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	SOA
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	T
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	Transmission Electron Microscope

	VOC
	Volatile Organic compound

	Wettable
	Model taking only the Kelvin effect into account

	ΔT
	Streamwise temperature gradient

	εi
	Volume fraction of a specific component in the dry particle

	κ
	Hygroscopicity parameter describing the number of ions or non-dissociating molecules per unit volume of the dry particle

	κ-Köhler
	Model using κ-Köhler theory

	κCCN
	Hygroscopicity parameter value derived from the measured critical supersaturation

	κSOA
	Hygroscopicity parameter value calculated from chemical composition of SOA

	ν
	Dissociation number

	ρ0
	Standard density (1000 kg m-3)

	ρi
	Density of a specific component i

	ρm
	Material density in the particle

	ρw
	Density of water

	σsol
	Surface tension of the solution droplet

	σw
	Surface tension of water

	ϕ
	Molal or practical osmotic coefficient of the solute in aqueous solution

	χ
	Dynamic shape factor (all flow regimes)

	χt 
	Dynamic shape factor (transition regime) 

	χν
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2. [bookmark: _Toc250965960]Introduction
1.1. [bookmark: _Toc250965961]Climate
Earth´s climate system includes the atmosphere, land, oceans, snow, ice, and living things (Figure 1). Since the 1850’s the atmosphere and ocean have warmed with an average increase of ~0.8 oC (IPCC, 2013). The consequences are diminishing snow and ice cover, rise in sea level as well as increased concentrations of greenhouse gases. The increase in greenhouse gases like CO2, CH4, and N2O since 1750 are due to human activity. By 2011 the concentrations exceeded the pre-industrial levels by 40%, 150% and 20%, respectively. These gases heat the atmosphere and were first given most attention. However, recently the scientific understanding of other components in the system affecting the climate, such as change in land use and emissions of aerosol particles, has improved. Atmospheric aerosol particles affect Earth climate, as well as visibility and human health. For example, freshly emitted soot particles, also known as black carbon (BC), absorb light and is thereby predominantly warming the climate. This effect is referred to as a direct aerosol effect (IPCC, 2007) or as the radiative forcing from aerosol-radiation interactions (RFari, IPCC, 2013), with a high level of scientific understanding. The estimated strongest anthropogenic climate-forcing agent in the present-day atmosphere, after CO2, is BC (Bond et al., 2013). However, aerosol particles may also scatter the incoming solar radiation and thereby cool the climate.
[image: ]
Figure 1. Illustration of the components of the climate system, their interactions and processes. Source: IPCC (2007)
Cloud droplets form by condensation of water vapour on pre-existing aerosol particles, so-called cloud condensation nuclei (CCN) or ice nuclei (IN). Without the aerosol particles, a relative humidity (RH) of about 400 percent would be needed for cloud droplets to form. Hence, aerosol particles can influence the climate and hydrological cycle of Earth by producing cloud droplets that in turn will scatter and absorb radiation. This effect, which is less well understood, is referred to as the effective radiative forcing from aerosol-cloud interactions (ERFaci, IPCC, 2013) or the indirect effect (IPCC, 2007). Included in this effect is (Figure 2): reduction of drizzle and increased cloud lifetime (Albrecht, 1989); increase in cloud albedo due to addition of cloud nuclei by pollution (Twomey, 1974); an increase in cloud thickness (Pincus and Baker, 1994); and daytime clearing of clouds due to soot aerosol abundance (Ackerman et al., 2000). The ability of aerosol particles to act as CCN depends on the chemical composition and size of the particles, as well as the ambient water vapour supersaturation. For example, BC when co-emitted with organic carbon (OC) has an effect on Earth hydrological cycle and are thereby not only warming the climate. Thus, there are large uncertainties in net climate forcing regarding cloud interactions and BC particles (Bond et al., 2013).
[image: ]
Figure 2. Aerosol-cloud interactions affecting the incoming solar radiation. Aerosol particles are represented by black dots and open circles denotes cloud droplets. Source: IPCC (2007)
An aerosol is defined as liquid or solid particles, suspended in a gas. Hence, the air around us is an aerosol and with every breath we take we inhale millions of aerosol particles. Aerosol particles are released naturally for example from sea spray, soil dust, fires, volcanoes and natural vegetation. Also contributing to the aerosol particle population are anthropogenic sources such as agriculture, combustion, and traffic. Both plant emissions (natural) and combustion processes (anthropogenic) release organic aerosol particles to the atmosphere. Organic aerosol is either introduced from primary sources (i.e. primary organic aerosol, POA) or formed in the atmosphere via complex gas-to-particle conversion processes, i.e. forming secondary organic aerosol (SOA). The size of aerosol particles ranges from a few nanometers to about 100 µm, which for comparison is the same as the size range from an air balloon to Earth. The particle properties as well as how the particles affect their environment vary with size and shape of the particles as well as the size distribution. Therefore, it is important to know both the size distribution and concentration (in number, mass or volume) of particles to be able to give the whole picture of, for example, how the particles reflect or absorb light in the atmosphere or deposit in the human respiratory tract. Another example is the difference in surface area to volume ratio when comparing a micron with a nanoparticle. The effect on the hygroscopic properties of this ratio increase as the particle diameter decrease. The particle diameter effect is further described in Section.2.3.
1.2. [bookmark: _Toc250965962]Health
Emissions from e.g. industry and traffic into the atmosphere cause damage in our ecosystems and lead to millions of premature death every year (e.g. Al-Saadi et al., 2005, and references therein), among other things. Since Classical Antiquity aerosol particles are known to have a negative effect on human health. The Greek observed that the slave’s lungs were affected by stone dust and asbestos. In the 1870th John Tyndall studied the reflection of light from particles in his breath and discovered that inhaled particles got deposited in the respiratory system. Another example is the episode in London in the early fifties. High levels of airborne particles caused negative health effects on the citizens, and since then the negative outcome linked to the emissions have been frequently reported. Aerosol particles affect the human health in numerous manners, depending on chemistry, size and shape. However, aerosol particles may also have positive health effects, as is the case of aerosol-administrated medicines. 
Diesel exhaust exposure has been shown to have unfavourable health effects (e.g. Sydbom et al., 2001; Mills et al., 2007; Hart et al., 2009). In 2012 the World Health Organization (WHO, 2012) classified emissions of diesel engine exhaust as carcinogenic in humans as well as a linkage to climate change. Due to the agglomerated structure of the diesel exhaust particles the deposition in the respiratory tract are not easy to characterise. For example, for particles <400 nm the deposited fraction is well described by the mobility diameter, whilst knowledge about their characteristics are required to describe the deposited dose by surface area or mass (Rissler et al., 2012). Moreover, the particle lung deposition will increase for larger particles (dry diameter >200 nm) if the hygroscopicity of the particles is enhanced, while the deposited fraction of the smaller particles (dry diameter <100 nm) will decrease (Londahl et al., 2009). The hygroscopicity of diesel exhaust particles is enhanced when photochemically processed (Weingartner et al., 1997; Pagels et al., 2009; Tritscher et al., 2011). Thus, the uptake of diesel exhaust particles in the human respiratory tract will change when the particles are photochemically processed, i.e. undergo atmospheric ageing.
1.3. [bookmark: _Toc250965963]Organic aerosol
Aerosol particles are always present in the atmosphere, though differing in concentration and content. They consists of inorganics like salts (sodium chloride, sulphates and nitrates), BC and minerals as well as thousands of different organic compounds. In urban locations, for example at a busy roadside, the average number concentrations can be as high as 160 000 cm-3 (e.g. Shi et al., 1999; Wehner and Wiedensohler, 2003; Weber et al., 2006).  Whereas, in remote locations as the Arctic, the number concentrations can be as low as 30 cm-3 (Covert et al., 1996). Also, the constituents of the particles will differ depending on location. The chemistry of an atmospheric organic aerosol can for instance be described by the carbon mean oxidation state, a quantity that always increase with oxidation (carbon mean oxidation state ≈ 2 O/C-H/C; Kroll et al., 2011). A bond between carbon (C) and hydrogen (H) will decrease the oxidation state by one, while every bond from carbon to a more electronegative element (such as oxygen, nitrogen, chloride, etc.) will increase the oxidation state by one. For example, the electrolysis of succinic acid in aqueous solution showed a carbon mean oxidation state of 4 (Bensalah et al., 2012). Vehicle exhausts with a high hydrocarbon content have showed a carbon mean oxidation state of -2.0 to -1.9. In urban locations, where the traffic is intense, the carbon mean oxidation state often range between -1.6 and +0.1. While in more remote environments, where the organic material is more oxidized after atmospheric processing, the carbon mean oxidation state ranges between -0.9 and -0.2.  In many locations, up to 90% of the submicron aerosol mass is organic material (Kanakidou et al., 2005; Jimenez et al., 2009). 
As described previously, the primary organic aerosol (POA) is introduced to the atmosphere from primary sources while the secondary organic aerosol (SOA), on the other hand, is formed in the atmosphere when volatile organic compounds (VOCs) from either biogenic or anthropogenic sources are present.  A condensation onto pre-existing particles of the oxidation products from the VOCs alters the particle properties. The increase of organic material may enhance the ability of the particle to act as cloud condensation nuclei (CCN), however not as much as inorganic salts.  
1.4. [bookmark: _Toc250965964]Soot (BC)
Soot particles in various shapes, sizes and composition (Figure 3a and b) are produced as by-product in almost all combustion processes. The largest sources of BC to the atmosphere are listed as fossil fuel from transportation, fuels from industrial and residential uses along with open biomass burning. A large fraction by number in the atmospheric aerosol is soot particles, especially in urban locations in the size range <100 nm (Rose et al., 2006 and references therein). 
Simplified, the soot aggregate is constituted by roughly eight parts carbon and one part hydrogen (Tree and Svensson, 2007), built up by hydrophobic primary spherules of more or less the same size. For touching spheres the primary particles are connected via Van der Waals forces, and/or covalent bonds are connecting the necked spheres. Specifically, particles from fresh diesel exhaust consist of highly agglomerated (Figure 3a), solid carbonaceous material (BC), primary organic compounds in the particle phase and VOCs in the gas phase. The aerosol is formed during incomplete combustion processes and the emissions vary with engine load typically showing a bimodal size distribution. Most of the particle number is found in the nuclei mode (with diameters from 0.001 to 0.05 µm) while most of the mass is found in the accumulation mode (diameter range=0.05-1.0 µm). 
(a)
(b)

Figure 3. Diesel exhaust particles (DEP) taken using TEM technique (briefly described in Sec.3.5.4). The freshly emitted particle (a) have a more agglomerated structure than the particle that have aged for ~2 hours (b).
Freshly emitted diesel exhaust nanoparticles (Weingartner et al., 1997; Tritscher et al., 2011; Wittbom et al., 2014), burner soot from laboratory-generator (Zuberi et al., 2005; Pagels et al., 2009; Wittbom et al., 2014) are hydrophobic or limited in hygroscopicity and don’t show any restructuring or very little restructuring when exposed to water vapour. Hence, primary emissions of soot are unlikely to act as cloud condensation nuclei in the atmosphere. However, if the soot nanoparticles are exposed to UV radiation, ozone, radicals, condensation of organic and inorganic compounds (Rose et al., 2006) and coagulation of other particles onto the agglomerates, the agglomerates will undergo physical and chemical changes in the atmosphere. Due to this ageing, the particle properties of the soot will change, with restructuring (Figure 3b) and higher hygroscopicity as a result (e.g. Weingartner et al., 1997; Zhang et al., 2008; Pagels et al., 2009; Tritscher et al., 2011; Ma et al., 2013; Wittbom et al., 2014). An increase in ageing time will enhance the hygroscopicity of the agglomerates further and result in a higher degree of compaction. Type of combustion process, type of fuel (with or without impurities such as sulphur, e.g. Gysel et al. (2003)), VOCs present in the emissions, will for example also affect the level of hygroscopicity. 
Though many recommendations are found in literature (Bond et al., 2013; Petzold et al., 2013) there is no clear definition for soot formed from incomplete combustion (Tree and Svensson, 2007). In this study, the term soot particles will be used for the nanoparticles emitted from a diesel vehicle as well as combusted by a flame soot generator. As recommended by Petzold et al. (2013) both black and (primary) organic carbon is included, since both are emitted from the source. 
1.5. [bookmark: _Toc250965965]Main objectives of the thesis
This thesis considers the ability of aerosol nanoparticles to form cloud droplets. In particular how soot co-emitted with organic compounds (anthropogenic source) and organic compounds from living organisms (biogenic source), affect this ability of the particles. Clouds largely affect Earth’s radiation balance; a small change in cloud configuration can have a large impact on the climate. 
There are large uncertainties regarding cloud droplet forming potential of particles containing for example organic compounds or BC and organic compounds. In current climate and air quality research many different methods are used trying to understand all processes in our climate system: from modelling reactions happening in the molecular scale in seconds, via laboratory and field measurements in real-time, to global scale modelling and long-term measurements spanning over years (Kulmala et al., 2011). There are thousands of organic compounds present in the atmosphere; hence simplifications are needed to be able to model the interactions occurring in the ambient air. However, there is a need for better understanding of the processes in our climate system even though models might not be able to account for all interactions. Therefore, to fill the gaps of knowledge and to understand the reactions, mechanisms and changes of the climate all methods are needed: micro to global scale modelling as well as laboratory and field measurements. Also important is the interdisciplinary exchange of knowledge between research fields and between for example experimentalists and modellers within the same field. In this thesis laboratory research has been combined with Köhler modelling for better understanding of the experimental results. Also, gas-phase simulations (ADCHAM, Roldin et al., 2014) have been used for better understanding of the observed behaviour (Paper II). 

