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Abstract 

A fraction of aerosol particles known as Ice-Nucleating Particles (INPs) has the potential to 

trigger ice formation in supercooled liquid droplets, dramatically altering the properties of 

mixed-phase clouds. However, our current knowledge on the way these particles are distributed 

in the atmosphere is still limited. This thesis aimed to expand our understanding of the sources 

and concentrations of INPs in the atmosphere at various locations at mid- and high-latitudes. 

This was done by performing immersion mode INP and aerosol size-resolved composition 

measurements on board of a research aircraft in three different locations (North-Western 

Europe, Iceland and the Western North American Arctic).  

Aerosol measurements were performed on board of the FAAM BAe-146 research aircraft. 

Hence, I first characterised the biases of the filter inlet system available on board of this aircraft 

both theoretically and experimentally, providing recommendations on how to operate the 

system. I also implemented a methodology to study the size-resolved composition of aerosol 

samples collected on top of filters using Scanning Electron Microscopy with Energy Dispersive 

Spectroscopy (SEM-EDS). This technique has been applied in parallel with a droplet freezing 

assay to measure INPs as well as aerosol size-resolved composition in aerosol samples 

collected on board of the FAAM BAe-146 in different locations. 

The first area of study was North-Western Europe. The INP concentration was dominated by 

the presence of mineral dust at the lower end of the temperature spectrum, while an additional 

source (likely biological) was the main component at higher temperatures. The second area of 

study was Iceland, where the INP concentrations were dominated by the presence of local dust. 

The used methodology allowed me to derive a parameterization of the ice-nucleation ability of 

airborne Icelandic dust. This parameterization was combined with a global aerosol model 

which included the Icelandic dust emissions, showing that Icelandic dust significantly 

contributes to the INP population over the North Atlantic and some areas of the Arctic. The 

INP concentrations in the Western North American Arctic were the lowest I detected, being 

compatible with the limit of detection in most cases. The SEM-EDS analysed revealed that 

mineral dust is more important than sea spray aerosol for the INP population. Overall, across 

the campaigns, I observed large variability in aerosol concentration, aerosol composition and 

INP concentration. A part of this variability in the INPs can be explained by the presence of 

surface area of aerosol and dust in the samples.  
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1. Introduction 

1.1. Aerosol particles and its impact on climate 

By definition, an aerosol is a suspension of liquid or solid particles in a gas (Seinfeld and 

Pandis, 2006). Myriads of aerosol particles exist through most of the atmosphere and they can 

be primarily emitted from the surface or form in the atmosphere by gas-to-particle conversion.  

Aerosol particles can have a natural and anthropogenic origin. Mineral dust, sea salt or 

biological debris are the most common natural primary aerosol particles, while aerosol particles 

can form in the atmosphere from natural precursors such as SO2, dimethyl sulphide or volatile 

organic compounds. Primary anthropogenic sources include industrial or agricultural dust as 

well as black carbon from anthropogenic combustion processes. Anthropogenic SO2 or NOx 

can also lead to the formation of aerosol particles within the atmosphere. Once in the 

atmosphere, aerosol particles can be affected by several processes such as aggregation with 

other particles, change their size and composition by condensation or evaporation of gases, or 

become cloud droplets. Eventually, aerosol particles are deposited in the surface by 

gravitational settling (dry deposition) or through precipitation of cloud droplets (wet removal).  

Atmospheric aerosol particles interact with the climate directly by altering the fluxes of solar 

radiation as well as indirectly by affecting the properties of clouds (Seinfeld and Pandis, 2006). 

These direct mechanisms such as the scattering and absorption of solar radiation by aerosol 

particles have a cooling radiative effect. However, indirect effects via aerosol-cloud interaction 

have proved more challenging to quantify (Boucher, 2013). Aerosol particles can affect the 

properties of clouds by acting as Cloud Condensation Nuclei (CCN). An increase of CCN leads 

to an increase in the number of cloud droplets, which is known to increase the albedo of a cloud 

(Twomey, 1977), but also increase the lifetime of the cloud by making the collision-

coalescence processes less efficient (Albrecht, 1989; Haywood and Boucher, 2000), producing 

a cooling effect. In addition, some aerosol particles can act as Ice-Nucleating Particles (INPs). 

These particles have the potential to trigger ice formation at higher temperatures or lower 

supersaturations than if they were not present via heterogeneous freezing (Kanji et al., 2017). 

