni) 

and vanadium (V) from ship emissions, and aluminum (Al) and silicon (Si) from surface 

dust. 

UFPs, due to their small size, have the ability to penetrate membranes in the body when 

inhaled and within hours of exposure, can translocate to the liver, heart, and nervous 

system (Geiser, et al., 2005). The health effects of UFPs are not fully defined at present. 

However, there is growing evidence that UFPs may be linked various morbidities and 

mortality (Zhu et al., 2002). Many studies linking health effects to particulate exposure 

examine the mass concentration of PM (specifically PM10 and PM2.5) and UFPs 
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contribute very little to particle mass. However, UFPs dominate particle number counts 

and surface area and have a high pulmonary deposition efficiency, therefore they have the  

ability to transport high concentrations of toxic pollutants, which cause inflammatory 

responses, deep into the respiratory system (Delfino, Sioutas & Malik, 2005; Oberdörster, 

2001)(McNeilly et al., 2004). A report published by Wichmann et al. (2000) evaluated the 

link between air pollution and morbidity and mortality over a 3.5 year period in Erfurt, 

Germany. It was noted that ultrafine particle number and fine particle mass 

concentrations had independent effects on mortality. In a paper published by Peters et al. 

(1997) respiratory symptoms associated with exposure to ultrafine particles were greater 

than those associated with fine particles. It was also reported that number of ultrafine 

particles had a greater impact on peak expiratory flow (the maximum force with which 

one can exhale) than number of coarse particles (Peters et al., 1997). 

2.6  Environmental Effects 

Atmospheric heavy loading of particulates can lead to haze events, reducing visibility. 

The haze formed from particulate matter can have adverse effects on climate, known as 

the aerosol direct effect which is discussed later in this section, and ecosystems (Cheng et 

al., 2013). Sulphates are a major component of PM and therefore, haze. Sulphates can 

react in the atmosphere and form acidic PM, which when deposited at the surface, can 

cause ecosystem acidification (Bell & Treshow, 2003). 

Aerosols also have a significant effect on global climate by influencing the radiation 

budget; Figure 4 below shows radiative forcing values associated with various 

anthropogenic pollutants, where a negative sign indicates a cooling effect, and a positive 

sign, warming. Figure 4 highlights that although the contribution to radiative forcing by 
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aerosols has been quantified, its impact is largely uncertain. It is also noted on Figure 4 

that the level of scientific understanding (LOSU) for the aerosol direct effect on radiative 

forcing has a medium-to- low understanding and the indirect effect (aerosol-cloud albedo) 

has a low understanding, contrasted by GHGs and ozone, which have high and medium 

LOSU, respectively. 

 

 

Figure 4. Radiative forcing from anthropogenic pollutants (IPCC, 2007). 

 

2.6.1 Aerosol Indirect Effect 

Interactions between aerosols and clouds are responsible for the large uncertainty in 

knowledge about the aerosol radiative forcing effect on Earth’s climate (Kerminen et al., 
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2012). Particle nucleation followed by condensation of atmospheric vapours plays a 

major role in the aerosol indirect effect on climate. Cloud droplets can form in the 

absence of particles; however, saturation ratios, reached almost exclusively in lab 

experiments, are required (Kulkarni, Baron & Willeke, 2011). CCN are particles on 

which water vapour can condense (particle activation), causing particle growth and 

forming cloud droplets (Kerminen, et al., 2012). CCN contribute to an increase in cloud 

droplet number and decrease in cloud droplet size, which inherently increases surface 

area. This increase in cloud condensate modifies cloud optical properties, causing an 

increase in cloud albedo. This is called the cloud albedo effect (IPCC, 2013) and results 

in an indirect radiative forcing effect between -0.3 W m-2 and -1.8 W m-2 (Haywood, & 

Boucher, 2000). 

The ability of a particle to activate depends on its size and chemical composition, 

specifically the presence of water soluble compounds and compounds that affect surface 

tension. Some studies suggest that particle size is more influential in formation of CCN 

(Dusek et al., 2006; Orellana et al., 2011). The bulk hygroscopicity parameter, , is used 

to describe the effectiveness of a particle to act as CCN.  values for hygroscopic 

atmospheric particles typically range from 0 (non-hygroscopic) – 0.9. Sea salt particles 

have  values between 0.5 – 1.4, indicating they are effective for CCN formation (IPCC, 

2013; Petters & Kreidenweis, 2007). This is supported by Figure 2, which shows 

significant hygroscopicity associated with sea salt measured from SPARTAN sampling 

sites. A minimum particle size of 50 nm – 100 nm is required for particles to act as CCN 

in the boundary layer, therefore particles formed from gaseous precursors must grow to 

become CCN (Kerminen, et al., 2012). Sea salt, as mentioned, nitrates and sulphates of 
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ammonia, organic, and inorganic particles can all act as CCN (IPCC, 2013). Insoluble and 

soluble PM can act as ice nuclei (IN), which modify atmospheric water molecule  

arrangements thereby increasing their freezing temperature. Twohy & Poellot (2005) 

sampled IN from anvil cirrus clouds and found that insoluble PM were prevalent in IN 

collected at warmer cloud temperatures whereas soluble PM prevailed as IN at colder 

cloud temperatures. This same study found that roughly one third of IN collected were 

salts, with smaller amounts from sulphates, fossil fuels, industry, and crustal materials 

(Twohy & Poellot, 2005).  IN can cause cloud glaciation which increases the cloud 

albedo, indirectly affecting the global radiation budget (Pummer, et al., 2014). 

2.6.2 Aerosol Direct Effect 

Aerosols can directly influence climate through radiation interference. Aerosols can 

scatter and/or absorb radiation, influencing the global radiation budget; the scattering of 

solar radiation results in a cooling effect in the atmosphere whereas absorption causes a 

warming effect. Sulphate aerosols are effective at light scattering and can absorb some 

near-IR radiation. Global models suggest that radiative forcing from sulphate aerosols 

ranges from -0.21 W m-2 to -0.96 W m-2, depending on atmospheric loading (IPCC, 

2007). Organic carbon from the combustion of fossil fuels and forest fires can absorb 

small amounts of radiation in the UV and visible wavelengths. Studies suggest that OC 

from high temperature combustion is less absorbing than OC from low temperature 

combustion. The radiative forcing associated with fossil fuel burning OC aerosols is -0.1 

W m-2. BC is the result of incomplete combustion processes and its existence in the 

atmosphere is mainly from anthropogenic sources. BC is strongly light absorbing; global 

modelling of atmospheric BC suggests a radiative forcing value of +0.2 W m2. Soot, of 
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which a significant component is BC, has a radiative forcing value of 0.34 W m-2, making 

it the third greatest contributor to climate warming behind CO2 and CH4 (IPCC, 2007). 

The distribution of BC in the atmospheric column has a significant impact on aerosol 

optical depth (AOD) and plays a major role in radiative forcing. BC can also have a 

significant impact on surface albedo, especially when deposited on snow or ice surfaces. 

2.7 Air Mass Back Trajectories 

Air mass back trajectories are a valuable tool for establishing relationships between a 

source and receptor. The U.S. National Oceanic and Atmospheric Administration’s 

(NOAA) Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model is 

the most commonly used dispersion modelling system, with a variety of applications. 

HYSPLIT it can be used to simulate air parcel transport, dispersion, transformation, and 

deposition (Stein et al., 2015). Draxler & Rolph (2012) used HYSPLIT to model 

transport, dispersion, and deposition of cesium-137 and iodine-131 from Fukushima and 

Stein et al. (2007) looked at benzene dispersion in Houston, Texas. Gibson et al. (2013) 

used HYSPLIT to investigate source regions of PM2.5 measured in Halifax, NS in July 

and August, 2011. In this thesis, HYSPLIT is used to supplement source apportionment 

modelling and to examine potential source regions of particulates on Sable Island. 

2.8 Source Apportionment 

Source apportionment modelling, also known as receptor modelling or source attribution 

modelling, has been used for a number of decades to help identify sources and their 

attribution to the total concentration of airborne particulate matter mass or the total VOC 

concentration at a receptor (Gibson et al., 2009; Hopke, 1991; Kim & Hopke, 2004; 

Solomon & Hopke, 2008). Source apportionment is a useful tool with which to help our 
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understanding of the potential health and ecosystem impact that upwind sources may have 

on a receptor. Source apportionment can also help provide insight into the temporal 

drivers of atmospheric composition and ultimately how changing emissions to the  

troposphere can impact climate (Gibson et al., 2013; Palmer et al., 2013). One of the most 

commonly used models is the United States Environmental Protection Agency (USEPA) 

Chemical Mass Balance (CMB) model v8.2 (Gibson et al., 2010; Jeong et al, 2008; Jeong 

et al., 2011; Paatero & Trapper, 1994; Ward, Hamilton & Smith, 2004; Ward, Rinehart & 

Lange, 2006). CMB utilizes PM2.5 or VOC chemical species profiles of known emissions 

sources contained in the USEPA Speciate v 4.2 library. At the heart of the CMB model is 

a multivariate least squares statistical engine, that first factorizes the sample species 

composition and then matches these factor species with source species in the USEPA 

Speciate v 4.2 library (Ward et al., 2012). A good analogy that can be used to describe 

how the CMB model works is forensic science fingerprint matching. Once the source of 

the air pollutant is identified, the CMB model then attributes the mass of the source to the 

total mass of the air pollutant under investigation, e.g. PM2.5 or total-VOC (Gibson et al., 

2015). While CMB has been successfully used in many source apportionment studies, if 

the USEPA Speciate library does not contain a chemical species profile of the source 

impacting the receptor, then it is impossible to apportion that source.  An alternative, and 

much more widely used source apportionment model, is the USEPA Positive Matrix 

Factorization model (PMF). The USEPA recently released a new version of PMF (version 

5.0). The USEPA and research community better supports PMF over CMB. The utility of 

using PMF is that it does not require source profiles but determines the source 

contribution by isolating PM chemical species “Factors” which are unique to a particular 

PM source (Jeong et al., 2011). The source contribution of each “Factor” to the total 
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PM2.5 or total-VOC concentration at the receptor is then quantified from a priori 

information of known source chemical markers (Jeong et al., 2011). Therefore, PMF has 

much more utility and flexibility than CMB (Gibson et al., 2015; Gibson et al., 2013; 

Paatero & Trapper, 1994). An older model that is still used in some studies is Absolute 

Principal Component Scores (APCS). APCS was developed in the 1980’s from the 

popular statistical analysis tool, Principal Component Analysis (PCA) (Thurston & 

Spengler, 1985). While APCS shares the factorization method of identifying sources with 

PMF, the final source attribution step can occasionally return negative mass, which is 

clearly impossible. Therefore, the USEPA created PMF that does not allow negative mass 

attributions (hence ‘positive’ in Positive Matrix Factorization). Another very simple 

model that is often used for apportioning PM2.5 or PM10 is Pragmatic Mass Closure 

(PMC) (Gibson et al., 2015; Harrison & Yin, 2008; Yin et al., 2005; Yin & Harrison, 

2008). PMC utilizes trace enrichment factors, or simple molar rations, to estimate the 

chemical compound that was likely found in the original PM sample, e.g. from the post 

sample analysis of individual NH4
+ and NO3

- species, a factor is applied to estimate the 

original NH4NO3 mass that would have likely been present in the PM2.5 mass sampled 

(Gibson et al, 2015). PMC is only useful for determining bulk composition of PM2.5, e.g. 

sea salt, secondary ions, re-entrained surface dust, black carbon, gypsum and organic 

carbon. PMC is not as source specific as PMF, APCS or CMB. Never the less, PMC does 

have some utility in air quality management and atmospheric composition studies. PMF 

was used in this research to identify the particulate sources impacting air quality on Sable 

Island. This thesis will explore the PM mass and size spectra sampled on Sable Island in 

order to identify sources and apportion their contribution to the total sample. This data 

will ultimately provide valuable information for climate models. 
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CHAPTER 3 MATERIALS AND METHODS 

3.1 Site Description  

Located approximately 180 km off the coast of Nova Scotia and 290 km east southeast of 

Halifax, Sable Island is a narrow, crescent-shaped island made up of sand bars and sand 

dunes. The island has a maximum elevation of 30 m and is approximately 42 km long and 

1 km wide at the widest point. The size and shape of the island is affected by the high 

winds, tides, and currents around the continental shelf (Wang et al, 1996; Friends of Sable 

Island Society, 2012). Figure 5 shows a map of Nova Scotia, including Sable Island. 
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Figure 5. Map of Nova Scotia, showing Sable Island adapted from “Source apportionment 

of the air quality on Sable Island” by Alex Hayes. 