The aim of this thesis was to:
· measure the cloud activation properties of biogenic organic aerosol particles using on-line technique for comparison with off-line technique as well as using Köhler theory (with partitioning taken into account) for theoretical understanding of the discrepancies between measurement techniques (Paper I)
· perform successful measurements of the CCN properties of soot aerosol during ageing (rapid changes), and using κ-Köhler theory combined with knowledge of the chemical and physical properties of the particles to explain the observed behaviour (Paper II).
2. [bookmark: _Toc250965966]Cloud droplet formation
2.1. [bookmark: _Toc250965967]Köhler-theory
In the atmosphere, cloud droplets form due to heterogeneous condensation of water vapour onto pre-existing particles, so called cloud condensation nuclei (CCN). Growth of the cloud droplet is favoured by high supersaturation in the droplets environment, larger sizes of the particle and more soluble material in the nucleus. Hence, the number of non-dissociating molecules or ions per unit volume of the dry particle, which vary with size and chemical composition, will determine the critical water vapour supersaturation (sc) at which the particles are activated into cloud drops. The growth of the droplet will also be affected by the curved surface of the droplet, which will change the saturation vapour pressure acting over the surface. The curvature as well as the evaporation of water molecules from the droplet will increase with decreasing diameter of the droplet. As the curvature increases the water molecules at the surface will have fewer and fewer neighbours attracting it, which will make it easier for the molecules to escape. 
In 1936 professor Köhler combined the two effects (solubility and curvature) describing the growth of a dry particle by condensation of water into a cloud droplet. In Köhler-theory the saturation ratio, s, over an aqueous solution droplet is defined as the ratio of the actual partial pressure of water (p) and the equilibrium pressure over a flat surface of pure water (p0), acting at the same temperature (Pruppacher and Klett, 1997; Seinfeld and Pandis, 2006), hence:

  					(1)

where Ke is the so-called Kelvin effect (Figure 4, blue), described further down. aw describes the water activity in the solution and can be represented in several ways. Here the following form of Raoult’s law will represent the water activity (Figure 4, red):

		(2)

where is is the van’t Hoff factor, representing the effects of dissociation and ion interactions (Kreidenweis et al., 2005; Rose et al., 2008). nw and ns are the amount of water in the solution and of substance (number of moles) of solute, respectively. ds is the dry particle diameter, Mw and ρw is the molar mass and density of water. nsum is the sum of the different contributing components in the particles, calculated as:

					(3)

where εi is the volume fraction of a component i in the dry particle of diameter ds. The component density and molar mass is denoted as ρi and Mi, respectively. The van’t Hoff factor and the stoichiometric dissociation number (νs) is comparable (but not identical) for hygroscopic salts (strong electrolytes) such as sodium chloride and ammonium sulphate, which is the number of ions per molecule or formula unit (νNaCl=2, ν(NH4)2SO=3). In other words, as a solution progressively dilute, each molecule can dissociate into a number of ions (νs), which is the value that the van’t Hoff factor (is) approaches. Discrepancies between is and νs arise due to solution non-idealities. To account for the diverging behaviour of electrolyte solutions van’t Hoff introduced the correction factor is calculated according to (see e.g. Kreidenweis et al., 2005; Florence et al., 2011); 

						(4)

ϕs is the molal or practical osmotic coefficient of the solute in aqueous solution, which can deviate from unity in a non-ideal solution. 
The curvature or Kelvin effect describes the higher partial pressure due to the curved surface of the droplet compared to a flat surface, as:

     					(5)

The surface tension of the solute droplet is denoted σsol, R denotes the universal gas constant, T is the absolute temperature, and Ddrop is the diameter of the spherical aqueous solution droplet. Here, the molar volume of pure water approximates the partial molar volume of water. The surface tension of pure water can be described as (see e.g. Pruppacher and Klett, 1997; Seinfeld and Pandis, 2006):
 
    				(6)

where γt= 1.55*10-4 Nm-1K-1 and T is the temperature at activation. σsol is often approximated by the surface tension of water (σw=0.072 N m-1).
The Köhler curve is illustrated in Figure 4 (purple), along with the Kelvin and Raoult terms. Also shown is the maximum value derived from Eq.1, i.e. the critical supersaturation (sc), and the corresponding critical droplet diameter (Ddrop,c). 
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Figure 4. Illustration of the Kelvin effect (blue) and Raoult’s term (red), combined into the Köhler curve (purple). Here the Köhler equation is used for describing the water vapour supersaturation required to activate an initially dry ammonium sulphate particle of 20 nm into a cloud droplet. Ddrop,c and sc are the critical diameter of the solution droplet and critical supersaturation at activation, respectively. 
2.2. [bookmark: _Toc250965968]κ-Köhler theory
The water activity can be represented in a more succinct form by the hygroscopicity parameter κ (Rissler et al., 2006; Petters and Kreidenweis, 2007). κ is a broadly used parameter for direct comparison between sub- and supersaturated hygroscopicity conditions, i.e. comparing measurement results from the Hygroscopic-Tandem Differential Mobility Analyser (H-TDMA) and the Cloud Condensation Nuclei Counter (CCNC). Firstly, Rissler et al. (2006) introduced a H-TDMA-derived form of κ, a parameter analysing the number of non-dissociating molecules or ions in the dry particle, per unit volume. Later, Petters and Kreidenweis (2007) introduced a κ that in principal is the same as the former one, only differing in different choice of units (Rissler et al., 2010). In this thesis, the latter one introduced by Petters and Kreidenweis (2007), will be used because it is more broadly used and reported in literature. κ and aw is related as follows:

				 (7)

in which Vw and Vs are the water volume and the solute volume, respectively. The solute volume is assumed to be equal to the dry particle volume.  κ is the total contribution of all components volume fractions in the particle (εi), in the same way as nsum above, and is given by a simple mixing rule: 

					(8)
					

In Equation 7 κ is calculated from the chemical composition. Alternatively, κ can be calculated from CCNC measurements of sc for specific ds, as: 

  					(9)
    	

Equation 8 above is valid for κ>0.2, according to Petters and Kreidenweis (2007). For 0<κ<0.2 the behaviour of particles will be non-ideal, implying “less hygroscopicity”. Then the contribution to the total volume of the droplet from the initial dry aerosol particle volume is non-negligible. As κ approaches zero the particles becomes non-hygroscopic. The CCN-activity can then be predicted solely by the Kelvin equation, i.e. what is expected for an insoluble but wettable particle (for κ=0 the water activity aw=1, in Equation 7). 
Another way of determining κ is via the hygroscopic growth factor (HGF) as a function of relative humidity (RH), measured by Hygroscopic Tandem Differential Mobility Analyzer (H-TDMA) in the following way:

  				(10)

	
in which RH is expressed as a fraction. The hygroscopic growth factor (HGF) describes the particle growth due to water uptake. Here dm(RH) is the mobility diameter of the humidified particle at a chosen relative humidity, and dm is the mobility diameter of the dry particle as measured in the instrument (dm is further described in Section 2.3 below). There is a difference in κ–values derived from the two measurement techniques, however within 30% agreement for most compounds (Petters and Kreidenweis, 2007).
Values of κ range from 0 to approximately 1.4 as an upper limit. κ is 0 for non-hygroscopic compounds, slightly to very hygroscopic organic species have κ-values in the range 0.01-0.5, and for highly CCN-active salts, such as NaCl, κ range between 0.5 and 1.4. In literature, κ ranges between 0 and 0.02 for SOA formed from lubrication oil, a compound highly limited in hygroscopicity (Lide, 2005;  Lambe et al., 2011). For photochemically aged diesel soot in the laboratory κ (apparent) range from 0 to 0.13 (Tritscher et al., 2011). For the fresh diesel exhaust emissions (POA+soot), free from impurities such as sulphur, a κ-value close to zero or at least below 0.1 is expected (Tritscher et al., 2011; Kuwata et al., 2013). If sulphur is present in the fuel a κ-value greater than 0.1 may be found (Gysel et al., 2003). Tritscher et al. (2011) reported κ-values between 0.09-0.14 for SOA from pure gas phase of the diesel vehicle. κ–values of SOA formed from m-xylene and toluene are reported to be in the range 0.1 to 0.27 (Lambe et al., 2011) and for laboratory smog chamber SOA from trimethylbenzene κ=0.04-0.15 (Jimenez et al., 2009), values also depending on ageing stage. For laboratory aged biogenic SOA many studies have been performed, for example κ=0.002-0.16 for β-caryophyllene SOA (e.g. Huff Hartz et al., 2005; Asa-Awuku et al., 2009; Frosch et al., 2013), for isoprene-derived secondary organic material particles κ is 0.12 ±0.06 (Kuwata et al., 2013, and refereces therin), and for α-pinene κ≈0.1 (e.g. Prenni et al., 2007; Duplissy et al., 2008). κ-values for ambient particles show high variation depending on content and instrument used for observations and calculations, e.g. κ=0.04-0.47 over the American continent (Shinozuka et al., 2009), 0.15-0.30 for air masses originating from four different places but arriving at the same location (Dusek et al. (2006) ), 0.16-0.46 in Germany (Wu et al., 2013), 0.22 for the oxygenated organic component (Chang et al., 2010) and 0.10-0.20 for Amazonian background aerosol (Rissler et al., 2004; Gunthe et al., 2009). An average κ-value of 0.3 has been observed for many continental locations (e.g. Andreae and Rosenfeld, 2008; Poschl et al., 2009; Rose et al., 2010; Hersey et al., 2013).
2.3. [bookmark: _Toc250965969]Definition of aerosol diameters
As mentioned previously, the diameter of the particle determines for instance the transportation properties and lifetime in the atmosphere, light scattering and absorption, and deposition in the respiratory tract. Due to the different measurement fields a wide range of instruments has been developed, measuring particle concentrations (e.g. number, mass, volume, or chemical species) as a function of particle size (DeCarlo et al., 2004, and references therein). However, different processes produce “different” diameters as well as different on-line techniques measure “different” diameters of the submicron particles. The flow regime (further described below) of the gas around the particle in the instruments affects the measurements. For example, a differential mobility analyser (DMA) measures the electrical mobility diameter (dm), while the aerosol mass spectrometer (AMS) reports the vacuum aerodynamic diameter (dva). Measurements performed simultaneously by mobility and aerodynamic techniques of non-spherical particles (Figure 4a and b), such as agglomerated diesel soot particles, will show substantial differences in size distributions. These discrepancies are “not real”, thus yielding information if the results from the two techniques are combined. Therefore, it is of importance to describe the particle diameter by a common parameter. By combining information of density and morphology (shape) from the different equivalent diameter (dm and dva) measurements it is possible to derive a coherent mathematical description of the particles. In this thesis the dynamic shape factor (χ) or rather the related volume equivalent diameter (dve) has been derived from measurements and used for evaluation of the particle behaviour. The relationship between the three diameters can be condensed to the following form (for a detailed review see DeCarlo et al., 2004);

 