The radiative properties and precipitation of mixed-phase cloud (clouds containing both 
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supercooled water and ice) are affected the INP concentration (DeMott et al., 2010; Zeng et 

al., 2009; Vergara-Temprado et al., 2018b). INPs can also affect the radiative properties of 

cirrus (clouds made of ice crystals) (Hoose and Mohler, 2012; Lohmann and Gasparini, 2017).  

Characterising and representing the differences in the INP concertation in the atmosphere as 

well as the ice-nucleation processes within clouds is a major challenge. These processes are 

commonly oversimplified in climate models, which leads to significant uncertainties in the 

amount of radiation reflected by mixed-phase clouds. In order to represent differences in the 

INP concentration through the atmosphere, we need aerosol and INP measurements. This thesis 

focuses on the characterisation of techniques to measure aerosol particles and INPs relevant 

for mixed-phase clouds on board of an aircraft, as well as its use in different locations. INPs 

and aerosol measurements are used then to characterise the sources of INP and its distribution 

in the atmosphere. 

 

1.2. Sampling aerosol particles and measuring their size and composition 

Measurements of aerosol particles as well as their properties are necessary to characterise these 

particles in climate models. Measurements are also necessary to evaluate the performance of 

these models. Atmospheric aerosol particles range in size from a few nanometers to tens of 

micrometres, and their chemical composition and other properties vary with size, age, location 

and origin (Seinfeld and Pandis, 2006). Their particle-to-particle variability within the same 

sample is also very large, as most aerosol samples contain particles from many different origins 

(Prather et al., 2008). Each particle can contain many different chemical elements, and different 

particles can mix becoming even more heterogeneous in composition. The response of aerosol 

measurement instruments typically depends on these aerosol properties. This makes it 

challenging to measure aerosol particles in the atmosphere and their properties. Hence, 

characterising the full size-resolved composition of an aerosol sample (i.e, knowing the number 

of aerosol particles of each chemical species for each size) is particularly challenging 

(McMurry, 2000). There are very few techniques that can measure the size-resolved 

composition of an aerosol sample over all the sizes. Most measurement techniques provide 
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only integrals over time, size or composition, or they measure a particular property of the 

aerosol sample. There are several instruments and techniques to measure different properties 

of aerosol particles, both in-situ and offline. 

 

1.2.1. Online techniques 

These techniques measure different the size and composition of aerosol particles almost 

instantaneously. Some of them, such as optical particle counting, aerodynamic sizing and 

electrical mobility sizing can be used to measure the size distribution of the aerosol particles 

(Baron, 1986; Rosenberg et al., 2012; Wendisch and Brenguier, 2013; Wiedensohler et al., 

2017). Size distribution measurements are strongly influenced by the composition of the 

aerosol sample, but these techniques cannot give information about the chemical composition 

of the aerosol particles. There are also in-situ techniques to study the chemical composition of 

the aerosol particles. Some of them consist in suspending bulk aerosol into water for close to 

real-time subsequent analysis, which consist normally in ion chromatography for organic and 

inorganic ions, or an organic carbon analyser to measure the amount of organic carbon 

(Wendisch and Brenguier, 2013; Lee et al., 2003). Chemical composition can be also studied 

using different mass spectroscopy techniques, which can be classified as thermal volatilization 

methods and single-particle laser-based methods (Wendisch and Brenguier, 2013). Thermal 

volatilization methods (like the Aerodyne Aerosol Mass Spectrometer) are normally used to 

measure the chemical composition of non-refractory submicron aerosol species (organics, 

sulphates, nitrates and ammonium), generally for the bulk of the aerosol particles (Pratt and 

Prather, 2012; Canagaratna et al., 2007). Single-particle laser-based mass spectroscopy has 

been used to measure the full size-resolved composition of aerosol samples, both on the ground 

and in an aircraft (Pratt and Prather, 2012; Wendisch and Brenguier, 2013). Examples of this 

are instruments like the Particle Analysis by Laser Mass Spectrometer (PALMS) (Thomson et 

al., 2000; Cziczo et al., 2006), the Aerosol Time-Of-Flight Mass Spectrometer (ATOFMS) 

(Pratt et al., 2009), or the Aircraft-Based Laser Ablation Aerosol Mass Spectrometer 

(ALABAMA) (Brands et al., 2011). However, a limitation of these techniques is that they focus 

on the fine mode, with limited information about the coarse mode in most cases. 
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1.2.2. Offline techniques 