 

All of the instruments used for this study were housed in the air chemistry shed on Sable 

Island, shown in Figure 6. The air chemistry shed is located on the west side of Sable 
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Island Main Station (upwind of diesel generators), along with the Parks Canada and 

Environment and Climate Change Canada buildings. In Figure 6 yellow scaffolding can 

be seen near the rear of the shed. The scaffolding was erected for the installation of new 

sampling inlets on the roof of the air chemistry shed, shown in Figure 7. 

 

 

Figure 6. Exterior of Sable Island air chemistry shed (Barnett, 2015). 
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Figure 7. Existing (left) and new sampling inlets (center, right) installed on Sable Island 

air chemistry shed (Barnett, 2015) 

 

Figure 8 shows the interior of the air chemistry shed with the TSI Aerodynamic Particle 

Sizer (APS) model 3321 (left), the TSI Ultrafine Particle Monitor (UFPM) model 3031 

(center), and the TSI DustTrak DRX model 8533 (top right). These instruments are 

discussed in greater detail later in this chapter. 
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Figure 8. Interior of Sable Island air chemistry shed (Barnett, 2016) 

 

3.1.1 Site Visits 

The three methods of travelling to Sable Island include helicopter, boat, and fixed wing 

aircraft. Private helicopter operators are not available for trips to Sable Is land so 

helicopters are used at the discretion of the Canadian Coast Guard (CCG) and are subject 

to operational requirements. A round trip to Sable Island by helicopter costs $12 000 

(Gerry Forbes, personal communication, Feb. 1, 2016). The boat that trave ls to Sable 

Island is called the Dominion Victory. The boat takes 16 hours to reach Sable Island, 30 

hours if it is towing a cargo barge. A round trip to Sable Island aboard the Dominion 

Victory costs $30 000. The preferred method of travelling to Sable Is land is by fixed wing 

aircraft (Gerry Forbes, personal communication, Feb. 2, 2016). The cost of a round trip to 

Sable Island by fixed-wing aircraft is $5 500 (Ted Brekelmans, personal communication, 
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Aug. 8, 2015). Both times I travelled to Sable Island were aboard the Britten-Norman 

Islander aircraft, shown in Figure 9 operated by Ted and Debbie Brekelmans for Maritime 

Air Charter Limited/Sable Aviation.  

 

 

 

Figure 9. Britten-Norman Islander aircraft operated by Maritime Air Charter Ltd. For 

transport to Sable Island (Barnett, 2015). 

 

The first trip was September 29 – October 3, 2015. The purpose of this trip was to install 

two new particle sampling instruments and one VOC sampling instrument, as well as 

assess the condition of two instruments installed previously. The second trip was January 

27 – February 2, 2016. The purpose of this trip was to perform maintenance on all 

instruments, as well as install a new total VOC analyzer. 
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Travelling to Sable Island has proven to be quite difficult. The major factors affecting the 

pilot’s ability to land/takeoff safely from the island are runway and weather conditions. 

High crosswinds or low visibility greatly reduce the pilot’s ability to safely land on the 

island. There is no landing strip on Sable Island, the aircraft lands on the beach. Before 

each flight leaves Halifax, Parks Canada employees stationed on Sable Island explore a 

10 km stretch of beach for a potential runway. If a suitable runway is not found, the flight 

is postponed. One Parks Canada station manager I spoke with said that finding a runway 

is more of an art than a science, and that Parks Canada employees “make a new airport 

everyday” (Aaron Carpenter, personal communication, February 1, 2016). Appro ximately 

1 000 ft of runway is needed for the Islander to land and 1 400 ft to takeoff. Sand 

conditions cannot be too dry or else the aircraft cannot reach a high enough speed for 

takeoff, the same is true for sand that is too wet. Parks Canada employees drive a truck 

that weighs more than the aircraft up and down the runway to assess the hardness of the 

sand. Ideally the runway is oriented parallel to the wind direction (or as close as possible) 

to reduce shear wind forces on the aircraft. Occasionally the Parks Canada employees 

have to dig ditches to route water away from runways. Communication via radio helps 

guide the pilot as they approach the runway, however if radio communication is not 

possible non-verbal indicators are used to communicate runway orientation to the pilot. 

The approach end of the runway is marked by two sets of two pylons and the stop end is 

marked by two sets of three pylons. The Parks Canada truck is parked near the approach 

end with a beacon light turned on and a windsock attached to the front of the truck to 

show wind direction (Aaron Carpenter, personal communication, February 1, 2016). 
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3.2 Particulate Sampling Instruments 

During the study, particle number concentrations and mass concentrations were measured 

in real time in various different size fractions. The instruments used are discussed below. 

3.2.1 TSI DustTrak DRX Aerosol Monitor model 8533 

The TSI DustTrak DRX Aerosol Monitor model 8533 measures real-time mass 

concentration of PM1, PM2.5, PM4 (respirable), PM10, and TSP, simultaneously. As shown 

in Figure 10 an aerosol sample is drawn into the DRX inlet at 3 L min-1 via a diaphragm 

pump. A fraction of the aerosol sample passes through a high efficiency particulate air 

(HEPA) filter, becoming sheath air, and a sub-sample of the aerosol continues through the 

inlet nozzle. The sheath air and aerosol sub-sample merge before entering the detection 

chamber; the sheath air surrounds the aerosol subsample so that only one particle is 

illuminated at any one time. The sheath air also aids in keeping the optics and detector 

clean (Hinds, 1998; TSI, 2012b). 
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Figure 10. DustTrak DRX schematic diagram (TSI, 2012b) 

 

Inside the detection chamber, a laser diode emits light that passes through a series of 

beam-shaping optics, sending a sheet of light through the detection chamber. When 

particles pass through the sheet of light, the refracted light is collected on a spherical 

mirror that focuses the light on to a photodetector. The photodetector measures voltage 

across the detector, which is proportional to concentration. The intensity of light scattered 

from single-particle pulses is used to determine the median aerodynamic diameter of the 

particles (Szymanski et al., 2009; TSI, 2012b). The particles are then collected on an 

internal filter that can be analyzed for gravimetric correction, aerosol chemical and 
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biological composition, toxicology and/or morphology if required (TSI, 2012b). It is 

important to note that particle sizing errors occur when the refractive index of the 

particles measured is different from the test aerosols used to calibrate the instrument, e.g. 

Arizona desert dust. Changes in refractive index, aerosol composition, and particle size 

distributions can cause the instrument to over read by a factor of two or more (Hinds, 

1998; Szymanski et al., 2009). 

Prior to installing the DustTrak DRX on Sable Island, the instrument was factory 

calibrated by TSI using ISO 12103-1, A(Arizona)1 test dust (TSI, 2012b). It is 

recommended that the DRX be factory calibrated every 12 months. Once on the island, 

the DRX flow rate was set to 3 L min-1 using a rotameter and the calibration was tested 

using the zero-flow calibrator supplied by TSI. To install the DustTrak DRX in the Air 

Chemistry shed on Sable Island, a hole was drilled (at a downward angle from inside to 

outside, to mitigate water running into the shed) through the side of the shed. A stainless 

steel tube runs from the inside of the shed, through the hole, and approximately 60 cm 

from the outside wall of the shed where the inlet is housed inside a stainless steel weather 

shelter outfitted with bug screen. The stainless steel tube is insulated to reduce 

condensation inside the tube. Tygon tubing runs from the inlet of the DRX, through a 

water trap, and connects to the stainless steel tube. Figure 11 below shows the set-up of 

the DRX on Sable Island. 
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Figure 11. TSI DustTrak DRX Aerosol Monitor model 8533 and water trap on Sable 

Island (Barnett, 2016) 

 

Aerosol data is downloaded by inserting a USB device into the USB drive on the DRX.  

On the Thursday of each week, an Environment Canada employee stationed on Sable 

Island will e-mail the data to the Atmospheric Forensics Research Group (AFRG) at 

Dalhousie University. The raw data is saved as a “level 0” file and is not edited. The data 

is examined for missing values and formatting before merging with the previous data. 

This manipulated data is saved as a “level 1” file.  After downloading data and before 

resuming sampling, the flow rate of the DRX is checked and the instrument is calibrated 

with a zero flow attachment to ensure measurements are accurate. 
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3.2.2 TSI Aerodynamic Particle Sizer (APS) model 3321 

During the project, aerosols with a particle size distribution between 0.5 m to 20 m 

(median aerodynamic diameter) in real-time were measured in different size ranges using 

a TSI Aerodynamic Particle Sizer (APS) model 3321. The APS spectrometer is capable of 

measuring particle size distributions in high-resolution via 52 size channels. Applications 

for the APS include, but are not limited to, inhalation toxicology, atmospheric studies, 

ambient and indoor air quality monitoring, and powder sizing (Peters & Leith, 2003; TSI, 

2012a). The APS is also being used in the NASA NAAMES study that the Sable Island 

project is now a part of. The NASA APS is housed on the C-130 Hercules aircraft as part 

of the Langley Aerosol Research Group Experiment (LARGE) instrument package 

(NASA, 2015).  

Figure 12 provides a schematic diagram of the operation of the APS. As can be seen in 

Figure 12, the APS operates by measuring the time-of-flight of aerosols in an accelerated 

flow field using a double-crest optical system as well as light-scattering intensity of 

individual particles (Chen et al, 1985; TSI, 2012a).  
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Figure 12. Schematic diagram of APS operation (TSI, 2012a) 

 

As an aerosol sample enters the APS it is split into sheath flow and sample flow. The 

outer nozzle of the APS directs 4 L min-1 of sheath flow through two filters and an 

absolute pressure transducer to remove particles. The inner nozzle directs 1 L min-1 of 

sample flow toward the detection chamber. The sheath flow and sample flow merge 

before passing through an accelerating orifice, which separates particles based on inertia 

(large particles have a greater inertia than smaller particles, causing them to accelerate 

slower). As with the DRX, the sheath flow helps arrange for only one particle to pass 

through the detection chamber at a time. The combined sheath and sample flow then enter 

the detection chamber. A collimated laser diode is focused as it passes through a series of 

beam-shaping optics and enters the detection chamber. As particles pass through these 
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overlapping laser beams, the refracted light is collected by an elliptical mirror and 

focused onto a photodetector (Chen et al., 1985; Hinds, 1998; TSI, 2012a). As can be 

seen in Figure 12, a collimated laser diode interacts with the particles to produce a two-

crested peak when the scattered light is detected. The time-of-flight between the two 

crests is measured and is proportional to the aerodynamic size of the particle. The 

amplitude of the signal is also logged separately to produce light-scattering intensity 

measurements. When a signal cannot remain above the detection threshold and only one 

crest is detected, the event is logged and the particle is counted in the smallest size 

channel (<0.523 m). When a signal remains above the detection threshold but only one 

crest is detected the event is logged but no data is recorded. This event is typically caused 

by a large particle, where the second crest is outside of the maximum timer range (4.096 

s). When coincidence occurs (more than one particle enters the detector at one time), the 

signal remains above the detection threshold but 3 or more crests are detected. These 

events are logged but no data is recorded (Chen et al., 1985; TSI, 2012a; TSI, 2015). 