where Cc represents the Cunningham Slip Correction Factor for the different equivalent diameters, χt denotes the shape factor in the transition regime, and χν is the shape factor for particles in the free molecular regime (the different regimes are described below). ρ0 is the standard density (1000 kg m-3) and ρp is the particle density (including internal voids as a phase with zero density). 
The flow regime in the instrument is of importance when the particles are size selected via the ratio of drag force to some other force exerted on the particle. The drag force (exerted by the gas molecules on the particles) will affect the particles differently in different flow regimes, depending on particle size and shape (e.g. Hinds, 1999; DeCarlo et al., 2004). In short, there are three flow regimes: the continuum, transition and the free-molecular regime. In the first the gas are flowing like a continuous fluid around the particle. In the free-molecular regime, the particle may collide with the gas molecules, and the transition regime is in between the two. For both the free-molecular and the transition regime a correction factor (Cc) must be introduced to account for a reduced drag, while the correction (Cc) in the continuum regime is introduced to account for an increased drag due to irregular shaped particles. 
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Figure 5. Illustration of particle motion depending on shape of the particle, measured by (a) the AMS and (b) the DMA. In the AMS (a) the irregular particle has the same mass as the larger sphere, however moving with the same velocity as the smaller sphere gained at the nozzle expansion, depicted with grey arrows. In the DMA (b) the irregular particle moves with the same velocity as the larger sphere, but posses the same mass as the smaller sphere. Grey arrows show the velocity vectors for the sheath flow (vertical) and electrical migration (horizontal). Redrawn from DeCarlo et al. (2004).
In the AMS, where the particle travels in the free-molecular regime, the drag force is balanced by particle inertia. At the end of an aerodynamic lens (see Figure 5a) the particle acquire a size-dependent velocity during a supersonic expansion into vacuum (Figure 5a). In the DMA on the other hand (in the transition regime), an electrical force exerted on the particles balances the drag force (see Figure 5b). The migration velocity of a sphere of certain diameter in a constant electric field defines the electrical mobility diameter (dm) of the particle. 
Even if the physical morphology is the same, particle density (and thereby composition) affects the sizing of particles in the AMS (dva), unlike in the DMA (dm). For both equivalent diameters (dva and dm) the shape of the particle will affect the relationship to dve. Simplified, mobility diameters increase with increasing deviation from a sphere, while the vacuum aerodynamic diameter will decrease for an irregular particle (true for particles of unit density), hence dm > dve > dva for irregular particles of standard density.
In the ambient aerosol many types of irregular particles are found. For example, inorganic salts like sodium chloride have a crystal like shape, soot particles have an agglomerated structure, fibre and pollen can have many shapes. The differences in shape can be accounted for by the shape factor (χ), as mentioned above. 
3. [bookmark: _Toc250965970]Measurements of cloud droplet hygroscopicity
The hygroscopicity of a particle can be determined experimentally during either subsaturation (<100% RH) or supersaturation (>100 % RH). As mentioned before, the results from both measurements can then be compared using the hygroscopicity parameter κ.
In the atmosphere, particles take up water even at relatively low RH (~20%) and rapidly reach equilibrium with its environment. The particle growth in subsaturated conditions is often described by the hygroscopic growth factor (HGF, Eq.10), measured by the Hygroscopicity Tandem Differential Mobility Analyzer (H-TDMA), see Section 3.1 below. 
In a supersaturated environment particles can activate into cloud droplets. The minimum amount of water vapour required for a dry nanoparticle, of specific composition and size, to activate into a cloud droplet is determined by the critical supersaturation (sc), see Figure 4. Measurements using on-line techniques usually determine the cloud drop number concentration at a specified or a spectrum of water vapour supersaturation. In laboratory experiments, the approach is to generate particles of specific size and composition and expose them to a chosen supersaturation. Thereafter, either the supersaturation or particle size is varied in a gradual manner. The supersaturation corresponding to activation of 50 % of the particles during measurement is defined as the critical supersaturation (sc). In a similar manner, it is also possible to determine the critical dry particle diameter (dc) from measurements where the particle size is varied instead of the supersaturation. 
During the past decades several CCN instruments have been developed with various advantages and drawbacks. For example, the instruments can be time or solute consuming, have poor accuracy or limitations of the chosen supersaturation. The focus in this thesis is the online-measurements of the particles hygroscopic properties performed using a continuous-flow streamwise thermal-gradient CCN counter (CFSTGC-CCNC, from DMT-100) in conjunction with a differential mobility analyser (DMA), which are both described further below. This technique is used in both Papers. However, in Paper I also off-line techniques are used and compared with results from the on-line technique measurements. Briefly, the principle of using off-line techniques is also to determine the critical supersaturation. However, when using this approach physical parameters are measured and then the sc is calculated via Köhler theory. The water activity is calculated from measurements of osmolality and surface tension of solutions of different concentration. Thereafter, the Köhler curve is plotted for an assumed dry particle diameter. The osmolality and surface tension measurements as well as the calculations of critical supersaturations with these parameters as input for the model are not within the frames of this study. Instead a detailed description of the performance can be found in (Ekström, 2010). 
3.1. [bookmark: _Toc250965971]Hygroscopic Tandem Differential Mobility Analyser (H-TDMA)
Hygroscopic diameter growth factors (HGFs) of particles were analysed, at about 90% RH, using an online, custom-built Hygroscopic Tandem Differential Mobility Analyzer (H-TDMA), see (Nilsson et al., 2009) for a review of the working principle. HGF is the ratio between the mobility diameter (dm(RH)) of the humidified particles (at high RH) and their dry mobility diameter (dm) and is one way of describing the hygroscopicity of the particles, Equation 10. In short, the first differential mobility analyser (DMA1, Vienna, 28 cm long) selects a previously charged, quasi monodisperse aerosol based on the particles electrical mobility (dm). Then the aerosols in these experiments were humidified to an RH about 90%. A second DMA (DMA2, Vienna, 50 cm long) together with a condensation particle counter (CPC) then determines the size distribution of the chosen aerosol, measuring the mobility diameter of the humidified particle (dm(RH)) and the number of particles respectively.
3.2. [bookmark: _Toc250965972]The Cloud Condensation Nuclei Counter (CCNC)
The continuous-flow chamber (CFSTGC-CCNC, described in detail by Roberts and Nenes, 2005; Lance et al., 2006) is a commercially available instrument used for on-line measurements of cloud condensation nuclei. The very robust system uses the principle that diffusion of heat in air travels slower than diffusion of water vapour. Hence, a particle traveling through the instrument southward along a vertical axis will be exposed to a temperature originating from a point along the axis further away northward than the origin of the water vapour (Figure 6). Supersaturation is achieved due to the availability of a higher water vapour level than is thermodynamically allowed. 
The instrument can be run ground-based or on an airplane in the supersaturation range 0.07-2.0 %, according to the manufacturer. Conventionally, supersaturation is achieved in the single vertical thermal gradient column, using continues laminar flow (of 0.5 lpm in this study). The wetted column is equipped with three different temperature controls, keeping a positive temperature gradient (ΔT) in the streamwise (southward) direction through the column. The particles, traveling through the water vapour supersaturated column, are growing by condensation and considered cloud droplets when reaching a droplet diameter of >0.5 µm. The droplets are detected at the end of the column using an optical particle counter (OPC). The aerosol sample introduced to the instrument is split into "sample" and "sheath" air, with a sheath-to-sample flow ratio of 10. 
In this study, either the sc or the dc have been determined of a monodisperse aerosol while using this technique, size selected by a DMA. 
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Figure 6. A schematic of the CCN counter is shown within dotted lines. Also illustrated is how the supersaturation is generated in the CCN Column when the instrument is operating in a traditional manner (CFSTGC) as well as in scanning flow (SFCA). The working principle of the instrument (CFSTGC) is that water vapour (solid blue line) diffuses faster than heat in air (solid red line). Hence, the aerosol sample at the centerline is subjected to a water vapour level higher then thermodynamically allowed, i.e. the particles are exposed to supersaturation. To change the supersaturation in the column the temperature difference (T3-T1) is changed, using a constant flow. When using scanning flow (SFCA) on the other hand, a change in flow will generate a change in supersaturation for a constant ΔT. As the flow increase (decrease), the distance between starting points for the heat (dashed red line) and water vapour (dashed blue line) will increase (decrease), hence supersaturation is varied. The change of flow is much faster than the change in temperature difference. 
3.3. [bookmark: _Toc250965973]Development of the CCNC
The scanning flow CCN analysis (SFCA) is developed and introduced by Moore and Nenes (2009), a new way of operating the instrument by implementing a small software change in the program. To achieve supersaturation the flow is gradually changed in a controlled manner (between 0.2-1 lpm), at set temperature gradient (ΔT) and pressure (P), see Figure 6. A change in flow is much faster than a change in temperature difference (ΔT), which can take up to 180 seconds for high temperatures. A full supersaturation spectrum is generated within a minimum of 1800 seconds, when using the traditional CFSTGC. Due to the fast change in flow, a full scan of the supersaturation spectra can instead be reached in only 30 seconds. However, for better resolution a longer scan cycle (of about 300 seconds) is recommended  (Wittbom et al., 2013). One scan cycle includes a constant flow at minimum flow rate (0.2 lpm), followed by a linear increase (from 0.2 to 1.0 lpm), a constant flow at maximum (1.0 lpm) and a linear decrease (from 1.0 to 0.2 lpm) back to the minimum flow rate. When the flow increases (decreases), the traveling distance between water vapour and temperature increases (decreases) (Figure 6). Hence, the aerosol particles at the centerline in the CCN column will be subjected to a supersaturation increase as the flow rate increase, and a supersaturation scan is generated. How to obtain the critical supersaturation from the generated scan is further described in Section 3.4.  
To cover both low and high supersaturations ΔT has to be changed between scan cycles. For example, to achieve the high supersaturations for measurements of slightly aged soot nanoparticles a ΔT of 18 K is required, while a ΔT =10 K is enough for activation of highly photochemically processed soot. Or, to cover the supersaturation spectra needed for measurements of ambient aerosol we recommend the use of three ΔT (4, 10 and 18 K, corresponding to the supersaturation ranges 0.1-0.4, 0.3-1.1 and 0.5-2 %). It is also of importance that the different ΔT are overlapping in supersaturation range, due to higher errors for measurements close to the highest and lowest flows. 
Comparisons between measurement procedures (CFSTGC vs. SFCA) as well as comparing laboratory and atmospheric measurements (using SFCA) and model simulation has been performed previously (Moore and Nenes, 2009). However, there are still uncertainties regarding how to operate the instrument in scanning flow during long-term field measurements (Wittbom et al., 2013). For example, ambient measurements can be performed of a mono- or polydisperse aerosol, which will have different demands on how to choose ΔT in the CCNC. Also, the higher water consumption for wetting the inner walls of the column has to be accounted for. Other operational doubts concern the choice of calibration solution. Comparison between calibration solutions (sodium chloride, ammonium sulphate and sucrose; Svensson, 2013) have been shown to differ slightly in precision depending on compound and ΔT used (see Section 3.4 below regarding calibration). 
Using SFCA operational procedure will minimize biases from partial volatilization of the aerosol sample inside the instrument, compared to using CFSTGC. This is due to a constant temperature difference in the column during the measurement of a whole supersaturation spectrum as well as that the temperature can be held closer to ambient temperatures. However, the understanding of the systems effect on volatile or semi-volatile compounds has to be further investigated. 
The rapid and high-resolution measurements of CCN using scanning flow (SFCA) enables measurements in laboratory of small and fast changing aerosol samples as well as ambient measurements, both ground based and airborne. This was not possible before with as high accuracy. 
For this thesis, measurements have been performed of both mono- and polydisperse aerosols using SFCA. The size selection for the former has been achieved by positioning a DMA in front of the CCNC. 
3.4. [bookmark: _Toc250965974]Calibrating the CCNC
For calibration of the CCNC (either in CFSTGC or SFCA mode) a solution of well-known chemistry is used for generation of a size-selected aerosol. Commonly, hygroscopic salts like sodium chloride (NaCl) and ammonium sulphate (AS, (NH4)2SO4)) are preferred. However, when running in SFCA mode, the calibration uncertainties increase with increasing temperature gradients, when using these salts (see Figure 7). This is because smaller particle diameters are needed to obtain calibration curves for the higher supersaturations. The generation of small particles are harder to produce than larger particles. Also, the critical supersaturation increases exponentially with decreasing diameter. Thus, to achieve a more reliable calibration curve when running the instrument at high temperature gradients (ΔT=18K) sucrose has been successfully used as calibration solution, a compound activating at significantly higher critical supersaturations than the salts for a specific particle diameter (Rosenørn et al., 2006). Advantages of using sucrose are the non-dissociate (is=1) and non-volatile properties of the compound. However, the sucrose particles are hard to make sufficiently dry after the generation in the atomizer, which is a disadvantage for the calibrations. 