The APS was installed in the Sable Island Air Chemistry shed on Wednesday, September 

30, 2015 and is shown in Figure 13. A 1.25 inch diameter hole was drilled through the 

roof and ceiling of the shed to accommodate a candy cane inlet for the APS. The inlet was 

levelled and secured to the roof of the Air Chemistry shed by a tripod and stainless steel 

mounting brackets to hold the feet of the tripod. A weather proof rubber flashing was 

installed around the inlet at the roof opening and sealed with a weather proof roofing tar 

to prevent water ingress into the shed. Typical house hold window bug screen was 

strapped to the inlet entrance to keep bugs, sand, and other debris from entering the APS. 
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The end of the inlet inside the shed was connected to the inlet of the APS using anti-static 

tubing supplied by TSI for use with the APS. 

 

Figure 13. TSI Aerodynamic Particle Sizer model 3321 on Sable Island (Barnett, 2016) 

 

The APS is configured to auto-export sample data to the laptop shown in Figure 13 at 15-

minute intervals. The data is stored in a text file on the hard drive. The data handling 

procedure for APS data is the same as that for the DRX. On January 28, 2016, the inlet 

and inner and outer nozzles of the APS were cleaned; the internal HEPA filters were also 

replaced. The internal filters of the APS (blue) are shown below, in Figure 14. 
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Figure 14. Inner components of the APS, internal HEPA filters are housed in blue 

cartridges (Barnett, 2016) 

 

3.2.3 TSI Ultrafine Particle Monitor (UFPM) model 3031 

Aerosols with a particle size distribution between 20 nm to 800 nm (median aerodynamic 

diameter) were measured in real time using the TSI Ultrafine Particle Monitor (UFPM) 

model 3031. The UFPM measures particles in six size channels (20-30 nm, 30-50 nm, 50-

70 nm, 70-100 nm, 100-200 nm, 200-800 nm). The UFPM on Sable Island shown below 

in Figure 15 is equipped with the TSI 3031200 Environmental Sampling System (ESS) 

that includes a PM10 size selective inlet, PM1 sharp cut cyclone, flow splitter, Nafion 

dryer, and particle filter (TSI, 2014b). 
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Figure 15. TSI Ultrafine Particle Monitor model 3031 and TSI 3031200 Environmental 

Sampling system on Sable Island (Barnett, 2015). 

 

A flow rate of 16.7 L/min through the ESS is achieved using the internal pump from the 

UFPM (5 L min-1) and an external vacuum pump (11.7 L min-1) shown in Figure 15 to the 

left of the UFPM. The aerosol sample is drawn into the PM10 size selective inlet, through 

the stainless steel down-tube, and into the PM1 sharp cut cyclone impactor. The cyclone 
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removes particles with a median aerodynamic diameter greater than, or equal to, 1 m 

from the aerosol flow. The aerosol then passes through a flow splitter, where a subsample 

is drawn through a Nafion dryer for conditioning at a flow rate of 5 L min-1. The Nafion 

dryer serves to reduce the effects of relative humidity on the sample before it passes 

through a section of anti-static Tygon tubing and enters the UFPM. The vacuum pump 

siphons 11.7 L min-1 (purge flow) through a particle filter before exhausting to the air 

chemistry shed. The flow rate from the vacuum pump is governed by a needle valve that 

follows the particle filter (TSI, 2012d). The pump is connected to a pressure gauge on the 

Nafion dryer; the pressure gauge is used to ensure the dryer is working properly and to 

test the ESS for leaks. In order for the Nafion dryer to function properly, the purge flow 

pressure reading should be -0.5 bar or lower. To test for a leak in the ESS, the inlet is 

removed and the stainless steel down tube is plugged. The Tygon tubing is removed from 

the bottom of the Nafion dryer and the dryer is plugged. The pump is turned on and the 

purge flow pressure should read -0.9 bar or lower if there are no leaks (TSI, 2014b). Leak 

tests performed on October 1, 2015 and January 31, 2016 showed no leaks in the ESS. 

 As shown by the UFPM schematic in Figure 16, the aerosol sample enters the 

equalization tank, which reduces short-term fluctuations in the aerosol sample. The 

aerosol sample is then split into aerosol flow and ion jet flow. The aerosol flow enters the 

mixing chamber at 4 L min-1. The ion jet flow is passed through carbon and HEPA filters 

to remove all particles before entering the ionizer. The ionizer used in the UFPM is a 

Corona-Jet charger that uses a Corona needle with a 2.5 kV charge to generate positive 

ions (Hillemann et al., 2014; TSI, 2012c). The charged ion jet flow then merges with the 

aerosol flow in the mixing chamber where the aerosol undergoes diffusion charging. Both 
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the particles and the ions follow Brownian motion and when an ion collides with a 

particle, it attaches, charging the particle. The charge acquired by a particle is 

proportional to particle diameter (Hinds, 1998; TSI, 2012c). The charged aerosol then 

enters the differential mobility analyzer (DMA) shown in section B of Figure 16.  

 

 

Figure 16. Schematic of UFPM 3031 operation (TSI, 2012c) 

The DMA consists of an outer metal cylinder and an inner high voltage cylindrical rod. 

The outer metal cylinder is electrically grounded and the inner high-voltage rod is kept at 
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a controlled negative voltage (from -0.3 V and -10 000 V with 27 steps in between), 

creating an electric field between the outer cylinder and inner rod. The sample enters the 

DMA at the top and flows downwards along the outer metal cylinder while a 20 L min-1 

sheath flow generated by an internal pump also enters the DMA from the top, flowing 

downwards between the sample flow and the inner high-voltage rod; the two flows do not 

mix (Hillemann et al., 2014; Hinds, 1998; TSI, 2012c). The negatively charged rod 

attracts the positively charged particles through the sheath air. Particles with a greater 

electrical mobility will collect near the top of the DMA and those with a lesser electrical 

mobility are collected at the bottom of the DMA where they mix with the sheath flow and 

are collected on a high efficiency filter; the sheath flow is then recycled through the 

DMA. Depending on the voltage applied to the inner rod, particles within a certain 

electrical mobility range will pass through a small slit at the bottom of the inner rod and 

the aerosol travels to the detector. The charged particles are collected on a conductive 

filter and an electrometer measures current, which is used to calculate the particle number 

concentration (Hinds, 1998; Hillemann et al., 2014; TSI, 2012c). The data handling 

procedure for the UFPM is the same as that for the DRX and APS. 

3.4 Instrument Malfunctions 

During the visit to Sable Island in January, the DRX was disassembled for maintenance. 

Upon inspection it was noted that the beam collecting optics were fouled by sand and salt 

particles. Figure 17 shows the dirty DRX optics. The sand and salt build up would reduce 

the ability of the beam collecting optics to properly focus the reflected light toward the 

detector, resulting in the DRX under reporting particulate mass concentration. 
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Figure 17. Disassembled DRX showing dirty beam collecting optics (left) and close up of 

beam collecting optics showing sand/salt build-up (right) (Barnett, 2016) 

 

On October 14, 2015, the backup battery for the APS failed, cutting off the APS power 

supply. An Environment Canada employee stationed on Sable Island noticed the defective 

backup battery and replaced it with a spare. Another issue encountered was with the 

laptop used to log the APS data. The laptop would freeze periodically and require a 

reboot, resulting in short periods of missing data. The APS laptop was replaced on 

January 28, 2016 and no data logging issues have been reported since. 

On December 8, 2015, the UFPM went into standby mode and stopped logging data. The 

reason for this is unknown and is currently being investigated. An Environment Canada 

employee stationed on Sable Island noticed the issue on December 10, 2015 and restarted 

the UFPM in sampling mode. 
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3.5 Meteorological Data 

The meteorological data in this report was retrieved from the Government of Ca nada 

climate website (http://climate.weather.gc.ca/). There are two weather stations on Sable 

Island; for this report the meteorological data was obtained from Sable Island Airport (ID: 

8204703) which is roughly 100 m from the air chemistry shed (Gerry Forbes, personal 

communication, January 14, 2016). Meteorological data was used to generate wind rose 

plots as well as pollution rose plots for the DRX, APS, and UFPM. 

3.6 HYSPLIT 

The NOAA HYSPLIT model uses a Lagrangian approach with a moving frame of 

reference to model air mass advection and dispersion and a Eulerian method to calculate 

pollution concentration in a fixed 3D grid system (Stein et al., 2015). HYSPLIT was used 

to generate 5-day air mass back trajectories for Sable Island during the sampling 

campaign. Air mass back trajectories longer than 5-days are typically not used as the 

model error becomes unacceptable. Two back trajectories were generated for each day to 

account for any dramatic changes in potential upwind source regions due to changing 

synoptic wind fields, one at 00:00 UTC and the second at 12:00 UTC. The meteorological 

data used to compute the back trajectories was the Global Data Assimilation System 

(GDAS) model and the air mass arrival height was set to 500 m (default) to reduce the 

risk of air masses contacting the surface before arriving at Sable Island (Gibson et al., 

2013). 
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3.7 Satellite Observations 

Satellite observations for Sable Island from the NASA Visible Infrared Imaging 

Radiometer Suite (VIIRS), Aqua and Terra (Moderate Resolution Imaging 

Spectroradiometer) MODIS satellites were downloaded from the NASA Ocean Color 

Web (http://oceancolor.gsfc.nasa.gov/cgi/browse.pl?sen=am) database. The MODIS 

satellites see every point on Earth’s surface every 24-48 hours. In 36 discrete spectral 

bands ranging from 0.4 m – 14.4 m, data products are produced that include cloud 

cover and cloud droplet size, aerosol properties, and terrestrial and marine (i.e. 

phytoplankton) photosynthetic activity. The MODIS satellites also measure chlorophyll 

fluorescence, which helps to indicate phytoplankton health as well as distribution (NASA, 

2016a; NASA, n.d.). The VIIRS satellite has similar capabilities as the Aqua and Terra 

MODIS satellites, however the VIIRS satellite has a 750 m spatial resolution, which 

provides twice the spatial resolution of the MODIS satellites (NASA, 2016b). The 

chlorophyll-a data products were used to identify phytoplankton blooms around Sable 

Island, the NE US, and eastern Canada and support the hypothesis of biogenic marine 

emissions producing UFPs from gas-to-particle conversion. The quasi true colour 

observations were also used to identify phytoplankton blooms as well as assess cloud 

cover around Sable Island. 

3.8 Positive Matrix Factorization 

The US EPA PMF receptor model v5 was used for source apportionment of the size-

resolved PM1/2.5/4/10 and total mass concentrations and size-resolved particle number 

sampled during the Sable Island Project. The PMF receptor model has an extensive 

heritage, having been applied to many PM2.5 source apportionment studies (Gugamsetty et 
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al., 2012; Paatero, 1997; Paatero and Trapper, 1994; Henry, 1997; Martello et al., 2008; 

Jeong et al., 2011; Kim et al., 2004; Chen et al., 2007b; Brown et al., 2007; Larson et al., 

2004;J eong et al., 2008; Song et al., 2001; Bari et al., 2009). The PMF model uses a mass 

balance equation, equation 4, that can be written to account for all m chemical species in 

the n samples as contributions from p independent sources (Hopke, 1991). 

 

𝑋𝑖𝑗 = ∑ 𝑓𝑖𝑘
𝑝
𝑘=1 𝑔𝑘𝑗       (4) 

       

where χij is the ith elemental concentration measured in the jth sample, fik is the gravimetric 

concentration (ng mg-1) from the ith element in the material from the kth source, and gkj is 

the airborne PM2.5 mass concentration (mg m-3) of material from the kth source 

contributing to the jth sample. The following physical constraints are applied to the PMF 

model: 1) the model must fit the original data as well as possible, 2) no negative source 

contributions are allowed and intuitively 3) the sum of the source contributions must be 

less than or equal to the total mass measured (Hopke, 1991).  

PMF then uses factor analysis to estimate the number and composition of the sources as 

well as their contribution to the total variable (e.g. PM or volatile organic compounds) 

(Gibson et al., 2013). A priori information of source chemical markers, meteorological 

variables and other numerical features, e.g. distance to a road, present in each PMF factor 

is used to identify the source associated with each factor (e.g. factors containing Al, Ca, 

Fe, Si, zero precipitation, warm temperatures and high wind speed are likely associated 

with re-suspended surficial material) (Gibson et al., 2013). Correlation matrices and PCA 

of the PM mass, PM chemical species, associated VOCs, other gas measurements, air 
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mass back trajectory models and other meteorological variables are often used to aid the 

identification of the source of the chemical species in each PMF factor (Jeong et al., 

2011; Martello et al., 2008; Gibson et al., 2013).  

Once the source has been identified with the aid of the meteorology, gaseous species and 

other pertinent co-varying drivers of the total variable of interest included in the model, 

PMF is re-run with only the total variable, e.g. PM2.5 mass and PM2.5 species present. 

This is the final step in the PMF modelling process. In addition, the chemical species and 

contributing mass are scrutinized and compared with the air mass back trajectories for 

any give 24-hr period (and shorter periods), and potentially at coordinates nested around 

the receptor if one is interested in potential wind shear effects on the airflow during 

sampling. This can determine the long range transport (LRT) upwind source region, e.g. 

air mass trajectories crossing the Ohio Valley en route to Halifax associated with 

(NH4)2SO4 laden PM2.5 associated with secondary aerosol smog generated from pre-

cursor emissions from this upwind source region (Gibson et al., 2013) 

The task of PMF is to determine the loss function (Q), defined in equation 5, as follows:  

 

𝑄 = ∑ ∑ (
𝑒𝑖𝑗

𝑆𝑖𝑗
)
2

𝑚
𝑗=1

𝑛
𝑖=1           (5) 

 

where eij is the residual matrix of the ith element measured in the jth sample, Sij is the 

uncertainty in the ith element measured in the jth sample. The loss function, Q, should be 

approximately equal to the degrees of freedom (Martello et al., 2008). When the 

calculated Q value is below the degrees of freedom then the uncertainty in the overall 

model fit is smaller than would be expected from random error, providing confidence that 
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the data set is well defined by the model solution (Martello et al., 2008). When 

calculating Q, PMF ensures that all the species profiles (matrix F) are non-negative and 

that each source contribution to the total variable mass (e.g. PM2.5 mass) is positive 

(matrix G). The PMF model simultaneously changes the elements of G and F in iterative 

steps to minimize Q. For the Sable Island Study the measurement uncertainty was set to 

20% which is recommended in the PMF user manual (Eberly, 2005). Any component 

(PM mass or particle number) found to have a low signal-to-noise ratio were down-

weighted as described by Paatero & Hopke (2003). 
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CHAPTER 4 RESULTS AND DISCUSSION 

4.1 Meteorological Data 

Table 1 contains the descriptive statistics for Sable Island 2015 meteorological data 

obtained from the Meteorological Services weather station on Sable Island. 

Table 1. Meteorological data descriptive statistics 

Variable Temperature 

[°C] 

Wind Direction 

[°] 

Wind Speed 

[km/h] 

n 8443 8760 8711 

n missing 317 0 49 

Mean 9.04 255 25.39 

St Dev 7.20 98.96 12.60 

Min -11.4 0 0 

25 pct 4.1 130 17 

Median 8.9 - 24 

75 pct 14.9 280 34 

Max 53.8 360 84 

IQR 10.8 150 17 

Data Completeness 

(annual) 
96.38% 100.00% 99.44% 

 

From Table 1 it can be seen that the data completeness for temperature, wind direction 

and wind speed was 96.38%, 100.00% and 99.44% respectively, which can be considered 

excellent data completeness. It can also been seen from Table 1 that the mean (min : max 

units) temperature and wind speed was found to be 9.04 (-11.4 : 53.8°C), 25.39 km/h (0 : 

84 km/h). The maximum temperature of 53.8°C occurred on January 1 at 17:00 UTC; the 

temperature was 5°C at 13:00 UTC and there are no temperature readings for 14:00-16:00 

UTC on January 1. Missing temperature data indicates a sensor failure. If the sensor was 
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repaired or replaced, the 53.8°C reading may have been from an uncalibrated sensor. A 

faulty relative humidity sensor was replaced on February 1, 2016 (Alan Wilson, personal 

communication, March 21, 2016) and it is recommended that the other meteorological 

sensors be checked to determine if they require calibration or replacement. Figure 18 

below provides an annual wind rose for the Sable Island weather station. 

 

 

Figure 18. Sable Island 2015 Annual Wind Rose. 
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As can be seen from Figure 18, prevailing winds on Sable Island are from the WSW with 

strong winds also from the W, SW, and S directions. Waugh et al. (2010) found the 

prevailing wind direction on Sable Island from June 2003 – December 2006 to be from 

the SW. Figure 19 presents a wind rose for the 2015 sampling campaign, October 1, 2015 

– December 31, 2015. 

 

Figure 19. Sable Island wind rose for October 1, 2015, through December 31, 2015 

 



 54 

As shown in Figure 19, prevailing winds during the sampling period were from the WNW 

direction with strong winds also from the W direction. Wind from the NW direction could 

result in more transboundary pollution from the mainland. 

 

4.2 DustTrak DRX Particulate Mass 

Table 2 contains the descriptive statistics for PM1/2.5/4/10 and total mass concentrations 

measured by the TSI DustTrak DRX model 8533. 

 

Table 2. TSI DustTrak DRX descriptive statistics 

Variable 
PM1 

[µg/m
3
] 

PM2.5 

[µg/m
3
] 

PM4 

[µg/m
3
] 

PM10 

[µg/m
3
] 

Total 

[µg/m
3
] 

n 1875 1875 1875 1875 1875 

n missing 66 66 66 66 66 

Mean 13.84 14.32 14.51 14.60 14.61 

St Dev 3.85 4.20 4.25 4.27 4.27 

Min 9 9 9 9 9 

25 pct 11 11.5 11.5 11.5 11.5 

Median 13 13 13.5 13.5 13.5 

75 pct 15.5 16 16.5 16.5 16.5 

Max 34.5 37 37 37.5 37.5 

IQR 4.5 4.5 5 5 5 

Data Completeness 96.60% 96.60% 96.60% 96.60% 96.60% 

Data Completeness 

(annual) 
24.66% 24.66% 24.66% 24.66% 24.66% 

 

From Table 2 it can be seen that the data completeness over the operation period for the 

DRX PM1/2.5/4.0/10 and total mass concentration was 96.6%, and for the entire year was 
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only 24.66%. The lack of data for 75.34% of the year was due to the instrument only 

being re-deployed on September 30, 2015 after service in July 2015 to repair flood 

damage. It can also been seen from Table 2 that the mean (min : max g m-3) for the 

PM1/2.5/4.0/10 and total mass concentration was PM1 = 13.8 (9 : 34.5 μg m-3),  PM2.5 = 

14.32 (9 : 37.0 μg m-3), PM4 = 14.50 (9: 37.0 μg m-3), PM10 = 14.60 (9 : 37.5 μg m-3) and 

TSP = 14.60 (9 : 37.5 μg m-3) respectively. The similarity in the PM mass concentration 

observed for the latter three months of 2015, from the total through to PM1.0 size 

fractions, implies that the aerosol below 10 m observed on Sable Island is mainly 

composed of fine aerosols (e.g., gas-to-particle conversion, LRT or fresh local 

combustion sources). Time series analysis will investigate the peaks and valleys in the 

PM1/2.5/4.0/10 and total mass concentration, to aid in the determination their source. 

Figure 20 provides a non-parametric visualization of the PM mass concentration data 

sampled on Sable Island in the form of a box-whisker plot. 
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Figure 20. Boxplots of DustTrak DRX PM1.0/2.5/4.0/10 and total mass concentrations 

 

In Figure 20, the box represents the interquartile range (IQR) or the 25 th and 75th 

percentiles, respectively and the line is the median. The stars represent outliers, data 

points that are greater than 1.5 times the IQR from the 75th percentile. The lower and 

upper whiskers represent the range of data points within 1.5 times the IQR from the 25 th 

and 75th percentiles, respectively. From Figure 20, the PM4/10 and total size fractions are 

nearly identical, highlighting that particle mass on Sable Island from October 1 – 

December 31 was predominantly from the fine particle mode (PM2.5). Figure 21 shows a 

pollution rose for the DRX PM2.5 data. 
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Figure 21. Pollution rose for Sable Island PM2.5 measured by the DustTrak DRX 

 

Figure 21 shows a pollution rose for Sable PM2.5 mass concentration measured by the 

DustTrak DRX. The PM2.5 size fraction is presented as there was no appreciable increase 

in particle mass in the size fractions larger than PM2.5. A daily time series plot for all PM 

size fractions measured by the DRX is shown in Figure 22, below. As can be seen from 

Figure 22, the DRX failed on December 21, 2015. Upon inspection it was found that sand 

and sea salt crystals entered the optics chamber and fouled the sensor optics. The 

instrument functioned normally after cleaning and re-calibrating in January, 2016. 
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Figure 22. Daily time series of DustTrak DRX PM1.0/2.5/4.0/10 and total mass 

 

HYSPLIT and the NASA Terra MODIS, Aqua MODIS, and VIIRS satellites were used 

to investigate potential source regions for the four largest spikes observed in the DRX 

PM1/2.5/4/10 and total time series. The chlorophyll-a colour bar is presented in Figure 23. 

The first spike investigated occurred on October 15 at 15:00 UTC where the PM2.5 

concentration reached 28 g m-3 (24-hour average = 22.83 g m-3). The chlorophyll-a and 

quasi true colour satellite images, as well as the 5-day air mass back trajectory for this 

spike are presented in Figure 24. In the chlorophyll-a images, white pixels indicate 

missing data due to cloud coverage or other tripped quality control flags and the red dot 

indicates the location of Sable Island. 
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Figure 23. Chlorophyll-a colour key for the NASA Aqua MODIS, Aqua Terra, and VIIRS 

satellites (http://oceancolor.gsfc.nasa.gov/cms/) 
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Figure 24. Chlorophyll-a (top left) and quasi true colour (top right) measured by the 

NASA VIIRS satellite and 5-day air mass back trajectory (bottom) for Sable 

Island on October 15, 2015 
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Figure 24 shows the air mass originating in Western Canada, moving along the Canada-

United States (US) border to the northeast (NE) US before landing at Sable Island. 

Pennsylvania, New York, and port areas in Maryland have been identified as pote ntial 

source regions for Halifax by Jeong et al. (2011) and Gibson et al. (2013), and are known 

to have many coal- fired power stations, which suggests this spike may be due to LRT 

from the continent. The air mass reaches an elevation of 2 000 m above the continent and 

drops to below 500 m over the Atlantic Ocean. The air mass appears to pass the Deep 

Panuke, Alma, and Thebaud oil and gas (O&G) platforms near Sable Island, indicating 

O&G as an additional potential source. Locations of the offshore O&G platfo rms near 

Sable Island are shown in Figure 25. It is unlikely that UFPs from from biogenic marine 

emissions are associated with spikes in DRX mass concentration data because UFPs 

contribute very little to particle mass (Figure 1). Moreover, particles smaller than 300 nm 

would not be detected by the DRX (Poluboyarov, Korotaeva, & Andryushkova, 2000; 

Wang et al., 2009). 