Figure 7. Results from calibration measurements performed at different three occasions (2010 – triangles; 2013a – diamonds; and 2013b – circles) using ammonium sulphate solutions for the three temperature differences (ΔT) 4 (orange), 10 (turquoise) and 18 K (black). Also shown are the fitted calibration curves (solid lines), derived using Köhler theory from measurements in 2010, with confidence intervals (α=0.05, dashed lines). A flow scan cycle takes ~300 seconds, varying the flow between 0.2 and 1.0 lpm. The calibration curves are less reliable in the ends as well as for higher temperature differences (ΔT).
Calibrations of the CFSTGC-CCNC have been performed according to guidelines from Rose (2008). The activated fraction of the calibration aerosol is measured with a gradual (step-wise) change either in supersaturation or diameter of the dry particles, which result in a calibration curve. A relaxed step function is fitted to the measurement points revealing the critical supersaturation or the critical diameter at the point where 50 % of the particles are activated (see Svenningsson and Bilde, 2008). 
SFCA will generate a higher data load than CFSTGC. Therefore, I developed an evaluation program, using MATLAB. In a similar way as for CFSTGC a sigmoidal function is used for the fitting of data from measurements performed with the SFCA-CCNC. Though, in this case the flows and corresponding activated fractions generate a supersaturation curve resulting in a critical flow rate (Q50). By applying Köhler theory, using the known size of the particle and knowledge of the solution chemistry, the critical flow rate (Q50) is translated to a critical supersaturation (sc). Hence, every instantaneous flow rate corresponds to a certain supersaturation, at a specific ΔT and P as well as for a specific scan time (further described by Moore and Nenes, 2009). The calibration curves show higher uncertainties in the ends, i.e. for the lowest and highest flows (Figure 7). Of importance, when using scanning flow, is that ΔT and scan time is the same during calibration and measurements. 
The results from using the sigmoidal function show good agreement when compared to results from using the relaxed step functions. 
3.5. [bookmark: _Toc250965975]Other instrumentation used for analysis
3.5.1. [bookmark: _Toc250965976]Aerosol Particle Mass Analyzer (APM)
An Aerosol Particle Mass Analyzer downstream a Differential Mobility Analyser (DMA-APM; McMurry et al., 2002; Kanomax Japan 3600) was used for characterising the particle mass-mobility relationship of single particles, further described in (Rissler et al., 2013). An introduction of a thermodenuder in between the DMA and APM (operating at 300o C) made it possible to quantify the size dependent increasing mass fraction of organic material condensing onto the non-volatile soot cores during the photochemical processing, in Paper II. The approach of comparing measurements with and without thermodenuder was introduced by Pagels et al. (2009).
3.5.2. [bookmark: _Toc250965977]Aerosol Mass Spectrometer (AMS)
To obtain information of the chemical composition of the aerosol particles an online Aerodyne High-Resolution Time of Flight Mass Spectrometer (HR-ToF-AMS, Aerodyne research) was used (in both Papers). The instrument measures the size with respect to the vacuum aerodynamic diameter (with good performance in the size range ~50-500 nm). For Paper II, the instrument was further equipped with a laser vaporizer (operating in 5 min periods every hour), for detection of refractory black carbon (r-BC). Hence, a Soot Particle Aerosol Mass Spectrometer (SP-AMS, Aerodyne research) was used for measurements of the soot cores. For detailed descriptions of both instruments see DeCarlo et al. (2006) and Onasch et al. (2012).
3.5.3. [bookmark: _Toc250965978]Scanning Mobility Particle Sizer (SMPS)
The particle number size distribution was measured using a scanning mobility particle sizer (SMPS) system (custom built; Löndahl et al. (2008)). A 63Ni bipolar charger, a DMA (Vienna, 0.28 cm long), and a condensation particle counter (CPC, model 3010, TSI inc., USA) constitutes the SMPS-system, measuring the particle number size distribution in the range ~10-600 nm with a sheath-to-aerosol flow ratio of ~7. 
3.5.4. [bookmark: _Toc250965979]Transmission Electron Microscopy (TEM)
For determination of the primary particle size and microstructure of the soot particles High-resolution transmission electron microscopy (HR-TEM) image analysis was used. Briefly, by using an electrostatic precipitator (NAS model 3089, TSI Inc., operated at 9.6 kV, 1 lpm) the soot agglomerates was deposited onto TEM grids (lacey carbon coated copper). Thereafter, the grids was analysed using an HR-TEM (JEOL 3000 F, 300kV) equipped with a field emission gun. The analysis was performed by others and is described in Rissler et al. (2013). 
4. [bookmark: _Toc250965980]Results
The main work in this study has been to investigate the cloud activation properties of BC particles upon photochemical processing, i.e. the change in hygroscopicity of soot particles with increasing particle fraction of condensed secondary organic aerosol (SOA) from anthropogenic precursors. Also, the CCN efficiencies of biogenic organic aerosol have been investigated, with the aim to target naturally produced organic compounds with high cloud forming abilities. 
The main work (Paper II) has an anthropogenic focus investigating the time dependent changes in hygroscopicity during ageing of initially highly branched soot particles from a diesel vehicle and a flame soot generator. Diesel soot particles are classified as carcinogenic in humans and are also linked to climate change, according to WHO (2012). An enhancement in hygroscopic properties is seen as the soot particles age, which will change how they affect the climate (e.g. change in absorption and scattering of light, life time in the atmosphere) and also the uptake in the human respiratory system. Even though, diesel soot has received a lot of attention recently no study has, as far as we know, neither been able to capture the early changes in the ageing process nor cover the development with such a high time and supersaturation resolution before. This was possible due to the new measurement procedure SFCA, using the on-line CCNC. However, for the first experiments the standard procedure (CFSTGC) was used for the measurements of CCN activity.
In the work regarding the biogenic organic aerosol (Paper I), the CCN properties of exceptionally surface-active surfactants, produced from bacteria, were analysed. The CCN properties of these compounds had been investigated previously with regard to osmolality and surface tension measurements (Ekström et al., 2010) but not by using on-line measurement technique. To be able to compare the results of critical supersaturation for various dry particle diameter, both on- and off-line measurements of the CCN properties was performed in this study. Surface partitioning theory is taken into account, due to the fact that the osmolality/surface tension measurements are performed on droplets much larger than cloud droplets. Thus, better agreement between techniques is obtained. 
Below a short presentation of the studies and main findings are found. 
4.1. [bookmark: _Toc250965981]Paper I
The CCN properties of the biosurfactants rhamnolipid and surfactin were studied using both on- and off-line techniques. The surfactants were mixed with 20/50/80 wt% salt and measured using a Cloud Condensation Nucleus Counter (CCNC) in conjunction with a Tandem Differential Mobility Analyser (TDMA). In general sodium chloride (NaCl) was used for the mixtures. However, to be able to study the chemical composition of the mixture with an High-Resolution Time of Flight Aerosol Mass Spectrometer (HR ToF-AMS), ammonium sulphate (AS, (NH4)2SO4) was used for some measurements of surfactin (NaCl cannot be detected by the instrument). Osmolality/surface tension measurements were performed for the same mixture ratios. The well-known model compound sodium dodecyl sulphate mixed with salt (80:20 wt%) was also measured for comparison with the rhamnolipid and surfactin results. 
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Figure 8. Illustration of the critical supersaturation (sc) vs. dry particle diameter (ds) for all surfactin:sodium chloride mixtures. The measured sc (CCNC; markers) and re-calculated osmolality/surface tension derived sc using partitioning theory for ideal conditions and a density of 1500 kg m-3 for surfactin (denoted as PT; lines).
For improved agreement between measurement techniques bulk to surface partitioning was taken into account when comparing the results from the on- and off-line measurements. An approach suggested before by Varga et al. (2007). Although, using this approach the results show discrepancy for the rhamnolipid:salt mixture of 80:20 wt%, for the surfactin:salt mixtures of 50:50 and 80:20 wt% and for the pure surfactants. Results from measurements compared to Köhler modelling using partitioning theory are illustrated in Figure 8. The results from the chemical analysis (using the AMS) showed that the relative amount of surfactin was not the same for the generated particles and the solution, which could be an explanation for why the results from the surfactin:salt mixtures are very similar to those of pure salt. Another explanation for the deviating results could be an incorrectly assumed density of the surfactants. The modelling shows a clear density dependency with much higher critical supersaturations for the lower densities. Also, the effect of density increase as the fraction of surfactant increase. 
Both the on- and off-line results show that biosurfactants have good cloud forming properties, though not as good as was previously thought from only the osmolality/surface tension measurements (Ekström et al., 2010). 
4.2. [bookmark: _Toc250965982]Paper II
The time-dependent improvements in activation properties of photochemically aged (1) diesel exhaust particle (DEP) aerosol (Figure 9 and 10) and (2) flame soot particle (FSP) emissions (Figure 10) were studied. Results from two DEP experiments of the critical supersaturation (sc) by time are compared in Figure 9 to illustrate the improved resolution in supersaturation by using SFCA (blue triangles) instead of CFSTGC (pink triangles) in the CCNC. Also shown are the increases in volume equivalent diameter (dve; black) and mass fraction secondary organic aerosol (mfSOA; green). The former illustrates the change in morphology during the ageing process, which is a consequence of the condensation of organic material onto the soot core. 
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Figure 9. The two measurement techniques Continuous-Flow Streamwise Thermal-Gradient (CFSTG, pink) and Scanning Flow CCN Anlysis (SFCA, blue) are compared, from two different diesel exhaust particle (DEP) experiments. The change in critical supersaturation (sc) over time for diesel exhaust particles is captured in both experiments, though with a better temporal and supersaturation resolution while using SFCA. The slower decrease of sc when using SFCA (blue) is due to altered experimental conditions, with a slower ageing process. Also shown is the increase in organic mass fraction (green markers, and line to guide the eye) and change in volume equivalent diameter (black markers) for the SFCA experiment.
The freshly emitted soot aggregates do not show any activation into cloud droplets at 2 % supersaturation, in agreement with previous studies (e.g. Tritscher et al., 2011; Henning et al., 2012). According to measurements of the chemical composition, the organic content of this newly emitted aerosol show a mass spectral signature similar to the hydrocarbon like organic aerosol commonly found in urban environments (Jimenez et al., 2009) and diesel exhaust measured in laboratory (Canagaratna et al., 2007). These measurements also reveal that the primary organic mass spectra signal for the flame soot aerosol is similar to that of the diesel exhaust.
At the onset of UV exposure the particles starts to activate (within 300 seconds, first CCNC measurement point in Figure 9). The enhancement in hygroscopicity may be attributed to condensation of more oxidized organic compounds and/or organonitrates and/or oxidation of primary organic aerosol by OH or ozone. However, the empirical results show that the slightly coated soot particles are harder to activate than when compared to results from κ-Köhler modelling using a κSOA-value of 0.13 as input for the model (Figure 10; mfSOA<0.12), i.e. the model under-estimates the critical supersaturation (sc). The discrepancy between model and empirical results may be due to semi-soluble material coating the soot particles, activation only occurring at specific activation sites, unevenly distributed organic material, or as suggested by Tritscher et al. (2011) hindering shape effects.
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Figure 10. Measured critical supersaturation (sc) by estimated mass fraction SOA (mfSOA), for two different flame soot particle experiments (FSP1, circles; and FSP2, diamonds) and one diesel exhaust experiment (DEP2, triangles). Results from κ-Köhler modelling are also shown, using the dve (derived from APM measurements) as input for ds, for the two flame soot particle experiments (FSP1, points; and FSP2, filled diamonds/lines), and two diesel exhaust particle experiments (DEP2, small triangles/lines; and DEP3, stars/lines). Colour code denotes the measured mobility diameter (dm=60 nm, dark blue; dm=90 nm, light blue; dm,FSP=150 nm, green; dm,DEP=150 nm, yellow; dm=300 nm, orange). The model and empirical results correspond well for mfSOA>0.12. For lower organic fraction the particles need higher supersaturation for activation than predicted. 
As the ageing progress secondary organic material (SOA) are produced from the precursors m-xylene and toluene. The AMS mass spectra for SOA correspond well with that of relatively fresh SOA in the atmosphere. When SOA condenses onto the soot particles the hygroscopicity of the agglomerates increases. When using the volume equivalent diameter (dve) as an input parameter for the dry diameter (ds), the κ-Köhler model show good agreement with experimental data, for an mfSOA>0.12 (see Figure 10). Hence, for modelling the critical supersaturation for the non-spherical soot agglomerates it is important to take the shape effect into account. In this study the dve has been used. 
Even though the cloud activation properties are similar for the two types of soot (from a diesel vehicle and a flame soot generator), the results show slightly differences. The soot from the flame soot generator activate at lower supersaturation for a given dve, while the diesel soot particles are better CCN for a given mfSOA (Figure 10: e.g. compare yellow triangles with green diamonds – experimental results, or turquoise filled diamonds/lines with turquoise stars/lines – modelled results). The differences in activation properties are probably due to different primary particle diameter (dpp), with larger dpp of the spherules in the agglomerates from the diesel vehicle than from one of the flame soot generator experiment (not shown here). The dve for both types of soot can be estimated by linear fits to empirical data of the mfSOA and knowledge about the mobility diameter (dm) (Figure 11), described in more detail in Paper II. 