 

 

Figure 25. Locations of offshore oil and gas platforms near Sable Island (Canada-Nova 

Scotia Offshore Petroleum Board, n.d.) 
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The spike on October 30 occurred at 15:00 UTC, where the measured PM2.5 concentration 

was 36 g m-3 (24-hour average = 28.17 g m-3). The chlorophyll-a and quasi true colour 

satellite images, as well as the 5-day air mass back trajectory for this spike are presented 

in Figure 26. Figure 26 shows the air mass moved from Alaska, through western Canada 

and the north east US before impacting Sable Island. The vertical profile shows the air 

mass approaching the surface as it moves through Ohio; Ohio, Pennsylvania, and western 

Indiana are known PM source regions due to the use of coal for power generation (Jeong 

et al., 2011). The air mass also appears to pass the O&G platforms near Sable Island, 

indicating that the spike may be from LRT, O&G, or a mixture of the two. 
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Figure 26. Chlorophyll-a (top left) and quasi true colour (top right) measured by the 

NASA VIIRS satellite and 5-day air mass back trajectory (bottom) for Sable 

Island on October 30, 2015 
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The spike on November 24 occurred at 23:00 UTC, where the measured PM2.5 

concentration was 37 g m-3 (24-hour average = 25.10 g m-3). The chlorophyll-a and 

quasi true colour satellite images, as well as the 5-day air mass back trajectory for this 

spike are presented in Figure 27. Figure 27 shows the air mass moved along the Canada-

US border, through the Windsor-Quebec corridor and Nova Scotia to Sable Island. The 

Windsor-Quebec corridor is significant industrial area of Canada and heavily populated, 

making it a source region for SOA and inorganics (Gibson et al., 2013).  
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Figure 27. Chlorophyll-a (top left) and quasi true colour (top right) measured by the 

NASA VIIRS satellite and 5-day air mass back trajectory) (bottom for Sable 

Island on November 24, 2015 
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The spike on December 19 occurred at 14:00 UTC, where the measured PM2.5 

concentration was 26 g m-3 (24-hour average = 20.60 g m-3). The chlorophyll-a and 

quasi true colour satellite images, as well as the 5-day air mass back trajectory for this 

spike are presented in Figure 28. Figure 28 shows the air mass moved through the Ohio 

Valley (industry and coal fired power stations) and southern NS before impacting Sable 

Island. The spike on December 9 may be due to LRT from the Ohio valley (Jeong et al., 

2011; Gibson et al., 2013; Gibson et al., 2015) and continental outflow of PM from NS. 
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Figure 28. Chlorophyll-a (top left) and quasi true colour (top right) measured by the 

NASA VIIRS satellite and 5-day air mass back trajectory (bottom) for Sable 

Island on December 19, 2015 
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The four days with the least PM mass were also investigated using 5-day air mass back 

trajectories. The low PM mass on October 11 occurred at 14:00 UTC, where the 

measured PM2.5 concentration was 9.5 g m-3 (24-hour average = 10.56 g m-3). The 

chlorophyll-a and quasi true colour satellite images, as well as the 5-day air mass back 

trajectory for this spike are presented in Figure 29. As shown in Figure 29, the air mass 

originates from near the north pole and stays at an altitude of 3 000 m – 4 000 m until it 

reaches Quebec. Northern Canada is a region of low anthropogenic emissions (Gibson et 

al., 2013), which could explain the low PM mass. 
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Figure 29. Chlorophyll-a (top left) and quasi true colour (top right) measured by the 

NASA VIIRS satellite and 5-day air mass back trajectory (bottom) for Sable 

Island on October 11, 2015 
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The low PM mass on October 19 occurred at 07:00 UTC, where the measured PM2.5 

concentration was 9.0 g m-3 (24-hour average = 9.79 g m-3). The chlorophyll-a and 

quasi true colour satellite images, as well as the 5-day air mass back trajectory for this 

spike are presented in Figure 30. From Figure 30 it can be seen that his air mass is also 

from the north, indicating a clean air mass (Gibson et al., 2013). From the HYSPLIT 

vertical profile, the air mass altitude increases to 2 000 m before falling on to Sable 

Island. This may cause the air mass to entrain less surficial PM from the continent before 

impacting Sable Island. 
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Figure 30. Chlorophyll-a (top left) and quasi true colour (top right) measured by the 

NASA VIIRS satellite and 5-day air mass back trajectory (bottom) for Sable 

Island on October 19, 2015 
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The low PM mass on November 4 occurred at 14:00 UTC, where the measured PM2.5 

concentration was 9.5 g m-3 (24-hour average = 10.17 g m-3). The chlorophyll-a and 

quasi true colour satellite images, as well as the 5-day air mass back trajectory for this 

spike are presented in Figure 31. Again, the low PM mass is indicative of a clean air from 

the north (Gibson et al., 2013). The air mass vertical profile in Figure 31 shows the air 

mass reaching the surface before impacting Sable Island, PM in the air mass may have 

been scavenged by surface impact. 
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Figure 31. Chlorophyll-a (top left) and quasi true colour (top right) measured by the 

NASA VIIRS satellite and 5-day air mass back trajectory (bottom) for Sable 

Island on November 4, 2015 
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The low mass on November 20 occurred at 17:00 UTC where the measured PM2.5 

concentration was 10.0 g m-3 (24-hour average = 10.81 g m-3), The chlorophyll-a and 

quasi true colour satellite images, as well as the 5-day air mass back trajectory for this 

spike are presented in Figure 32. Again, the back trajectory in Figure 32 suggests the low 

PM mass is due to clean air from the north and a clean marine environment (Gibson et al., 

2013). 
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Figure 32. Chlorophyll-a (top left) and quasi true colour (top right) measured by the 

NASA VIIRS satellite and 5-day air mass back trajectory (bottom) for Sable 

Island on November 20, 2015 
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4.3 Ultrafine Particle Monitor Particle Number Counts 

Table 3 contains the descriptive statistics for particle number counts for the six size 

channels of the TSI 3031 Ultrafine Particle Monitor model 3031. 

 

Table 3. TSI 3031 Ultrafine Particle Monitor descriptive statistics. 

Variable 

20-30 nm 

[particle 

#/cm
3
] 

30-50 nm 

[particle 

#/cm
3
] 

50-70 nm 

[particle 

#/cm
3
] 

70-100 nm 

[particle 

#/cm
3
] 

100-200 nm 

[particle 

#/cm
3
] 

200-800 nm 

[particle 

#/cm
3
] 

n 2122 2122 2122 2122 2122 2122 

n missing 88 88 88 88 88 88 

Mean 343.1 336.9 179.5 143.47 168.2 25.574 

St Dev 530.1 504.1 265.86 208.76 218.91 38.015 

Min 0 0 0 0 0 0 

25 pct 33.4 20.5 7.44 8.5 18.5 1.25 

Median 158.6 159.5 100.25 82.38 120.88 13.75 

75 pct 442.2 458.8 245.56 191.06 230.06 34.75 

Max 10577.3 9588 4463.75 4195.5 4455.75 503 

IQR 408.8 438.3 238.13 182.56 211.56 33.5 

Data 

Completeness 
96.02% 96.02% 96.02% 96.02% 96.02% 96.02% 

Data 

Completeness 

(annual) 

24.66% 24.66% 24.66% 24.66% 24.66% 24.66% 

 

From Table 3 it can be seen that the data completeness over the operation period for the 

particle number counts, in the range 20-30, 30-50, 50-70, 70-100, 100-200, and 200-800 

nm was 96.02%, and for the entire year was only 24.66%. The missing data during the 

operation period is due to an unknown instrument error causing the instrument to enter 
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standby mode and stop logging on December 8. Data logging was resumed on December 

10. The low annual data completeness is due to the instrument only being installed on 

October 1, 2015. It can also been seen from Table 2 that the mean (min : max units = #) 

particle number counts, in the various size ranges, were as follows: 20-30 nm = 343.1 (0 : 

10577.3 #), 30-50 nm = 336.9 (0 : 9588 #), 50-70 nm = 179.5 (0: 4463.75 #), 70-100 = 

143.47 nm (0 : 4195.5 #), 100-200 nm = 168.2 (0 : 4455.75 #) and 200-800 nm = 25.57 (0 

: 503 #) respectively. The larger mean particle number count for the smaller particle size 

fits the theory of gas-to-particle conversion to form many ‘small’ particles, e.g. ocean 

emissions of DMS, isoprene, and halogens reacting to form secondary aerosols and cloud 

condensation nuclei particles (Pierce & Adams, 2006). In addition, fresh combustion 

particles can also contribute to the ‘small’ particle size range of 20-50 nm (Krecl et al., 

2015). After this size range the number drops considerably, again following the theory of 

particle physics; particles in aged air masses coagulate to form fewer larger particles, or 

are washed out by rain (Franklin et al., 2014). Daily and hourly time series analysis will 

investigate the peaks and valleys in ultrafine particle concentrations to aid in the 

determination their source. Moreover, UFPs have very little corresponding mass, virtually 

undetectable using a mass concentration instrument such as a TSI DRX presented in this  

thesis (Poluboyarov, Korotaeva, & Andryushkova, 2000; Wang et al., 2009; Zhu et al., 

2002). Figure 33 provides a non-parametric visualization of the ultrafine (<100 nm) and 

accumulation mode particle number counts sampled on Sable Island in the form of a box-

whisker plot. 



 78 

 

Figure 33. Boxplots of particle number counts for the Ultrafine Particle Monitor model 

3031 six size channels. 

 

In Figure 33, the box represents the IQR or the 25th and 75th percentiles, respectively and 

the line is the median. The stars represent outliers, data points that are greater than 1.5 

times the IQR from the 75th percentile. The lower and upper whiskers represent the range 

of data points within 1.5 times the IQR from the 25th and 75th percentiles, respectively. 

From Figure 33, it can be seen that the 20-30 nm and 30-50 nm sizes contribute most to 

particle counts. Figure 33 also shows a general trend of particle number decreasing as size 

increases. This agrees with the theory of fresh, smaller particles agglomerating to form 

fewer larger particles. (IPCC, 2013) 
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Presented in Figure 34 is a pollution rose for UFP number count measure by the UFPM 

3031.  

 

 

Figure 34. Pollution rose for Sable Island UFP number counts measured by the UFPM 

3031. 

 

The pollution rose in Figure 34 shows the majority of UFPs originate from the W, NW, 

and N directions. UFPs from the W could be a result of fresh combustion from the O&G 

platforms around Sable Island. UFPs from the NW and N may be from continental 
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outflow, however, UFPs can grow up to 20 nm hr-1 (Kulmala et al., 2004) indicating the 

UFPs are likely from oceanic emissions of VOCs. 

 Figure 35 presents a daily time series plot of UFP number counts measured by the UFPM 

3031. 

 

 

 

Figure 35. Daily time series of the UFPM 3031 six size channel particle number counts. 

 

Figure 35 shows that the 20-30 nm and 30-50 nm size fractions contributed significantly 

to spikes in UFP number counts whereas the 200-800 nm size contributed very little. It is 

also noted that the 20-30 nm and 30-50 nm sizes seem to be inversely correlated with the 
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100-200 nm and 200-800 nm size fractions e.g. the 20-30 nm and 30-50 nm spikes on 

October 11, 21, and November 9 correspond to low readings in the 100-200 nm and 200-

800 nm size fractions. 

HYSPLIT and the NASA Terra MODIS, Aqua MODIS, and VIIRS satellites were used 

to investigate potential source regions for the four largest spikes observed in the UFPM 

3031 daily time series. The first spike investigated occurred on October 11 at 08:00 UTC 

where the 20-30, 30-50, 50-70, 70-100, 100-200, and 200-800 nm number counts reached 

2112, 1209, 191, 8, 45, and 22 particles cm-3, respectively. The 5-day air mass back 

trajectory for this spike is presented in Figure 36, the chlorophyll-a and quasi true colour 

satellite images are presented in Figure 29. In Figure 36 the air mass originates in 

northern Canada and moves from Hudson’s Bay through to Nova Scotia while reaching 

altitudes of 4000 m, before impacting Sable Island. The back trajectory shows the travel 

time from Nova Scotia to Sable Island to be roughly 6-8 hours for this air mass. Cloud 

cover over Nova Scotia and Sable Island make it difficult to speculate on marine 

emissions as a source, although it is expected that fresh combustion from the continent 

would age during transport and contribute higher particle number counts for particles 

>100 nm. Chemical speciation of the particle number counts observed would provide 

greater insight as to the source of this spike. 
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Figure 36. 5-day air mass back trajectory for Sable Island on October 11, 2015 

 

The spike on October 22 occurred at 01:00 UTC where the 20-30, 30-50, 50-70, 70-100, 

100-200, and 200-800 nm number counts reached 2947, 2079, 604, 126, 93, and 12 

particles cm-3, respectively. The chlorophyll-a and quasi true colour satellite images, as 

well as the 5-day air mass back trajectory for this spike are presented in Figure 37. From 

Figure 37 it can be seen that the air mass follows a similar trajectory as that for October 

11. The high particle number counts for the 20-30 and 30-50 nm size fractions would 

suggest marine emissions as the source, however, the elevated number counts in the 50-

70, 70-100, and 100-200 nm size fractions could indicate combustion sources from the 

continent if the particle growth rate was less that 10 nm hr-1 (Kulmala et al., 2004). The 

presence of phytoplankton around Sable Island cannot be determined from these satellite 

observations. 
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Figure 37. Chlorophyll-a (left) and quasi true colour (right) around Sable Island on 

October 22, 2015 measured by the NASA VIIRS satellite 
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The spike on October 31 occurred at 12:00 UTC where the 20-30, 30-50, 50-70, 70-100, 

100-200, and 200-800 nm number counts reached 1889, 1321, 307, 37, 83, and 52 

particles cm-3, respectively. The chlorophyll-a and quasi true colour satellite images, as 

well as the 5-day air mass back trajectory for this spike are presented in Figure 38. 

Although the air mass in Figure 38 originates over the continent and is only over the 

marine environment for a short time, satellite images show the presence of phytoplankton 

around Nova Scotia, providing evidence that this spike may be a result of biogenic marine 

emissions from phytoplankton. Studies from the Scotian Shelf region show that a second, 

subsidiary phytoplankton bloom occurs in the fall period further supporting this 

hypothesis (Craig et al., 2015; Li, 2014; Li & Harrison, 2008). 

 

 

 

 

 

 

 

 

 

 

 

 



 85 

 

 

Figure 38. Chlorophyll-a (top left) and quasi true colour (top right) measured by the 

NASA VIIRS satellite and 5-day air mass back trajectory (bottom) for Sable 

Island on October 31, 2015 
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The spike on December 27 occurred at 21:00 UTC where the 20-30, 30-50, 50-70, 70-

100, 100-200, and 200-800 nm number counts reached 2939, 1338, 381, 323, 372, and 3 

particles cm-3, respectively. The chlorophyll-a and quasi true colour satellite images, as 

well as the 5-day air mass back trajectory for this spike are presented in Figure 39. As 

shown in the Figure 39 back trajectory, this air mass was over the ocean for 

approximately 30 hours before impacting Sable Island. If the slowest particle growth rate 

reported by Kulmala et al. (2004) is assumed (1 nm hr-1) the particles in the 20-30 nm size 

fraction could not have originated from the continent. This would suggest this spike in 

20-30 nm particles is associated with gas-to-particle conversion from marine emissions. 

However, phytoplankton presence around Nova Scotia and Sable Island cannot be 

confirmed with satellite observations due to cloud cover. 
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Figure 39. Chlorophyll-a (top left) and quasi true colour (top right) measured by the 

NASA VIIRS satellite and 5-day air mass back trajectory (bottom) for Sable 

Island on December 27, 2015 
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The four days with the lowest particle number counts were also investigated using 

HYSPLIT. The low on October 25 occurred at 11:00 UTC where the 20-30, 30-50, 50-70, 

70-100, 100-200, and 200-800 nm number counts were all 0 particles cm-3, respectively. 

The chlorophyll-a and quasi true colour satellite images, as well as the 5-day air mass 

back trajectory for this spike are presented in Figure 40. In Figure 40 it can be seen that 

the air mass originate in the clean northern region of Canada (Gibson et al. 2013) and 

moves over the ocean before impacting Sable Island. Cloud cover in the satellite images 

makes it difficult to speculate on phytoplankton presence, but fall blooms are known to 

occur in this period (Craig et al., 2015; Li, 2014; Li & Harrison, 2008). 
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Figure 40. Chlorophyll-a (top left) and quasi true colour (top right) measured by the 

NASA VIIRS satellite and 5-day air mass back trajectory (bottom) for Sable 

Island on October 25, 2015 
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The low on November 13 occurred at 12:00 UTC where the 20-30, 30-50, 50-70, 70-100, 

100-200, and 200-800 nm number counts were all 0 particles cm-3, respectively. The 

chlorophyll-a and quasi true colour satellite images, as well as the 5-day air mass back 

trajectory for this spike are presented in Figure 41. Figure 41 shows phytoplankton 

growth around southern Nova Scotia, however phytoplankton around Sable Island cannot 

be seen due to cloud cover. It is expected that phytoplankton presence would produce 

UFPs, however this is not the case. 
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Figure 41. Chlorophyll-a (top left) and quasi true colour (top right) measured by the 

NASA VIIRS satellite and 5-day air mass back trajectory (bottom) for Sable 

Island on November 13, 2015 
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The low on November 22 occurred at 12:00 UTC where the 20-30, 30-50, 50-70, 70-100, 

100-200, and 200-800 nm number counts were all 0 particles cm-3, respectively. The 

chlorophyll-a and quasi true colour satellite images, as well as the 5-day air mass back 

trajectory for this spike are presented in Figure 42. From Figure 42 it can be seen that the 

air mass is entirely marine, likely consisting of sea salt particles which would be too large 

for the UFPM to detect. The satellite images reveal no useful information regarding 

phytoplankton blooms around Sable Island. 
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Figure 42. Chlorophyll-a (top left) and quasi true colour (top right) measured by the 

NASA VIIRS satellite and 5-day air mass back trajectory (bottom) for Sable 

Island on November 22, 2015 
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The low on December 17 occurred at 12:00 UTC where the 20-30, 30-50, 50-70, 70-100, 

100-200, and 200-800 nm number counts were all 0 particles cm-3, respectively. The 

chlorophyll-a and quasi true colour satellite images, as well as the 5-day air mass back 

trajectory for this spike are presented in Figure 43. Figure 43 shows the air mass 

impacting the surface (ocean) before Sable Island. This would suggest particle deposition 

in the ocean and very little particle mass and number reaching Sable Island. Again, cloud 

cover shown in the satellite images make it impossible to determine phytoplankton 

presence around Sable Island. 
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Figure 43. Chlorophyll-a (top left) and quasi true colour (top right) measured by the 

NASA VIIRS satellite and 5-day air mass back trajectory (bottom) for Sable 

Island on December 17, 2015 
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4.4 Aerodynamic Particle Sizer Number Counts 

Table 4 contains the descriptive statistics and data completeness for 2015 for the TSI 

3321 Aerodynamic Particle Sizer model 3321 particle number counts in the size fractions 

below 1.0, 2.5, 4.0 10.0 and 20.0 microns. These size fractions were created from 

averaging the relevant 56 size fractions. The size bins were chosen to correspond with the 

TSI DustTrak DRX particle mass concentration size fractions. 

 

Table 4. TSI 3321 Aerodynamic Particle Sizer descriptive statistics 

Variable 

PM1 

[particle 

#/cm
3
] 

PM2.5 

[particle 

#/cm
3
] 

PM4 

[particle 

#/cm
3
] 

PM10 

[particle 

#/cm
3
] 

PM20 

[particle 

#/cm
3
] 

n 427 427 427 427 427 

n missing 1783 1783 1783 1783 1783 

Mean 12.52 15.71 15.92 15.95 15.95 

StDev 10.83 12.94 13.11 13.15 13.15 

Min 0.97 1.02 1.03 1.03 1.03 

25 pct 5.94 7.19 7.29 7.29 7.29 

Median 8.81 11.24 11.41 11.53 11.53 

75 pct 15.69 19.81 20.14 20.21 20.21 

Max 63.94 70.15 71.55 72.14 72.14 

IQR 9.75 12.62 12.85 12.92 12.92 

Data Completeness 19.32% 19.32% 19.32% 19.32% 19.32% 

Data Completeness 

(annual) 
5.75% 5.75% 5.75% 5.75% 5.75% 

 

From Table 4 it can be seen that the data completeness over the operation period for the 

APS PM1/2.5/4.0/10/20 size fraction particle number counts was 19.32%, and for the entire 

year was only 5.75%. The lack of data for 95.4% of the year was due to the instrument 
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only being installed on October 1, 2015 and some instrument malfunctions faced after 

deployment. The uninterrupted power supply for the APS failed on October 14, 2015 and 

the laptop that logs APS data froze on two occasions. Following these failures, it was 

arranged for Environment Canada employees stationed on the island to perform weekly 

checks and data downloads on all instruments. I provided step-by-step instructions on 

how to download data for each instrument in the air chemistry shed and quick system 

checks to determine if each instrument is functioning properly. During my visit to the 

island from January 27 – February 1, 2016, the laptop used for logging APS data was 

replaced. Since implementing the weekly instrument checks and replacing the laptop, no 

data loss issues have been reported. 

It can also been seen from Table 4 that the mean (min : max units = #) for the APS 

PM1/2.5/4.0/10/20 size fraction particle number counts were 1 μm = 12.52 (0.97 : 63.94 #), 2.5 

μm = 15.71 (1.02 : 70.15 #), 4.0 μm = 15.92 (1.03: 71.55 #), 10 μm = 15.95 (1.03 : 72.14 

#) and 20 μm = 15.95 (1.03 : 72.14 #) respectively. The increase in particle number 

counts observed from the fine mode (1 m) to 20 m fits with the theory that sea spray 

will impact the larger particle size fractions and this increase is unlikely associated with 

fresh combustion or O&G operations. Time series analysis will investigate the peaks and 

valleys in the APS PM1/2.5/4.0/10/20 particle number counts to aid in the determination their 

source. Figure 44 below is a non-parametric visualization of the APS PM1/2.5/4/10/20 

particle number counts. 
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Figure 44. Boxplots of particle number counts from the Aerodynamic Particle Sizer 

 

In Figure 44, the box represents the IQR or the 25th and 75th percentiles, respectively and 

the line is the median. The stars represent outliers, data points that are greater than 1.5 

times the IQR from the 75th percentile. The lower and upper whiskers represent the range 

of data points within 1.5 times the IQR from the 25th and 75th percentiles, respectively. 

There are numerous outliers in each size fraction, this may be due to missing data caused 

by the back-up battery failure. Figure 45 below shows a pollution rose for the APS PM2.5 

particle number counts. 
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Figure 45. Pollution rose for Sable Island PM2.5 particle number counts measured by the 

APS 3321. 

 

Figure 45 shows that winds were mainly from the NE while the APS was sampling, with 

significant winds and particle number counts from the south and west. Figure 46 shows 

daily time series data for 52 particle size channels measured by the APS. 
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Figure 46. Daily time series of particle number counts for the APS 3321 52 size channels. 

 

The daily time series for the APS in Figure 46 shows missing particle number count data 

related to laptop issues and a faulty back up battery, however, the three spikes observed 

were investigated using HYSPLIT and the NASA Terra MODIS, Aqua MODIS, and 

VIIRS satellites. The first spike occurred on October 1 at 14:00 UTC where particle 

number counts for the <0.523 m size fraction reached 15 particles cm-3 . The particle 
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number count for all other size fractions totalled 22 particles cm-3. The chlorophyll-a and 

quasi true colour satellite images, as well as the 5-day air mass back trajectory for this 

spike are presented in Figure 47. The trajectory in Figure 47 is almost entirely marine, 

therefore the source for this spike is likely sea spray. Also, the satellite observations show 

no phytoplankton present in the air mass trajectory which suggests no biogenic marine 

emissions contributing to this spike. 
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Figure 47. Chlorophyll-a (top left) and quasi true colour (top right) measured by the 

NASA Aqua TERRA satellite and 5-day air mass back trajectory (bottom) for 

Sable Island on October 1, 2015 
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The spike on October 15 occurred at 04:00 UTC where particle number counts for the 

<0.523 m size fraction reached 50 particles cm-3. The particle number count for all other 

size fractions totalled 19 particles cm-3. The 5-day air mass back trajectory for this spike 

are presented in Figure 48, the chlorophyll-a and quasi true colour images are presented 

in Figure 24. The air mass in Figure 48 moves through the NE US (known for industry, 

coal combustion, and agriculture) (Jeong et al., 2011; Gibson et al., 2013) and appears to 

pass over the O&G platforms near Sable Island Figure 25. The spike on October 15 may 

be due to LRT from NE US, sea spray, or O&G operations near Sable Island.  