Figure 11. Empirically derived volume equivalent diameters (dve) for mobility diameters (dm) of 90 nm (orange), 150 nm (turquoise), 200 nm (green) and 300 nm (red). Diesel exhausts particles (triangles) as well as flame soot particles (circles) with a primary particle diameter (dpp) of 28 nm are used for the fitting. The estimated dve (lines) is calculated from measured dm and the SOA mass fraction (mfSOA) of the particles (Paper II).
The time-dependent changes of the aerosol affecting the activation properties can be summarized into (I) the organic fraction of the particle, (II) the chemical composition of this fraction, (III) the dry size of the particle, and (IV) the shape of the particle.
4.3. [bookmark: _Toc250965983]Hygroscopic growth factor (HGF)
In the beginning of the ageing process, before the onset of UV radiation until the particles have reached a mass fraction SOA (mfSOA) of about 0.08-0.10, no hygroscopic growth is seen at a relative humidity (RH) of 90 %. At the same mfSOA the particles are hard to activate into cloud droplets. Hence, measurements in sub- and supersaturated environment seem to be in agreement. The hygroscopic growth factor (HGF) show size dependent changes with increasing mfSOA (preliminary results of HGF vs. mfSOA is shown in Figure 12). However, it is not clear at which point the particles start their hygroscopic growth (HGF >1). The first visible change is a decrease in HGF, hence the particles restructure when exposed to a subsaturated environment. As the mfSOA pass ~0.5 the particles still show an HGF <1, however the trend turns and progressively increase to pass 1 as the particles are more or less spherical. 
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Figure 12. Preliminary results of the hygroscopic growth factor (HGF) by mass fraction SOA (mfSOA), at 90 % relative humidity (RH). For both the diesel exhaust experiments (DEP; triangles) and the flame soot generator experiments (FSP1; circles and FSP2; diamonds) a size dependency is visible. The results indicate an earlier (less mfSOA) increase in hygroscopic growth factor (HGF) for the smaller particles (dm=60 nm; blue and dm=90 nm; turquoise), than for the larger (dm,FSP=150 nm; green, dm,DEP=150 nm; yellow and dm=300 nm; orange) for a specific type of soot (separated by marker shape). However, there is a discrepancy between the two types of soot. The non-increase behaviour of organic material in the end is very likely an artefact from data fitting. The HGF is normalized to the initial values of the diameters measured by the two DMA’s.
In Figure 12 a slight difference is seen in hygroscopicity between the diesel soot (DEP; triangles) and the particles from the flame soot generator (FSP; circles and diamonds), similar as for the CCNC results. The results imply that the increase in HGF occurs at a smaller mfSOA for FSP than for DEP. It should be noted that these results are very preliminary and that the stagnation in organic fraction in Figure 12 probably is an artefact from data fitting. 
Also for these results, it is of importance to remember the shape effect. Hence, the mobility diameter (dm) might not be the best parameter for representation of the soot agglomerates. 
5. [bookmark: _Toc250965984]Summary and Conclusion
· Freshly emitted soot particles neither activate into cloud droplets at a supersaturation of 2 % (Paper II), nor show any hygroscopic growth (HGF) at 90 % relative humidity. 
· The primary organic aerosol (POA) is hydrophobic or highly limited in hygroscopicity. However, as the particles get exposed to UV radiation the hygroscopicity of the coated soot particles is enhanced and within 300 seconds part of the particles starts to activate into cloud droplets. The hygroscopic properties of the particles continue to increase with increasing condensed fraction of secondary organic aerosol (SOA), produced from anthropogenic precursors. (Paper II). Though, the activation into cloud droplets is visible before the particles show any increase in HGF at 90% relative humidity (RH). 
· The enhancement in cloud droplet abilities of the BC particles during photochemical ageing is due to changes in (I) the organic fraction and (II) chemical properties of this fraction, the (III) size and (IV) morphology of the particle. (Paper II)
· Experimental and modelling results show good agreement for an mfSOA>0.12 and a κSOA-value of 0.13 (derived from independent input parameters). At about the same mfSOA, the particles begin to restructure according to the HGF. The modelled and empirical results deviates for mfSOA<0.12, displaying higher sc for the measurements than the models. This is probably due to solubility limitations and/or an uneven distribution of the organic material, and/or hindering effects from particle morphology as suggested by others. The κ-value (κSOA) calculated using chemical parameters as input data corresponds well with the κ-value (κCCN) derived from the paired sc-dve values from the CCN measurements. (Paper II)
· The progressively enhancement in hygroscopicity of the soot nanoparticles during photochemical processing changes the effect the particles have both in a climate and health perspective. For example, the change in CCN activity at the onset of UV exposure imply that sunlight affect the lifetime of soot in the atmosphere. Also, the uptake in the human respiratory system is altered with increased hygroscopic properties. (Paper II) 
· The mobility diameter (dm) is not a relevant size measure for predicting cloud droplet activation of fresh soot particles and is thereby not an accurate input parameter neither when calculating HGF nor when modelling the sc, due to the morphology of the soot particles. The volume equivalent diameter is a better parameter, which have successfully been estimated from measured mfSOA at a certain mobility diameter. (Paper II)
· The on- (Cloud Condensation Nucleus Counter) and off-line (osmolality/surface tension) techniques show differentiating results of the CCN properties of the biosurfactant/salt particles. However, these particles still have good cloud forming abilities. (Paper I)
· Surface partitioning explains, to some extent, the deviation between measurement techniques, but doesn’t tell the whole story. Other explanations could for instance be miscell formation of the surfactant in the droplets, and/or that the surfactant is non-solvent in the aqueous solution, and/or an incorrectly assumed density. (Paper I)
6. [bookmark: _Toc250965985]Outlook
Atmospheric aerosols show large spectra in variation, both with regard to size and composition. The feedback from Earth’s climate system will alter depending on aerosol. Since the beginning of the industrial era, in late 18th century, the human impact on climate has increased significantly through emissions of combustion aerosol. Although, the warming effect from soot is well known there are large uncertainties regarding the effect on climate with regard to BC particles when co-emitted with organic aerosol. Also, how the perturbation of the radiation balance is altered as the soot/primary organic aerosol age in the atmosphere is highly uncertain. This work gives new insights to the photochemical ageing of soot with anthropogenic precursors due to the good time and supersaturation resolution of the measurements. However, the atmosphere is a complex system and measurements of ageing diesel soot with both biogenic and anthropogenic precursors would be highly relevant. 
Another aspect is the uptake of soot in human lungs. With an increase in hygroscopicity the uptake of the soot particles will change towards a higher deposition of larger (>200 nm) particles. Soot particles may include not only BC and organics but also for example small amounts of metals and sulphur. Diesel exhaust particles are considered carcinogenic in humans, however the particle effect after an increase in hygroscopicity is not sufficiently mapped out. 
In this work we have concluded that after about 5 hours of photochemical ageing in the LU smog chamber, the soot aerosol reach a level of hygroscopicity corresponding to activation into cloud droplets in a stratocumulus cloud in the atmosphere, i.e. particles with a diameter of 150 nm activate at a supersaturation of 0.2 %. This would mean an atmospheric ageing of about one to a few days. Also, our results imply that the exposure to UV radiation affect the lifetime of soot in the atmosphere. This aspect needs do be investigated further. 
The decrease in critical supersaturation, required for activating the coated soot cores into cloud droplets, have been modelled with κ-Köhler theory with good agreement for the highly aged soot. However, the acquisition of secondary organic aerosol linked to the cloud forming efficiency for the early processed soot is not fully understood. The hygroscopicity of these early aged soot particles are not as enhanced as the model suggests, i.e. they need a higher supersaturation than expected to activate into cloud droplets. 

Future work and analysis: 
· For better understanding of the behaviour of the early aged soot a more thorough analysis of the hygroscopic growth factor data will be performed. Also, the HGF will be compared to sc-dve data via the hygroscopic parameter κ. 
· Ambient hygroscopicity measurements of a polluted street canyon in Copenhagen have been performed previously. Results from these measurements are to be analysed and compared to the smog chamber results in this work to get a broader picture, i.e. linking laboratory and atmospheric data in a relevant way. These measurements capture both freshly emitted and long-transported soot particles.
· Long-term field measurements at the Vavihill station can also bring insights due to its remote location. For these rural measurements only long-transported soot particles are measured. 
· The SFCA needs to be further developed, calibrated and analysed to be used for long-term field measurements. Also, developments regarding evaluation programs are necessary for this purpose. 

[bookmark: _Toc250965986]Appendix - Contribution to the papers
Paper I: Sanna Silvergren (former Ekström) and me performed the on-line measurements with the CCNC of the biosurfactant mixtures, using both CFSTGC and SFCA operation mode. I performed the calibration measurements and evaluated part of the data from the CCNC. I performed the on-line measurements with the AMS of surfactin. Sanna Silvergren had the leading role in developing the paper with guidance from mainly Birgitta Svenningsson and also Barbara Noziére. Sanna Silvergren performed the osmolality and surface tension measurements as well as the surface partitioning calculations, with guidance of the latter from Birgitta Svenningsson. Sanna Silvergren is the main author of the paper, with contribution in discussions and comments from the other co-authors and me. 