 

 

Figure 48. 5-Day air mass back trajectory (bottom) for Sable Island on October 15, 2015 

 

The spike on December 25 occurred at 22:00 UTC where particle number counts for the 

<0.523 m size fraction reached 22 particles cm-3 . The particle number count for all 
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other size fractions totalled 33.42 particles cm-3. The chlorophyll-a and quasi true colour 

satellite images, as well as the 5-day air mass back trajectory for this spike are presented 

in Figure 49. The long trajectory in Figure 49 indicates a fast moving air mass which 

could indicate high sea surface wind speeds, resulting in re-entrained sand/surface dust 

and/or sea spray contributing to the coarse mode particle counts. The trajectory shows the 

air mass moving through the Quebec-Windsor corridor (industrial sources) (Gibson et al., 

2013) and the NE US before impacting Sable, which suggests LRT may be the source for 

the spike on December 25, 2015. 
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Figure 49. Chlorophyll-a (top left) and quasi true colour (top right) measured by the 

NASA VIIRS satellite and 5-day air mass back trajectory (bottom) for Sable 

Island on December 25, 2015 
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The first low occurred on October 3 at 02:00 UTC where particle number counts for the 

<0.523 m size fraction reached 2 particles cm-3 . The particle number count for all other 

size fractions totalled 2 particles cm-3. The chlorophyll-a and quasi true colour satellite 

images, as well as the 5-day air mass back trajectory for this spike are presented in Figure 

50. This is clearly a completely marine air mass impacting Sable on October 3. Low wind 

speed (short trajectory) means little wave action and wave generated particles, supported 

by the low particle number observed. 
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Figure 50. Chlorophyll-a (top left) and quasi true colour (top right) measured by the 

NASA VIIRS satellite and 5-day air mass back trajectory (bottom) for Sable 

Island on October 3, 2015 
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The low on October 17 occurred at 20:00 UTC where particle number counts for the 

<0.523 m size fraction reached 1 particles cm-3. The particle number count for all other 

size fractions totalled 1 particles cm-3. The chlorophyll-a and quasi true colour satellite 

images, as well as the 5-day air mass back trajectory for this spike are presented in Figure 

51. The air mass in Figure 51 originates in Canada’s west coast and moves almost directly 

across the country before impacting Sable Island. The reason for low particle number 

counts in this air mass is unclear, although the air mass remained at high altitudes 

throughout the trajectory which could indicate less re-entrained PM from the surface. 

Particles could have been scavenged by a rainfall event during the trajectory although no 

rain was reported on Sable Island on October 17. The satellite images show 

phytoplankton blooms around Nova Scotia which would expectedly give rise to UFPs 

formed from gas-to-particle conversion, however this was not observed. 
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Figure 51. Chlorophyll-a (top left) and quasi true colour (top right) measured by the 

NASA VIIRS satellite and 5-day air mass back trajectory (bottom) for Sable 

Island on October 17, 2015 
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The low on December 28 occurred at 06:00 UTC where particle number counts for the 

<0.523 m size fraction reached 0 particles cm-3. The particle number count for all other 

size fractions totalled 1 particles cm-3. The chlorophyll-a and quasi true colour satellite 

images, as well as the 5-day air mass back trajectory for this spike are presented in Figure 

52. The vertical trajectory in Figure 52 shows the air mass contacting the surface between 

New Brunswick and Nova Scotia, scavenging particles from the air mass. Rain and snow 

were reported on Sable Island on December 28, which may have contributed to particle 

scavenging. 
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Figure 52. Chlorophyll-a (top left) and quasi true colour (top right) measured by the 

NASA VIIRS satellite and 5-day air mass back trajectory (bottom) for Sable 

Island on December 28, 2015 

 

 



 112 

4.5 Positive Matrix Factorization Modelling 

The USEPA Positive Matrix Factorization model v5.0 (https://www.epa.gov/air-

research/positive-matrix-factorization-model-environmental-data-analyses) was used to 

investigate the percentage and concentration contribution from various emissions sources 

to the observed size-resolved particle number counts and PM mass impacting Sable Island 

between October 1, 2015 and December 31, 2015. The first step in running the model is 

to create a concentration species file and a corresponding uncertainty file. In this research 

the species concentration file contained the date in the first column and the associated 

particle variables in the remaining columns, e.g. the DRX mass data (PM1, PM2.5, PM4, 

PM10, and TSP size fractions), the UFPM 3031 particle number counts associated with 

the six ultrafine particle size bins (20-30 nm, 30-50 nm, 50-70 nm, 70-100 nm, 100-200 

nm, and 200-800 nm) and the APS 3321 particle number counts associated with the 52 

size bins (500 nm to 20 µm). The uncertainty file was constructed as described in the 

PMF user guide with the default 20% uncertainty applied. As recommended in the model 

user guide, the default settings were used, e.g. 20 random start points and 6 factors. All of 

the 20 runs converged. After running the PMF model approximately 30 times with 

differing numbers of factors (ranging from 3 to 7), 5 factors were chosen based on the 

number of likely sources of the aerosol species observed on Sable Island, e.g. marine 

biogenic emissions, fresh combustion sources, sea salt/spray, long-range transport 

aerosol, and aged aerosol.  The parity plot in Figure 53, and the corresponding time series 

graph in Figure 54 compare the observed 0.965 µm size bin with the PMF predicted 0.965 

µm size bin. The R2 was found to be 0.99. The R2 did not drop below 0.9 for the 

remaining PM variables used in the model, demonstrating that PMF can almost perfectly 
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predict the sample vriables found on Sable Island. This is a highly significant result 

demonstrating high quality data and a parsimonious model. 

Figure 53 provides a parity plot of observed versus predicted particle number counts for 

the 0.965 µm size fraction.

 

Figure 53. Parity plot of observed versus predicted particle number counts for the 0.965 

µm size fraction 
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Figure 54 provides a time series plot of observed versus predicted particle number counts 

for the 0.965 µm size fraction. 

 

Figure 54. Times series of observed versus predicted particle number counts for the 0.965 

µm size fraction 

 

One of the pre-run model checks is on the scaled residuals. None of the scaled residuals 

for a model variable should be outside ± 3 standard deviations. As can be seen in Figure 

55 for the 0.542 μm bin, the scaled residuals are well within the required ± 3 standard 

deviations. This result was maintained for the other sample variables. 
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Figure 55. Scaled residuals for the 0.542 μm particle size bin 

 

After passing the pre-model checks, the model is run, and two plots are produced for each 

factor. The first plot is the factor profile for Factor 1 (Figure 56). The second plot is the 

corresponding factor contributions associated with Factor 1 (Figure 57). In Figure 56, the 

primary y-axis represents the particle mass concentration or particle number (blue bars) 
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that is associated with the species found within this factor. In Figure 56, the secondary y-

axis represents the percentage of a sample variable, covering the entire data set that falls 

within this factor (red box). For example, if the red box aligned with 100% on the 

secondary y-axis, then all of that sample metric, in all of the samples, is associated with 

this factor and no other. Prior knowledge of source chemical markers, aerosol physics, 

and augmented by air mass back trajectories, meteorological variables, and remote 

sensing, can then be used to assign a source name to this factor. The primary y-axis units 

for each factor profile for each of the species are as follows: the PM1/2.5/4/10 and PM total 

species have units of g m-3, the 20-30 nm, 30-50 nm, 50-70 nm, 70-100 nm, 100-200  

nm, and 200-800 nm species have units of particle # cm-3, and the <0.523 m through to 

19.81 m species have units of particle #. The factor contributions plots have y-axes that 

are normalized so that the average of all contributions for each factor is 1. 
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Figure 56. Factor profile for Factor 1 

 

 

Figure 57. Factor contributions associated with Factor 1 

As can be seen in Figure 56, 47% of the PM mass (PM1 through to TSP) is found within 

Factor 1. In addition, in Figure 56, it can be seen that there is little contribution from the 

UFP size fractions through to the fine particle size fractions. The particle size number 

does not increase from ~5% contribution until reaching 8.99 μm where it rises steeply in 

number concentration and percentage contribution for the remaining large size fractions. 

Therefore, Factor 1 cannot be associated with fresh gas-to-particle converted aerosol or 

with fresh combustion sources that typically give rise to numerous UFPs. Typical long-

range aged aerosols have a median particle size-fraction of 1 μm, with no ultrafine or 
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coarse particles above 2.5 μm (Jeong et al., 2011; Gibson et al., 2013). In Figure 57 

above, the three spikes investigated using HYSPLIT air mass back trajectories occurred 

on October 7, 17, and 25. These air mass back trajectories are presented in Figure 58. It 

can be seen in Figure 58 that the October 7 and December 25 back trajectories are 

predominantly marine, however, the trajectories for October 15 and 17 are associated 

with transboundary air flow from eastern Canada and the NE US. Given that 45% of the 

mass is associated with this factor and it is only the coarse and super-coarse particle size 

distributions that contribute significant mass, it is with some confidence that this factor 

can be named sea spray or sea salt. Another local source could be re-suspended sand and 

weathered material (biological and mineral) on Sable Island. Over the next 3 years, 

research into the aerosol chemical species will also be investigated together with aerosol 

mass and number to aid in identification of aerosol sources. 
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Figure 58. 5-Day air mass back trajectories for Sable Island on October 7 (top left), 

October 15 (top right), October 17 (bottom left) and October 25, 2015 (bottom 

right) 

 

Figure 59 below provides the factor profile for Factor 2, with Figure 60 providing the 

corresponding factor contributions associated with Factor 2. 
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Figure 59. Factor profile for Factor 2 

 

 

Figure 60. Factor contributions associated with Factor 2 

 

As can be seen in Figure 59, there was very little PM mass found within Factor 2. In 

addition, in Figure 59, it can be seen that there is little contribution (red boxes) from the 

ultrafine particle size fractions up to 200 nm. The particle size number jumps to a 10% 

contribution (red boxes) between 200 nm to 2.458 m, dropping to zero contribution at 

6.264 m.  The particle number climbs sharply from 6.732 m to 85% when reaching the 

19.81 m size fraction. This is the classic bi-modal distribution associated with aged 

aerosol that also contains a coarse mode (e.g. sea spray or re-suspended surficial dust) 
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(Zhu et al., 2002b). Therefore, Factor 2 cannot be associated with fresh gas-to-particle 

converted aerosol or with fresh combustion sources that typically give rise to numerous 

ultrafine particles. However, scrutiny of the concentration on the primary y-axis shows 

very little mass, and thus only a very few particles were associated with the coarse mode 

above 6.732 nm. The increase in super-coarse particle number counts may be associated 

with high winds causing re-entrainment of surface dust or sea salt and it is expected that 

particle mass would be associated super-coarse mode particles. However, the inlet for the 

DRX instrument that measures particle mass has a 90 degree elbow and super-coarse 

mode particles could have too much inertia to follow the streamlines and make it to the 

detector. Therefore, it is with some confidence that this factor can be named island 

surface dust/sand. Again, 5-day air mass back trajectories and visible satellite images 

were scrutinized to support the identification of the source related to Factor 2. Figure 61 

presents chlorophyll-a and quasi true colour satellite observations as well as 5-day air 

mass back trajectories for the spike in Factor 2 occurring on October 7. However, as 

shown in Figure 76 (factor pie chart), this factor contributed less than 0.05% and as such 

is removed for the final source apportionment model output by PMF. 
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Figure 61. Chlorophyll-a (top left) and quasi true colour (top right) measured by the 

NASA VIIRS satellite and 5-day air mass back trajectories (bottom) for Sable 

Island on October 7, 2015 
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The back trajectories and satellite images associated with the spikes occurring on October 

30 and November 24 are found in Figure 26 and Figure 27, respectively. They show air 

masses originating over the continent and would suggest LRT. 

 

Figure 62 provides the factor profile for Factor 3, with Figure 63 providing the 

corresponding factor contributions associated with Factor 3. 