Paper II: The idea that the paper is based on developed during discussions and with guidance from Birgitta Svenningsson and Joakim Pagels. Birgitta Svenningsson and me performed the hygroscopicity measurements and calibrations of these instruments (CCNC and H-TDMA). Joakim Pagels, the coordinator of the smog chamber campaign, highly contributed with his knowledge, experience and interesting discussions on the topic. I have performed the data evaluation from the hygroscopicity measurements (CCNC and H-TDMA), as well as part of the analysis of particle morphology and mass fractions (APM and SMPS). Jenny Rissler contributed with scientific discussions and evaluation of data mainly regarding hygroscopicity and structure of the soot (DMA-APM). Encouraging and demanding comments along with scientific expertise and knowledge was given by professor Erik Swietlicki. Axel Eriksson is the expert regarding the understanding and evaluation of the AMS results and highly contributed with work and knowledge. Patrik Nilsson and Erik Nordin performed a lot of work regarding the instrumental set-up before, during and after the measurement campaigns. Erik Nordin provided data from the SMPS system and Patrik Nilsson conveyed TEM images. Jonathan Carlsson performed a comprehensive evaluation of data from the APM and SMPS system outside the scope of this thesis. However, the understanding and knowledge gained from that work was highly valuable here. Pontus Roldin performed all work regarding the ADCHAM modelling. This was done to gain better understanding of the gas-phase chemistry and transformation of the organic material. The paper was written by me. All co-authors have at some stage and to some degree contributed with scientific discussions and comments to the manuscript. 
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Emp 2010 (4K)	533.6	505.0	504.0	490.3	519.7	428.0	446.7	447.5	441.8	309.4	311.1	310.7	314.0	313.4	323.8	325.7	321.5	320.6	336.0	342.1	333.5	337.9	358.9	358.9	367.0	361.8	364.5	385.4	384.1	418.1	374.5	471.6	479.2	652.2	489.2	497.8	693.6	679.0	690.0	670.8	682.9	305.4	306.3	309.5	304.1	309.9	321.7	315.4	317.2	309.5	317.9	320.8	331.9	332.5	345.7	341.6	341.5	348.0	347.0	364.9	363.6	366.8	365.3	396.7	391.9	398.3	401.8	504.9	509.8	469.5	486.4	686.0	649.2	309.4	306.4	0.242956989391807	0.242956989391807	0.242956989391807	0.242956989391807	0.242956989391807	0.184524744242043	0.184524744242043	0.184524744242043	0.184524744242043	0.184524744242043	0.184524744242043	0.184524744242043	0.184524744242043	0.094877209699229	0.0948772096992289	0.0948772096992289	0.0948772096992289	0.106062788026384	0.106062788026384	0.106062788026384	0.106062788026384	0.119639017333806	0.119639017333806	0.119639017333806	0.119639017333806	0.119639017333806	0.136384091810804	0.136384091810804	0.136384091810804	0.136384091810804	0.136384091810804	0.136384091810804	0.136384091810804	0.157436157155222	0.157436157155222	0.157436157155222	0.157436157155222	0.157436157155222	0.157436157155222	0.157436157155222	0.220397470980727	0.220397470980727	0.220397470980727	0.220397470980727	0.220397470980727	0.220397470980727	0.220397470980727	0.220397470980727	0.340440147688792	0.340440147688792	0.340440147688792	0.340440147688792	0.340440147688792	0.340440147688792	0.340440147688792	0.340440147688792	0.340440147688792	0.340440147688792	0.340440147688792	0.340440147688792	0.340440147688792	0.340440147688792	0.340440147688792	0.388422091114138	0.388422091114138	0.388422091114138	0.388422091114138	0.388422091114138	0.388422091114138	0.388422091114138	0.388422091114138	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.52680930156046	0.52680930156046	0.52680930156046	0.52680930156046	0.52680930156046	0.52680930156046	0.52680930156046	0.52680930156046	0.52680930156046	0.52680930156046	0.0855271032599969	0.0855271032599969	0.0855271032599969	0.0855271032599969	0.0948772096992289	0.0948772096992289	0.0948772096992289	0.0948772096992289	0.106062788026384	0.106062788026384	0.106062788026384	0.106062788026384	0.119639017333806	0.119639017333806	0.119639017333806	0.119639017333806	0.136384091810804	0.136384091810804	0.136384091810804	0.136384091810804	0.136384091810804	0.157436157155222	0.157436157155222	0.157436157155222	0.157436157155222	0.220397470980727	0.220397470980727	0.220397470980727	0.220397470980727	0.220397470980727	0.220397470980727	0.340440147688792	0.340440147688792	0.340440147688792	0.340440147688792	0.340440147688792	0.340440147688792	0.340440147688792	0.340440147688792	0.388422091114138	0.388422091114138	0.388422091114138	0.388422091114138	0.388422091114138	0.388422091114138	0.388422091114138	0.388422091114138	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.52680930156046	0.52680930156046	0.52680930156046	0.52680930156046	0.52680930156046	0.52680930156046	0.52680930156046	0.52680930156046	0.0855271032599969	0.0855271032599969	Emp 2010 (10K)	676.6	704.7	807.5	689.5	696.1	685.4	719.0	757.2	750.8	743.9	747.2	762.3	770.7	451.7	444.5	433.5	435.9	431.9	380.4	438.2	439.7	433.2	433.8	434.1	458.0	430.5	435.9	432.1	440.3	446.5	430.6	448.0	452.4	442.9	443.8	404.5	397.3	392.0	396.8	395.7	417.9	394.1	397.9	398.9	407.7	400.7	399.3	401.2	402.8	398.4	403.0	403.3	407.1	406.4	380.0	387.5	365.3	354.9	360.9	355.1	355.2	361.4	372.4	362.9	364.3	363.8	364.1	358.3	352.5	351.8	354.1	355.0	376.5	371.2	369.7	362.5	366.4	364.5	390.4	388.6	382.4	377.0	385.9	378.1	396.0	393.4	627.7	622.0	627.0	633.4	617.0	633.2	628.0	620.2	633.0	633.0	620.3	619.1	621.1	610.7	631.1	616.8	620.5	533.1	547.1	528.5	550.1	523.1	534.3	528.2	523.6	519.4	703.6	705.2	698.0	704.0	596.7	595.5	593.2	594.3	598.2	514.2	515.9	517.0	514.1	465.3	458.6	462.3	459.7	459.8	416.7	418.7	421.0	427.1	411.4	408.5	403.6	403.7	391.1	392.3	389.7	391.0	392.4	837.0	848.2	835.9	729.6	718.7	719.2	718.1	739.5	613.3	604.4	596.4	609.3	524.3	531.0	523.3	528.3	518.6	477.6	469.1	472.5	471.2	434.1	432.3	419.7	419.6	419.2	408.8	409.7	421.7	420.6	391.2	392.7	394.3	398.0	862.4	854.7	849.6	870.5	0.931318921655899	0.931318921655899	0.931318921655899	0.931318921655899	0.931318921655899	0.931318921655899	0.931318921655899	0.931318921655899	0.931318921655899	0.931318921655899	0.931318921655899	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.388422091114138	0.388422091114138	0.388422091114138	0.388422091114138	0.388422091114138	0.388422091114138	0.388422091114138	0.388422091114138	0.388422091114138	0.388422091114138	0.388422091114138	0.388422091114138	0.388422091114138	0.388422091114138	0.388422091114138	0.388422091114138	0.388422091114138	0.388422091114138	0.388422091114138	0.388422091114138	0.340440147688792	0.340440147688792	0.340440147688792	0.340440147688792	0.340440147688792	0.340440147688792	0.340440147688792	0.340440147688792	0.340440147688792	0.340440147688792	0.340440147688792	0.340440147688792	0.340440147688792	0.340440147688792	0.340440147688792	0.340440147688792	0.340440147688792	0.340440147688792	0.340440147688792	0.340440147688792	0.340440147688792	0.340440147688792	0.388422091114138	0.388422091114138	0.388422091114138	0.388422091114138	0.388422091114138	0.388422091114138	0.388422091114138	0.388422091114138	0.388422091114138	0.773078906868596	0.773078906868596	0.773078906868596	0.773078906868596	0.773078906868596	0.773078906868596	0.773078906868596	0.773078906868596	0.773078906868596	0.773078906868596	0.773078906868596	0.773078906868596	0.773078906868596	0.773078906868596	0.773078906868596	0.773078906868596	0.773078906868596	0.773078906868596	0.773078906868596	0.773078906868596	0.773078906868596	0.773078906868596	0.773078906868596	0.773078906868596	0.773078906868596	0.773078906868596	0.773078906868596	0.773078906868596	0.773078906868596	0.773078906868596	0.773078906868596	0.773078906868596	0.773078906868596	0.773078906868596	0.630368952414373	0.630368952414373	0.630368952414373	0.630368952414373	0.630368952414373	0.630368952414373	0.630368952414373	0.630368952414373	0.630368952414373	0.630368952414373	0.630368952414373	0.630368952414373	0.630368952414373	0.630368952414373	0.630368952414373	0.630368952414373	0.630368952414373	0.630368952414373	0.979501730050791	0.979501730050791	0.979501730050791	0.979501730050791	0.979501730050791	0.979501730050791	0.773078906868596	0.773078906868596	0.773078906868596	0.773078906868596	0.773078906868596	0.773078906868596	0.773078906868596	0.773078906868596	0.773078906868596	0.773078906868596	0.773078906868596	0.773078906868596	0.630368952414373	0.630368952414373	0.630368952414373	0.630368952414373	0.630368952414373	0.630368952414373	0.630368952414373	0.630368952414373	0.630368952414373	0.630368952414373	0.630368952414373	0.630368952414373	0.630368952414373	0.630368952414373	0.52680930156046	0.52680930156046	0.52680930156046	0.52680930156046	0.52680930156046	0.52680930156046	0.52680930156046	0.52680930156046	0.52680930156046	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.388422091114138	0.388422091114138	0.388422091114138	0.388422091114138	0.367952974383368	0.367952974383368	0.367952974383368	0.367952974383368	0.340440147688792	0.340440147688792	0.340440147688792	0.340440147688792	0.340440147688792	1.221561738358878	1.221561738358878	1.221561738358878	1.221561738358878	1.221561738358878	1.221561738358878	1.221561738358878	1.221561738358878	1.089382294919927	1.089382294919927	1.089382294919927	1.089382294919927	1.089382294919927	1.089382294919927	1.089382294919927	1.089382294919927	1.089382294919927	1.089382294919927	1.298046813175913	1.298046813175913	1.298046813175913	1.298046813175913	1.298046813175913	1.298046813175913	1.298046813175913	1.298046813175913	1.298046813175913	1.298046813175913	0.979501730050791	0.979501730050791	0.979501730050791	0.979501730050791	0.979501730050791	0.979501730050791	0.979501730050791	0.979501730050791	0.979501730050791	0.979501730050791	0.979501730050791	0.773078906868596	0.773078906868596	0.773078906868596	0.773078906868596	0.773078906868596	0.773078906868596	0.773078906868596	0.773078906868596	0.773078906868596	0.773078906868596	0.773078906868596	0.773078906868596	0.773078906868596	0.773078906868596	0.630368952414373	0.630368952414373	0.630368952414373	0.630368952414373	0.630368952414373	0.630368952414373	0.630368952414373	0.630368952414373	0.630368952414373	0.630368952414373	0.630368952414373	0.630368952414373	0.52680930156046	0.52680930156046	0.52680930156046	0.52680930156046	0.52680930156046	0.52680930156046	0.52680930156046	0.52680930156046	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.448854021514355	0.388422091114138	0.388422091114138	0.388422091114138	0.388422091114138	0.388422091114138	0.388422091114138	0.388422091114138	0.388422091114138	0.367952974383368	0.367952974383368	0.367952974383368	0.367952974383368	0.367952974383368	0.367952974383368	0.367952974383368	0.367952974383368	0.367952974383368	0.367952974383368	0.340440147688792	0.340440147688792	0.340440147688792	0.340440147688792	1.221561738358878	1.221561738358878	1.221561738358878	1.221561738358878	1.221561738358878	1.221561738358878	1.221561738358878	1.221561738358878	1.089382294919927	1.089382294919927	1.089382294919927	1.089382294919927	1.089382294919927	1.089382294919927	1.089382294919927	1.089382294919927	1.089382294919927	1.089382294919927	1.298046813175913	1.298046813175913	1.298046813175913	1.298046813175913	1.298046813175913	1.298046813175913	1.298046813175913	1.298046813175913	0.979501730050791	0.979501730050791	0.979501730050791	0.979501730050791	0.979501730050791	0.979501730050791	0.979501730050791	0.979501730050791	0.979501730050791	0.979501730050791	0.979501730050791	0.979501730050791	Emp 2010 (18K)	673.2	677.2	682.2	678.9	670.4	586.6	575.9	591.5	588.4	519.5	527.3	522.7	526.9	524.3	508.0	506.9	507.9	501.4	481.0	485.8	482.9	480.0	826.9	812.2	805.9	814.1	818.3	684.0	688.7	692.5	683.1	577.3	588.4	586.2	583.0	580.2	521.3	520.4	523.2	519.5	505.9	503.0	503.9	505.8	475.2	475.7	481.4	475.7	477.1	833.7	832.7	822.9	699.5	693.3	687.7	681.9	582.4	580.3	586.1	580.4	517.8	522.5	522.0	523.5	508.6	503.9	504.3	504.9	507.3	475.4	479.8	477.3	476.0	596.5	595.1	588.2	631.4	605.9	618.1	615.1	594.1	553.6	455.7	454.5	447.6	455.0	400.6	393.8	696.9	711.6	371.0	396.1	406.2	383.1	376.7	356.2	351.8	338.0	359.0	343.4	343.9	332.1	330.6	335.8	330.9	491.0	398.7	394.4	385.5	386.1	390.5	377.5	383.9	346.1	336.8	342.2	356.7	485.8	480.5	482.5	483.5	401.1	391.2	379.8	383.6	379.0	351.5	349.5	357.5	362.7	346.9	348.0	351.8	345.8	339.2	345.7	345.3	348.5	334.7	329.0	1.325166726273541	1.325166726273541	1.325166726273541	1.325166726273541	1.325166726273541	1.325166726273541	1.325166726273541	1.325166726273541	1.325166726273541	1.13560769106047	1.13560769106047	1.13560769106047	1.13560769106047	1.13560769106047	1.13560769106047	0.987235517527774	0.987235517527774	0.987235517527774	0.987235517527774	0.987235517527774	0.987235517527774	0.987235517527774	0.936665896487399	0.936665896487399	0.936665896487399	0.936665896487399	0.936665896487399	0.936665896487399	0.868510182611848	0.868510182611848	0.868510182611848	0.868510182611848	0.868510182611848	0.868510182611848	0.868510182611848	0.868510182611848	2.935366083295232	2.935366083295232	2.935366083295232	2.935366083295232	2.638759463490877	2.638759463490877	2.638759463490877	3.105099000897415	3.105099000897415	3.105099000897415	3.105099000897415	2.389017759053957	2.389017759053957	2.389017759053957	2.389017759053957	1.911323908408269	1.911323908408269	1.911323908408269	1.911323908408269	1.573860317375897	1.573860317375897	1.573860317375897	1.573860317375897	1.573860317375897	1.573860317375897	1.325166726273541	1.325166726273541	1.325166726273541	1.325166726273541	1.325166726273541	1.325166726273541	1.325166726273541	1.13560769106047	1.13560769106047	1.13560769106047	1.13560769106047	1.13560769106047	1.13560769106047	1.13560769106047	1.13560769106047	0.987235517527774	0.987235517527774	0.987235517527774	0.987235517527774	0.987235517527774	0.987235517527774	0.987235517527774	0.987235517527774	0.936665896487399	0.936665896487399	0.936665896487399	0.936665896487399	0.868510182611848	0.868510182611848	0.868510182611848	0.868510182611848	2.935366083295232	2.935366083295232	2.935366083295232	2.935366083295232	2.638759463490877	2.638759463490877	2.638759463490877	2.638759463490877	3.105099000897415	3.105099000897415	3.105099000897415	3.105099000897415	2.389017759053957	2.389017759053957	2.389017759053957	2.389017759053957	1.911323908408269	1.911323908408269	1.911323908408269	1.911323908408269	1.573860317375897	1.573860317375897	1.573860317375897	1.573860317375897	1.573860317375897	1.573860317375897	1.573860317375897	1.573860317375897	1.573860317375897	1.573860317375897	1.325166726273541	1.325166726273541	1.325166726273541	1.325166726273541	1.325166726273541	1.325166726273541	1.325166726273541	1.325166726273541	1.13560769106047	1.13560769106047	1.13560769106047	1.13560769106047	1.13560769106047	1.13560769106047	1.13560769106047	1.13560769106047	0.987235517527774	0.987235517527774	0.987235517527774	0.987235517527774	0.987235517527774	0.987235517527774	0.987235517527774	0.987235517527774	0.936665896487399	0.936665896487399	0.936665896487399	0.936665896487399	0.936665896487399	0.936665896487399	0.936665896487399	0.868510182611848	0.868510182611848	0.868510182611848	0.868510182611848	0.868510182611848	0.868510182611848	0.773078906868596	0.773078906868596	0.773078906868596	0.773078906868596	0.773078906868596	0.773078906868596	0.773078906868596	0.773078906868596	0.630368952414373	0.630368952414373	0.754594917340334	0.754594917340334	0.754594917340334	0.754594917340334	0.754594917340334	0.754594917340334	0.754594917340334	0.754594917340334	0.754594917340334	0.650106675819395	0.650106675819395	0.650106675819395	0.650106675819395	0.650106675819395	0.650106675819395	0.557328825813697	0.557328825813697	0.557328825813697	0.557328825813697	0.557328825813697	0.557328825813697	0.557328825813697	0.528074593162042	0.528074593162042	0.528074593162042	0.528074593162042	0.528074593162042	0.528074593162042	0.492858621498948	0.492858621498948	0.492858621498948	0.492858621498948	0.492858621498948	0.492858621498948	0.492858621498948	0.492858621498948	1.763068028909243	1.763068028909243	1.763068028909243	1.763068028909243	1.573860317375897	1.573860317375897	1.573860317375897	1.83470752242998	1.83470752242998	1.83470752242998	1.83470752242998	1.416220487251807	1.416220487251807	1.416220487251807	1.416220487251807	1.103057816594655	1.103057816594655	1.103057816594655	1.103057816594655	0.913004996704747	0.913004996704747	0.913004996704747	0.913004996704747	0.913004996704747	0.913004996704747	0.754594917340334	0.754594917340334	0.754594917340334	0.754594917340334	0.754594917340334	0.754594917340334	0.754594917340334	0.650106675819395	0.650106675819395	0.650106675819395	0.650106675819395	0.650106675819395	0.650106675819395	0.650106675819395	0.650106675819395	0.557328825813697	0.557328825813697	0.557328825813697	0.557328825813697	0.557328825813697	0.557328825813697	0.557328825813697	0.557328825813697	0.528074593162042	0.528074593162042	0.528074593162042	0.528074593162042	0.492858621498948	0.492858621498948	0.492858621498948	0.492858621498948	1.763068028909243	1.763068028909243	1.763068028909243	1.763068028909243	1.573860317375897	1.573860317375897	1.573860317375897	1.573860317375897	1.83470752242998	1.83470752242998	1.83470752242998	1.83470752242998	1.416220487251807	1.416220487251807	1.416220487251807	1.416220487251807	1.103057816594655	1.103057816594655	1.103057816594655	1.103057816594655	0.913004996704747	0.913004996704747	0.913004996704747	0.913004996704747	0.913004996704747	0.913004996704747	0.913004996704747	0.913004996704747	0.913004996704747	0.913004996704747	0.754594917340334	0.754594917340334	0.754594917340334	0.754594917340334	0.754594917340334	0.754594917340334	0.754594917340334	0.754594917340334	0.650106675819395	0.650106675819395	0.650106675819395	0.650106675819395	0.650106675819395	0.650106675819395	0.650106675819395	0.650106675819395	0.557328825813697	0.557328825813697	0.557328825813697	0.557328825813697	0.557328825813697	0.557328825813697	0.557328825813697	0.557328825813697	0.528074593162042	0.528074593162042	0.528074593162042	0.528074593162042	0.528074593162042	0.528074593162042	0.528074593162042	0.492858621498948	0.492858621498948	0.492858621498948	0.492858621498948	0.492858621498948	0.492858621498948	Emp 2013a (4K) 	597.1	621.9	493.8	502.7	425.9	422.7	383.2	360.5	356.7	348.6	344.7	329.3	333.2	313.7	307.7	314.2	279.8	285.4	246.5	645.8	501.3	486.2	435.0	414.5	408.9	362.7	355.7	349.8	341.0	339.4	326.4	312.2	320.7	310.4	291.8	274.2	287.6	276.8	644.0	504.6	500.8	472.5	425.7	654.4	665.9	563.1	564.9	497.2	500.3	466.8	466.9	397.1	408.9	354.9	362.6	330.1	316.3	301.7	301.9	279.6	291.6	272.3	274.0	722.3	723.0	656.3	641.7	562.1	571.9	505.4	498.6	469.3	467.5	397.9	399.4	356.5	364.0	337.7	314.0	299.4	301.6	291.5	282.8	268.9	272.0	728.2	732.4	650.4	662.6	564.2	574.9	505.9	517.0	460.7	466.1	401.9	402.0	340.9	365.2	317.8	323.4	292.8	306.8	283.2	295.2	263.1	269.3	0.308769895670569	0.24792469250039	0.24792469250039	0.204762178514506	0.204762178514506	0.17282037741535	0.17282037741535	0.159832690754857	0.159832690754857	0.148404341570729	0.148404341570729	0.138268471966407	0.138268471966407	0.129242821570097	0.129242821570097	0.113881113289693	0.101339130556766	0.308769895670569	0.24792469250039	0.204762178514506	0.17282037741535	0.159832690754857	0.148404341570729	0.138268471966407	0.129242821570097	0.113881113289693	0.101339130556766	0.308769895670569	0.24792469250039	0.24792469250039	0.204762178514506	0.308769895670569	0.308769895670569	0.275572753474629	0.275572753474629	0.24792469250039	0.24792469250039	0.224628036306673	0.224628036306673	0.187663578757213	0.187663578757213	0.159832690754857	0.159832690754857	0.138268471966407	0.138268471966407	0.121157578604003	0.121157578604003	0.107305248198997	0.107305248198997	0.0959060268961975	0.0959060268961975	0.349220152106344	0.349220152106344	0.308769895670569	0.308769895670569	0.275572753474629	0.275572753474629	0.24792469250039	0.24792469250039	0.224628036306673	0.224628036306673	0.187663578757213	0.187663578757213	0.159832690754857	0.159832690754857	0.138268471966407	0.138268471966407	0.121157578604003	0.121157578604003	0.107305248198997	0.107305248198997	0.0959060268961975	0.0959060268961975	0.349220152106344	0.349220152106344	0.308769895670569	0.308769895670569	0.275572753474629	0.275572753474629	0.24792469250039	0.24792469250039	0.224628036306673	0.224628036306673	0.187663578757213	0.187663578757213	0.159832690754857	0.159832690754857	0.138268471966407	0.138268471966407	0.121157578604003	0.121157578604003	0.107305248198997	0.107305248198997	0.0959060268961975	0.0959060268961975	Emp 2013a (10K)	668.5	698.2	533.5	543.8	450.7	456.6	395.9	384.9	343.9	344.9	322.6	310.9	298.4	287.3	257.9	696.1	694.0	542.0	541.0	448.3	453.0	394.4	388.9	349.5	352.3	312.9	321.2	290.2	293.1	695.9	693.5	540.3	542.9	455.5	460.0	400.3	405.8	353.3	363.4	321.3	316.7	283.6	297.2	282.4	279.6	691.9	699.9	543.9	542.9	458.6	459.4	394.1	401.6	354.8	354.6	316.9	323.9	293.1	296.8	694.8	694.5	542.4	544.3	466.7	455.1	389.7	398.5	359.2	348.5	330.1	326.4	296.4	302.7	284.6	285.8	698.7	697.2	536.5	546.1	455.7	458.3	382.5	398.3	356.6	342.7	317.5	324.3	308.9	296.9	292.9	273.2	692.5	696.4	547.8	538.8	455.7	457.1	395.5	396.0	359.1	351.8	348.1	314.2	318.4	293.2	282.0	272.0	704.2	702.2	541.0	543.0	457.3	454.5	410.4	390.2	394.6	357.2	349.1	327.0	322.3	295.1	294.3	707.7	707.0	535.5	545.7	475.9	456.1	456.9	398.4	395.2	358.3	352.6	316.4	319.6	282.2	687.9	545.4	460.1	399.5	364.9	326.1	305.1	704.0	547.9	449.6	405.8	356.4	314.5	293.8	699.8	545.1	458.6	388.8	357.3	327.4	687.3	711.1	668.0	677.0	636.9	634.3	598.5	602.6	579.5	578.0	527.0	533.5	497.7	498.2	459.7	458.6	434.4	436.5	418.2	417.8	392.4	394.7	718.0	721.9	674.4	675.2	642.5	644.9	607.7	597.7	576.5	578.8	534.7	532.7	494.0	499.5	0.8082	0.655183687590011	0.655183687590011	0.545144799148334	0.545144799148334	0.462838281713784	0.462838281713784	0.39938047977417	0.39938047977417	0.349220152106344	0.349220152106344	0.308769895670569	0.308769895670569	0.8082	0.8082	0.655183687590011	0.655183687590011	0.545144799148334	0.545144799148334	0.462838281713784	0.462838281713784	0.39938047977417	0.39938047977417	0.349220152106344	0.349220152106344	0.308769895670569	0.308769895670569	0.8082	0.8082	0.65518	0.65518	0.54514	0.54514	0.46284	0.46284	0.39938	0.39938	0.34922	0.34922	0.30877	0.30877	0.27557	0.27557	0.8082	0.8082	0.65518	0.65518	0.54514	0.54514	0.46284	0.46284	0.39938	0.39938	0.34922	0.34922	0.30877	0.30877	0.8082	0.8082	0.65518	0.65518	0.54514	0.54514	0.46284	0.46284	0.39938	0.39938	0.34922	0.34922	0.30877	0.30877	0.27557	0.27557	0.8082	0.8082	0.65518	0.65518	0.54514	0.54514	0.46284	0.46284	0.39938	0.39938	0.34922	0.34922	0.30877	0.30877	0.27557	0.27557	0.8082	0.8082	0.65518	0.65518	0.54514	0.54514	0.46284	0.46284	0.39938	0.39938	0.34922	0.30877	0.27557	0.8082	0.8082	0.65518	0.65518	0.54514	0.54514	0.46284	0.39938	0.34922	0.30877	0.8082	0.8082	0.65518	0.54514	0.46284	0.39938	0.34922	0.27557	0.8082	0.65518	0.54514	0.46284	0.39938	0.34922	0.30877	0.65518	0.54514	0.46284	0.39938	0.34922	0.30877	0.8082	0.65518	0.54514	0.46284	0.39938	0.34922	0.773078906868596	0.773078906868596	0.74046752405339	0.74046752405339	0.710067066640119	0.710067066640119	0.681719482304444	0.681719482304444	0.630368952414373	0.630368952414373	0.585156703349687	0.585156703349687	0.545144799148334	0.545144799148334	0.50947695552872	0.50947695552872	0.477564351225479	0.477564351225479	0.448854021514355	0.448854021514355	0.8082	0.8082	0.773078906868596	0.773078906868596	0.74046752405339	0.74046752405339	0.710067066640119	0.710067066640119	0.681719482304444	0.681719482304444	0.630368952414373	0.630368952414373	0.585156703349687	0.585156703349687	Emp 2013a (18K)	696.0	596.3	594.3	551.9	550.5	521.0	524.7	499.2	492.9	474.8	473.0	453.7	455.1	434.0	431.1	417.8	416.4	401.7	406.1	387.0	392.7	710.7	711.1	591.3	603.0	553.8	558.3	528.0	524.9	492.6	497.7	478.1	478.0	455.9	452.6	429.7	424.6	414.2	421.8	400.6	401.5	381.2	383.9	711.6	710.8	601.7	603.9	566.9	560.0	526.4	530.7	497.2	501.3	475.3	479.4	452.0	452.8	428.7	428.9	411.9	420.1	399.4	399.5	382.1	381.5	707.2	703.8	595.2	594.8	553.7	551.5	521.9	522.7	493.3	493.5	473.3	478.4	450.9	453.9	433.7	428.7	415.4	421.6	399.6	397.7	381.5	379.9	704.2	707.7	595.9	597.9	554.8	557.0	525.0	523.7	491.0	495.1	478.6	475.9	455.5	456.1	435.9	431.5	420.0	414.9	402.9	397.7	398.1	384.1	703.4	701.7	596.8	595.7	553.8	560.1	525.7	523.8	498.3	502.1	478.2	472.6	471.1	445.4	450.8	439.0	434.4	423.8	419.3	399.8	394.6	383.8	702.8	701.4	595.6	599.1	558.5	560.2	532.2	523.5	514.3	486.8	496.0	471.1	478.2	447.2	456.1	434.7	433.4	420.3	418.1	401.4	402.7	382.7	708.3	602.0	562.4	1.221561738358878	1.221561738358878	1.152310988481964	1.152310988481964	1.089382294919927	1.089382294919927	1.032000052874737	1.032000052874737	0.979501730050791	0.979501730050791	0.931318921655899	0.931318921655899	0.886962021165472	0.886962021165472	0.846049780811642	0.846049780811642	0.8082	0.8082	0.773078906868596	0.773078906868596	1.428927939843772	1.428927939843772	1.221561738358878	1.221561738358878	1.152310988481964	1.152310988481964	1.089382294919927	1.089382294919927	1.032000052874737	1.032000052874737	0.979501730050791	0.979501730050791	0.931318921655899	0.931318921655899	0.886962021165472	0.886962021165472	0.846049780811642	0.846049780811642	0.8082	0.8082	0.773078906868596	0.773078906868596	1.428927939843772	1.428927939843772	1.221561738358878	1.221561738358878	1.152310988481964	1.152310988481964	1.089382294919927	1.089382294919927	1.032000052874737	1.032000052874737	0.979501730050791	0.979501730050791	0.931318921655899	0.931318921655899	0.886962021165472	0.886962021165472	0.846049780811642	0.846049780811642	0.8082	0.8082	0.773078906868596	0.773078906868596	1.428927939843772	1.428927939843772	1.221561738358878	1.221561738358878	1.152310988481964	1.152310988481964	1.089382294919927	1.089382294919927	1.032000052874737	1.032000052874737	0.979501730050791	0.979501730050791	0.931318921655899	0.931318921655899	0.886962021165472	0.886962021165472	0.846049780811642	0.846049780811642	0.8082	0.8082	0.773078906868596	0.773078906868596	1.428927939843772	1.428927939843772	1.221561738358878	1.221561738358878	1.152310988481964	1.152310988481964	1.089382294919927	1.089382294919927	1.032000052874737	1.032000052874737	0.979501730050791	0.979501730050791	0.931318921655899	0.931318921655899	0.886962021165472	0.886962021165472	0.846049780811642	0.846049780811642	0.8082	0.8082	