 

 

Figure 62. Factor profile for Factor 3 

 

 

Figure 63. Factor contribution for Factor 3 
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From Figure 62 it can be seen that 70-80% of the UFP number counts for the 20-30 nm, 

30-50 nm, 50-70 nm, and, 70-100 nm and no particle mass is attributed to Factor 3. This 

clearly indicates either fresh combustion or gas-to-particle conversion as the source for 

Factor 3. Futhermore, non sea salt sulphate emitted from the oceans appears in the 

accumulation mode (20 nm – 90 nm) (IPCC, 2013), which provides evidence for Factor 3 

being of marine origin. In Figure 63, spikes are seen for October 5, 8, 16, and 21, and 

November 6 and 11. For the November 6 and 11 spikes, the Scotian Shelf was cloud 

covered and no useful satellite images could be retrieved from any of the NASA Aqua 

MODIS, Terra MODIS, and VIIRA satellites. HYSPLIT back trajectories for these dates 

(Appendix) show the air masses originating over the continent with only a short time 

spent over the marine environment before impacting Sable Island. The back trajectories 

for October 21 show the air mass that impacted Sable Island at 12:00 UTC was largely 

continent-influenced, however the air mass impacting Sable Island at 00:00 UTC 

travelled over the Atlantic Ocean for its final 24 hours. The chlorophyll-a, quasi true 

colour, and 5-day air mass back trajectory for October 21 are shown in Figure 64. The 

Aqua MODIS satellite images provide evidence of a phytoplankton bloom around Nova 

Scotia and the NE US, this would support the theory of gas-to-particle conversion 

(biogenic marine emissions forming SOA). In addition, the quasi true colour image shows 

evidence of continental smog outflow (blue-gray in amongst the clouds (white)). 

Therefore, the air mass likely had continental smog outflow and also entrained some 

phytoplankton biogenic secondary aerosol en route to Sable Island. Without further 

chemical speciation it is difficult to determine if the UFPs on this date are related to 

secondary marine biogenic emissions or smog outflow from fresh combustion sources. 

But given that ultrafine particles in this size range can only exist for a few hours it is 
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probable that it is marine biogenic emissions contributing to this factor as fall 

phytoplankton blooms are known to occur during this period (Craig et al., 2015; Li, 2014; 

Li & Harrison, 2008). 
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Figure 64. Chlorophyll-a (top left) and quasi true colour (top right) measured by the 

NASA Aqua MODIS satellite and 5-day air mass back trajectories (bottom) for 

Sable Island on October 21, 2015 
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Figure 65 provides the factor profile for Factor 4, with Figure 66 providing the 

corresponding factor contributions associated with Factor 4. 

 

 

Figure 65. Factor profile for Factor 4 

 

Figure 66. Factor contribution for Factor 4 

 

It can bee seen in Figure 65 that roughly 50% and 70% of 100-200 nm and 200-800nm 

sized UFPs are associated with Factor 4, along with 30% mass contribution and 20% of 

particle sizes 0.542- 1.981 m. As shown in Figure 67, Figure 68, Figure 69, andFigure 

70, the satellite images all indicate phytoplankton presence and the air mass back 

trajectories are mainly marine (October 5 and 14) and/or continental (October 30, 
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November 13); also the trajectories on October 5 and 30 originate in the north, an area of 

low anthropogenic emissions (“clean” air) (Gibson et al., 2013). Fresh gas-to-particle 

conversion produces particles as small as 1 nm, therefore the presence of particles 

between 100-800 nm would indicate a slightly aged marine aerosol (fresh gas-to-particle 

conversion would produce smaller particles, which would coagulate and grow by 

condensation) (Kulkarni, Baron & Willeke, 2011). Research shows clean marine aerosols 

are dominated by volatile sulphate species (e.g. DMS) smaller than 1 m (Blot et al., 

2013). This would suggest that Factor 4 is mixture of slightly aged biogenic marine 

emissions and aged marine aerosol which contributes to the fine particle count and 

particle mass. However, another potential source for the fine (100 nm – 800 nm) particles 

associated with Factor 5 is O&G activities around Sable Island. Chemical speciation is 

needed to determine if the fine particles are related to combustion or biogenic marine 

emissions 
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Figure 67. Chlorophyll-a (top left) and quasi true colour (top right) measured by the 

NASA Terra MODIS satellite and 5-day air mass back trajectories (bottom) for 

Sable Island on October 5, 2015 
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Figure 68. Chlorophyll-a (top left) and quasi true colour (top right) measured by the 

NASA VIIRS satellite and 5-day air mass back trajectories (bottom) for Sable 

Island on October 14, 2015 
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Figure 69. Chlorophyll-a (top left) and quasi true colour (top right) measured by the 

NASA VIIRS satellite and 5-day air mass back trajectories (bottom) for Sable 

Island on October 30, 2015 
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Figure 70. Chlorophyll-a (top left) and quasi true colour (top right) measured by the 

NASA VIIRS satellite and 5-day air mass back trajectories (bottom) for Sable 

Island on November 11, 2015 
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Figure 71 below provides the factor profile for Factor 5, with Figure 72 providing the 

corresponding factor contributions associated with Factor 5. 

 

 

Figure 71. Factor profile for Factor 5 

 

 

Figure 72. Factor contribution for Factor 5 

 

It can be seen in Figure 71 that 70% - 80% of the species in Factor 5 correspond to the 0.5 

μm through to 10 μm size fractions. In addition, there was little species contribution from 

the ultrafine particles in this factor. Therefore, this factor can not be associated with fresh 

combustion sources or gas-to-particle conversion. Moreover, the presence of 30% of the 
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aerosol mass within this factor implies larger particles with more mass as opposed to 

numerous ultrafine particles with virtually no corresponding mass (see Figure 1). This can 

be supported by the largest species contribution being found in the 6.264 μm size fraction, 

a fraction that would have far greater mass than the corresponding ultrafine particles that 

would exhibit little mass. The spikes occurring on October 15 and 30, November 14 and 

24, and December 19 were investigated using HYSPLIT air mass back trajectories and 

NASA satellite observations. Figure 73 shows the chlorophyll-a and quasi true colour for 

Sable Island as well as air mass back trajectories for November 14. The satellite 

observations and back trajectories for the other spikes are found in Figure 24, Figure 26, 

Figure 27, and Figure 28. As shown by these back trajectories, nearly all of the air masses 

investigated pass through the NE US, a known PM source region for Halifax (Gibson et 

al., 2013) and therefore, it is with confidence that Factor 5 is LRT. Ammonium sulphate 

((NH4)2SO4) contributes significantly to LRT from NE US (Gibson et al., 2013) and is 

highly hygroscopic (Figure 2), therefore the particle mass and high number counts for all 

fine, coarse, and super-coarse particles may be a result of particle bound water. Missing 

data in the chlorophyll-a satellite images make it difficult to draw any conclusions 

regarding phytoplankton contributions to this factor. 

 

 



 135 

 

 

Figure 73. Chlorophyll-a (top left) and quasi true colour (top right) measured by the 

NASA VIIRS satellite and 5-day air mass back trajectories (bottom) for Sable 

Island on November 14, 2015 
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Figure 74 below provides a comparison of the base run factor contribution time series 

results compared with the factor contributions time series generated by the PMF Fpeak 

bootstrap model check. 

 

 

Figure 74. PMF base run time series compared to factor contribution times series 

 

As can be seen in Figure 74, there is almost perfect agreement between the PMF model 

base run and the factor contributions time series estimated by the Fpeak bootstrapping 

model check. This demonstrates that the model is extremely robust and that the model 

output can be treated with confidence. Figure 75 contains the average factor fingerprints 

of the entire particle mass and number samples. Figure 75 is useful to observe the change 

in factor contribution as the particle mass and number concentrations change, for example 

the size fractions from 0.5 μm through to 10 μm are dominated by factor 5 (long-range 

aged aerosol). 
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Figure 75. Factor fingerprints 

 

Figure 75 provides a Factor fingerprint, or source finger print for the PM mass and 

particle number spectra. It gives a quick look at the dominant factors (sources) 

contribution to the PM mass and number spectra. From Figure 75 it can clearly be seen 

that Factor 5 (LRT) dominates between 0.523 m and 10.37 µm. Factor 2 (Island surface 

dust/sand) dominates above 10.37 µm. Factor 3 (biogenic marine secondary ultrafine 

particles) dominates between 20 nm and 100 nm and with PM mass dominated by Factors 

1 (sea spray), Factor 4 (aged biogenic marine/aged marine aerosol) and Factor 5 (LRT). 

Figure 76 shows the factor contributions to the PM measured on Sable Island. 
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Figure 76. Factor contributions 

 

Figure 76 provides a source attribution pie chart of the percentage and concentration 

contribution made by each source to the PM mass and particle number spectra sampled. It 

can be seen that the percentage (%) and concentration (mass/#) for Factor 1 (sea spray) 

was 43.4% and 5.99 (units, either g m-3, particle # cm-3, or particle #), for Factor 2 

(Island surface dust/sand) the contribution was < 0.05%, and removed from the model, for 

Factor 3 (biogenic marine emissions) 1.4%, for Factor 4 (aged biogenic mar ine 

emissions/aged marine aerosol) was 24.3%, and for Factor 5 (LRT) was 30.9%. The low 

contribution from biogenic marine emissions is likely due to including particle mass in 

the model and UFPs contributing very little particle mass. 
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Figure 77. Time series for all Factors 

 

Figure 77 provides a time series of the percentage and concentration from each factor on 

each sampling day. This is useful for comparing factors to see if there are any 

relationships or divergence in trends. It can be seen that Factors 3 and 4 are trend quite 

closely correlated, this is not surprising as Factor 3 is fresh marine biogenic gas-to-

particle secondary aerosol and Factor 4 is slightly aged marine emissions/aged marine 

aerosol. It can be seen from Figure 77 that Factor 5 (LRT) does not trend with either 

Factor 3 or 4. This would make sense because LRT originated from the continent. The 

source apportionment time series plot presented in Figure 77 is a very useful tool in 

understanding the temporal drivers of source contributing to PM mass and particle 

number on Sable Island. 
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CHAPTER 5  CONCLUSION AND RECOMMENDATIONS 

5.1 Conclusion 

A three month particle mass concentration and number count sampling campaign was 

conducted on Sable Island from October 1 – December 31, 2015 with the goal to 

apportion particle mass and number to determine their sources. It was found that, for 

Sable Island, sea spray accounted for 43.4% of the PM. The second greatest contributor 

was LRT pollution from the continent, likely consisting of coal combustion, agricultural, 

and industrial sources from the NE US and Windsor-Quebec corridor. Finally, aged 

biogenic marine emissions/aged marine aerosol and fresh biogenic marine emissions 

constituted 24.3% and 1.4%, respectively. Future measurements on Sable Island will  

produce valuable data to help researchers quantify marine emissions inventories, the fate 

and transport of particulate matter in the marine environment, and their contributions to 

climate forcing. This thesis explored the source apportionment of PM on Sable Island to 

identify the marine emission contributions. Marine aerosol composition varies  by season 

and consists of a complex mixture of different species, therefore an opportunity for  

augmenting the PM data with total VOC and VOC species data would significantly 

increase the ability to apportion marine emission contributions to atmospheric aerosols. 

Furthermore, the Sable Island site will provide long term continuous PM mass and 

number concentration data to a lacking global network of marine aerosol sampling sites. 

The Sable Island site will also provide important data for climate models and act as a 

ground validation site for a variety of satellites, but most importantly fill in the gaps 

between the four intensive NASA NAAMES missions. 
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5.2 Recommendations 

It is recommended that an Aerodyne Aerosol Mass Spectrometer or Aerodyne Chemical 

Speciation Monitor be deployed on Sable Island to provide real-time PM chemical 

speciation. A filter based method for collecting particulate mass would provide a 

gravimetric correction for the DustTrak DRX and allow for post-sample chemical 

speciation analyses. This way, PM samples can be analyzed for known chemical markers 

to help in the identification and apportionment of PM sources on Sable Island. Finally, 

augmenting the PM data with VOC data would support and improve the apportionment of 

PM on Sable Island. 
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APPENDIX: HYSPLIT Air Mass Back Trajectories 
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Figure 78. Daily HYSPLIT back trajectories over the sampling period October 1 to 

December 31, 2015 

 

 