0.773078906868596	0.773078906868596	1.428927939843772	1.428927939843772	1.221561738358878	1.152310988481964	1.089382294919927	1.032000052874737	0.979501730050791	0.931318921655899	0.886962021165472	0.846049780811642	0.8082	0.773078906868596	1.428927939843772	1.428927939843772	1.221561738358878	1.152310988481964	1.089382294919927	1.032000052874737	0.979501730050791	0.931318921655899	0.886962021165472	0.846049780811642	0.8082	0.773078906868596	1.428927939843772	1.221561738358878	1.152310988481964	Emp 2013b (4K)	702.9	705.0	607.9	618.1	548.9	548.0	494.1	499.6	450.1	460.2	428.8	427.2	402.4	402.2	381.9	384.4	348.7	354.0	312.6	297.4	707.0	624.8	551.9	495.8	463.9	423.5	399.3	377.2	346.2	316.5	304.3	704.3	623.4	548.8	498.0	452.2	414.0	402.5	380.0	339.0	314.6	311.2	719.8	611.2	550.9	497.4	450.0	437.2	402.3	374.0	337.6	316.2	298.1	707.1	511.0	456.1	429.8	400.9	378.1	339.6	313.8	297.9	710.4	611.5	540.0	490.7	462.7	423.5	403.2	374.3	356.2	301.0	711.4	611.5	547.5	494.6	454.3	416.1	394.0	378.9	336.0	315.9	295.3	705.2	615.0	540.7	487.3	465.5	418.6	400.6	369.4	334.8	312.0	301.9	705.6	616.8	543.4	502.2	460.3	425.4	393.3	373.9	342.8	317.9	298.1	711.2	616.6	547.8	496.1	462.0	429.6	391.3	340.9	316.3	294.7	708.4	617.1	546.0	497.4	455.0	430.6	411.7	373.9	344.4	316.3	304.0	0.294194799049818	0.294194799049818	0.261820837913174	0.261820837913174	0.234942379020442	0.234942379020442	0.21233799089635	0.21233799089635	0.193115089096318	0.193115089096318	0.176607614861646	0.176607614861646	0.162315851453765	0.162315851453765	0.149842232567576	0.149842232567576	0.129186927712843	0.129186927712843	0.112853983781069	0.0996839579232134	0.294194799049818	0.261820837913174	0.234942379020442	0.21233799089635	0.193115089096318	0.176607614861646	0.162315851453765	0.149842232567576	0.129186927712843	0.112853983781069	0.0996839579232134	0.294194799049818	0.261820837913174	0.234942379020442	0.21233799089635	0.193115089096318	0.176607614861646	0.162315851453765	0.149842232567576	0.129186927712843	0.112853983781069	0.0996839579232134	0.294194799049818	0.261820837913174	0.234942379020442	0.21233799089635	0.193115089096318	0.176607614861646	0.162315851453765	0.149842232567576	0.129186927712843	0.112853983781069	0.0996839579232134	0.294194799049818	0.21233799089635	0.193115089096318	0.176607614861646	0.162315851453765	0.149842232567576	0.129186927712843	0.112853983781069	0.0996839579232134	0.294194799049818	0.261820837913174	0.234942379020442	0.21233799089635	0.193115089096318	0.176607614861646	0.162315851453765	0.149842232567576	0.129186927712843	0.0996839579232134	0.294194799049818	0.261820837913174	0.234942379020442	0.21233799089635	0.193115089096318	0.176607614861646	0.162315851453765	0.149842232567576	0.129186927712843	0.112853983781069	0.0996839579232134	0.294194799049818	0.261820837913174	0.234942379020442	0.21233799089635	0.193115089096318	0.176607614861646	0.162315851453765	0.149842232567576	0.129186927712843	0.112853983781069	0.0996839579232134	0.294194799049818	0.261820837913174	0.234942379020442	0.21233799089635	0.193115089096318	0.176607614861646	0.162315851453765	0.149842232567576	0.129186927712843	0.112853983781069	0.0996839579232134	0.294194799049818	0.261820837913174	0.234942379020442	0.21233799089635	0.193115089096318	0.176607614861646	0.162315851453765	0.129186927712843	0.112853983781069	0.0996839579232134	0.294194799049818	0.261820837913174	0.234942379020442	0.21233799089635	0.193115089096318	0.176607614861646	0.162315851453765	0.149842232567576	0.129186927712843	0.112853983781069	0.0996839579232134	Emp 2013b (10K)	835.6	834.7	685.3	694.4	589.6	588.8	530.3	527.5	480.2	476.5	416.7	415.6	364.4	372.3	342.2	339.2	316.6	311.8	285.7	295.3	836.5	830.6	688.4	690.4	590.2	589.0	527.4	523.8	475.7	474.5	414.5	417.3	373.9	368.4	338.4	344.2	309.0	312.4	290.3	290.5	831.4	835.5	690.6	689.7	587.0	589.2	525.2	528.8	471.9	484.9	409.2	417.2	369.3	369.7	332.6	326.7	306.5	307.8	290.6	285.2	836.0	689.8	685.8	587.4	582.2	518.7	516.5	472.5	477.3	411.7	412.5	370.3	364.9	333.1	335.0	309.5	305.6	286.1	284.7	816.9	822.5	682.7	679.4	586.0	586.7	522.4	515.8	472.4	472.1	404.9	414.1	365.6	367.4	337.3	309.6	289.9	687.8	591.9	527.4	474.2	409.4	367.6	334.0	304.5	285.8	686.9	593.9	522.8	477.1	410.4	367.3	338.1	315.0	284.3	826.5	691.1	587.9	527.0	473.3	411.6	368.9	338.7	317.0	288.2	834.1	690.5	592.0	525.5	474.9	415.1	370.8	339.1	308.8	288.3	835.6	690.5	592.0	522.9	472.1	409.3	373.6	338.6	310.1	291.4	831.7	693.3	528.0	477.2	421.4	371.6	336.4	310.8	283.6	840.7	695.1	587.1	528.9	476.6	418.3	372.4	336.8	306.8	284.7	832.2	690.7	595.1	523.3	477.9	411.1	366.1	334.3	309.5	284.7	0.907964986845444	0.907964986845444	0.786310529683543	0.786310529683543	0.675056216030945	0.675056216030945	0.598853768427654	0.598853768427654	0.526418984972477	0.526418984972477	0.445312226869166	0.445312226869166	0.382920767642414	0.382920767642414	0.333744258330171	0.333744258330171	0.294194799049818	0.294194799049818	0.261820837913174	0.261820837913174	0.907964986845444	0.907964986845444	0.786310529683543	0.786310529683543	0.675056216030945	0.675056216030945	0.598853768427654	0.598853768427654	0.526418984972477	0.526418984972477	0.445312226869166	0.445312226869166	0.382920767642414	0.382920767642414	0.333744258330171	0.333744258330171	0.294194799049818	0.294194799049818	0.261820837913174	0.261820837913174	0.907964986845444	0.907964986845444	0.786310529683543	0.786310529683543	0.675056216030945	0.675056216030945	0.598853768427654	0.598853768427654	0.526418984972477	0.526418984972477	0.445312226869166	0.445312226869166	0.382920767642414	0.382920767642414	0.333744258330171	0.333744258330171	0.294194799049818	0.294194799049818	0.261820837913174	0.261820837913174	0.907964986845444	0.786310529683543	0.786310529683543	0.675056216030945	0.675056216030945	0.598853768427654	0.598853768427654	0.526418984972477	0.526418984972477	0.445312226869166	0.445312226869166	0.382920767642414	0.382920767642414	0.333744258330171	0.333744258330171	0.294194799049818	0.294194799049818	0.261820837913174	0.261820837913174	0.907964986845444	0.907964986845444	0.786310529683543	0.786310529683543	0.675056216030945	0.675056216030945	0.598853768427654	0.598853768427654	0.526418984972477	0.526418984972477	0.445312226869166	0.445312226869166	0.382920767642414	0.382920767642414	0.333744258330171	0.294194799049818	0.261820837913174	0.786310529683543	0.675056216030945	0.598853768427654	0.526418984972477	0.445312226869166	0.382920767642414	0.333744258330171	0.294194799049818	0.261820837913174	0.786310529683543	0.675056216030945	0.598853768427654	0.526418984972477	0.445312226869166	0.382920767642414	0.333744258330171	0.294194799049818	0.261820837913174	0.907964986845444	0.786310529683543	0.675056216030945	0.598853768427654	0.526418984972477	0.445312226869166	0.382920767642414	0.333744258330171	0.294194799049818	0.261820837913174	0.907964986845444	0.786310529683543	0.675056216030945	0.598853768427654	0.526418984972477	0.445312226869166	0.382920767642414	0.333744258330171	0.294194799049818	0.261820837913174	0.907964986845444	0.786310529683543	0.675056216030945	0.598853768427654	0.526418984972477	0.445312226869166	0.382920767642414	0.333744258330171	0.294194799049818	0.261820837913174	0.907964986845444	0.786310529683543	0.598853768427654	0.526418984972477	0.445312226869166	0.382920767642414	0.333744258330171	0.294194799049818	0.261820837913174	0.907964986845444	0.786310529683543	0.675056216030945	0.598853768427654	0.526418984972477	0.445312226869166	0.382920767642414	0.333744258330171	0.294194799049818	0.261820837913174	0.907964986845444	0.786310529683543	0.675056216030945	0.598853768427654	0.526418984972477	0.445312226869166	0.382920767642414	0.333744258330171	0.294194799049818	0.261820837913174	Emp 2013b (18K)	805.0	798.9	720.8	713.4	648.4	642.1	595.3	594.6	558.8	555.9	527.1	518.9	497.5	499.0	457.0	457.4	416.1	420.8	384.1	382.6	769.6	765.2	693.6	698.4	640.0	640.1	596.2	593.7	551.4	554.7	524.5	522.9	498.5	495.0	454.0	461.0	413.1	414.4	386.1	387.7	766.6	764.7	694.9	697.4	645.3	638.6	593.2	589.7	553.9	557.2	518.5	522.7	499.1	504.0	456.1	453.8	409.3	411.1	379.4	379.7	767.6	768.6	697.5	702.5	645.6	644.0	595.1	582.2	554.1	557.0	519.2	523.9	503.6	495.6	452.9	455.4	412.1	412.4	385.2	382.8	768.3	700.2	633.2	592.6	556.7	517.4	499.6	452.9	419.4	389.9	776.4	697.9	648.7	599.7	555.0	527.8	496.1	457.0	416.1	389.1	766.2	699.7	632.9	590.1	558.5	518.8	495.3	447.5	420.8	389.6	750.7	684.2	626.9	580.1	550.1	511.9	489.0	448.6	405.1	377.5	724.5	662.1	618.0	579.2	537.6	507.9	491.7	445.1	415.4	379.4	722.3	666.1	621.6	579.2	546.1	518.3	484.5	1.605386956911148	1.605386956911148	1.445354103432761	1.445354103432761	1.352688111266165	1.352688111266165	1.269360675623221	1.269360675623221	1.194129578645908	1.194129578645908	1.125950865557002	1.125950865557002	1.063942087735681	1.063942087735681	0.955544108669826	0.955544108669826	0.864142544399282	0.864142544399282	0.786310529683543	0.786310529683543	1.605386956911148	1.605386956911148	1.445354103432761	1.445354103432761	1.352688111266165	1.352688111266165	1.269360675623221	1.269360675623221	1.194129578645908	1.194129578645908	1.125950865557002	1.125950865557002	1.063942087735681	1.063942087735681	0.955544108669826	0.955544108669826	0.864142544399282	0.864142544399282	0.786310529683543	0.786310529683543	1.605386956911148	1.605386956911148	1.445354103432761	1.445354103432761	1.352688111266165	1.352688111266165	1.269360675623221	1.269360675623221	1.194129578645908	1.194129578645908	1.125950865557002	1.125950865557002	1.063942087735681	1.063942087735681	0.955544108669826	0.955544108669826	0.864142544399282	0.864142544399282	0.786310529683543	0.786310529683543	1.605386956911148	1.605386956911148	1.445354103432761	1.445354103432761	1.352688111266165	1.352688111266165	1.269360675623221	1.269360675623221	1.194129578645908	1.194129578645908	1.125950865557002	1.125950865557002	1.063942087735681	1.063942087735681	0.955544108669826	0.955544108669826	0.864142544399282	0.864142544399282	0.786310529683543	0.786310529683543	1.605386956911148	1.445354103432761	1.352688111266165	1.269360675623221	1.194129578645908	1.125950865557002	1.063942087735681	0.955544108669826	0.864142544399282	0.786310529683543	1.605386956911148	1.445354103432761	1.352688111266165	1.269360675623221	1.194129578645908	1.125950865557002	1.063942087735681	0.955544108669826	0.864142544399282	0.786310529683543	1.605386956911148	1.445354103432761	1.352688111266165	1.269360675623221	1.194129578645908	1.125950865557002	1.063942087735681	0.955544108669826	0.864142544399282	0.786310529683543	1.605386956911148	1.445354103432761	1.352688111266165	1.269360675623221	1.194129578645908	1.125950865557002	1.063942087735681	0.955544108669826	0.864142544399282	0.786310529683543	1.605386956911148	1.445354103432761	1.352688111266165	1.269360675623221	1.194129578645908	1.125950865557002	1.063942087735681	0.955544108669826	0.864142544399282	0.786310529683543	1.605386956911148	1.445354103432761	1.352688111266165	1.269360675623221	1.194129578645908	1.125950865557002	1.063942087735681	Fit 2010 (4K)	200.0	300.0	400.0	500.0	600.0	700.0	800.0	900.0	1000.0	1004.0	1078.0	0.0229156617343122	0.0908036245095222	0.158691587284732	0.226579550059942	0.294467512835152	0.362355475610362	0.430243438385572	0.498131401160782	0.566019363935992	0.568734882447	0.618971974900656	Fit 2010 (10K)	200.0	300.0	400.0	500.0	600.0	700.0	800.0	900.0	1000.0	1004.0	1078.0	0.0866172560170967	0.23308632686962	0.379555397722144	0.526024468574667	0.67249353942719	0.818962610279714	0.965431681132238	1.111900751984761	1.258369822837285	1.264228585671385	1.372615698102253	Fit 2010 (18K)	200.0	300.0	400.0	500.0	600.0	700.0	800.0	900.0	1000.0	1004.0	1078.0	0.2557246	0.4777086	0.6996926	0.9216766	1.1436606	1.3656446	1.5876286	1.8096126	2.0315966	2.04047596	2.20474412	Error 18K (+)	200.0	300.0	400.0	500.0	600.0	700.0	800.0	900.0	1000.0	0.376318576105636	0.611861210350678	0.848157570738014	1.08522366566376	1.32306524096021	1.561677392651332	1.801044897850021	2.04114321305364	2.281939992598476	Error 18K (-)	200.0	300.0	400.0	500.0	600.0	700.0	800.0	900.0	1000.0	0.0335213152772211	0.272947931348107	0.511620821276699	0.749523976666881	0.986651651686359	1.223008750311165	1.458610495428405	1.693481430540712	1.927653901311805	Error 10K (+)	200.0	300.0	400.0	500.0	600.0	700.0	800.0	900.0	1000.0	0.16623371600011	0.312042348971277	0.458118000478077	0.604464688342553	0.751083678773425	0.897973421739067	1.045129629990718	1.192545492525053	1.340211998401914	Error 10K (-)	200.0	300.0	400.0	500.0	600.0	700.0	800.0	900.0	1000.0	0.00700079603408306	0.154130304767963	0.300992794966211	0.447584248806781	0.593903400080956	0.739951798820361	0.885733732273757	1.031256011444469	1.176527647272654	Error 4K (+)	200.0	300.0	400.0	500.0	600.0	700.0	800.0	900.0	1000.0	0.041015492320993	0.108591203160847	0.176370091522127	0.244355897847102	0.312545262695478	0.380928278580267	0.449490008238127	0.518212470923213	0.587076565680334	Error 4K (-)	200.0	300.0	400.0	500.0	600.0	700.0	800.0	900.0	1000.0	0.00481583114763149	0.073016045858197	0.141013083047337	0.208803202272782	0.276389762974827	0.343782672640457	0.410996868533017	0.478050331398351	0.544962162191649	Instantaneous Flow Rate (cm3 min-1)
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