Offline techniques start by collecting the aerosol particles, usually by different kinds of 

filtration or impaction, which are subsequently analysed (McMurry, 2000). Different analytical 

methods can be applied for this, focusing on different properties of bulk or individual aerosol 

particles. Ion chromatography can be used to analyse the bulk of filtered or impacted aerosol 

particles to measure their ions (Fosco and Schmeling, 2007; Schmeling et al., 2000). X-ray 

Fluorescence and Particle Induced X-ray Emission are two similar techniques that have been 

widely used to quantify the presence of certain elements within a filtered bulk aerosol sample 

(Tremper et al., 2018; Steinhoff et al., 2000; Reyes-Herrera et al., 2015; Calzolai et al., 2008; 

Sievering et al., 1989; Rojas et al., 1993; Formenti et al., 2008). These techniques have been 

used to estimate the mass of dust in the bulk sample by assuming that the contribution of a 

certain element (like Al or Ca) is given by dust (Groot Zwaaftink et al., 2016; Nguyen et al., 

2013). Other analytical techniques can be used to study the composition of certain elements in 

the bulk of the aerosol, like the Thermal/Optical Reflectance that can be used to measure 

elemental and organic carbon (Wendisch and Brenguier, 2013). These analytical techniques 

for bulk aerosol analysis can be used to produce some size-segregated information about the 

chemical composition of the aerosol. This is done by using samples collected with a multijet 

inertial impactor, which separates the aerosol particles in different surfaces based on their 

aerodynamical diameter. However, splitting the aerosol into many samples reduce the number 

of aerosol particles per filter. This can significantly reduce the limit of detection of the 

instrument (Wendisch and Brenguier, 2013). Techniques such as Scanning Electron 

Microscopy (SEM) or Transmission Electron Microscopy coupled with Energy-Dispersive-

Spectroscopy (EDS) are offline analysis that can be performed in aerosol filter samples to 

obtain their size-resolved chemical composition (McMurry, 2000). Although these techniques 

are time-consuming, they can be used to provide size-resolved information about the chemical 

composition of coarse particles, which is very challenging to achieve otherwise.  

In chapter two, I present a characterisation of a SEM-EDS methodology to quantify the size-

resolved composition of aircraft collected aerosol samples. This technique has been used 
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subsequently to analyse samples from several field campaigns, which are shown in the 

Chapters three to five. The SEM-EDS measurements of aerosol particles are supported with 

size distribution measurements using optical particle counters. 

 

1.2.3. Inlets and aircraft measurements of aerosol particles 

Although there are some techniques to sample aerosol particles directly from the atmosphere 

such as deposition (Waza et al., 2019), the vast majority of the aerosol measurement systems 

use inlets to transport the aerosol particles from the air to an instrument or a sampling platform 

for offline analysis. An ideal inlet would transport all the aerosol particles from the air to the 

instrument without losing or enhancing their concentration. However, this is seldom the case 

and most inlets systems affect the aerosol samples in different ways through different 

mechanisms (McMurry, 2000). Furthermore, these biases are usually dependent on the size and 

type of aerosol particle. As an example, large aerosol particles tend to have higher inertia than 

the smaller ones, which makes them more susceptible to be deposited if the inlet has a bend.  

Aerosol measurements are usually carried out at ground level. However, given that aerosol 

particles scatter through most of the atmosphere, it is necessary to carry out measurements at 

different altitudes. Aircraft are one the most common and effective way to achieve this type of 

measurements and they have been used for environmental research for decades (Wendisch and 

Brenguier, 2013). However, the fact that aircraft move a high-speed relative to the air mass 

they are moving in, makes the sampling process much more challenging than for ground-level 

sampling. In Chapter two I present a description of the main mechanisms that can affect the 

sampling of aerosol particles through an aircraft inlet. I quantified the most important of these 

mechanisms to characterise the performance of the filter inlet system onboard on the UK’s 

BAe-146 FAAM research aircraft. This inlet was used to sample aerosol particles which were 

analysed to obtain its size-resolved composition and its INP concentration. 

 

1.3. Ice-nucleation and supercooling of water 



22  
 

 

 

 

 

The melting point of ice is 0 oC (at standard pressure and in the absence of solutes), which is 

the point when water is thermodynamically more stable than the ice. However, cloud-size 

droplets can remain unfrozen down to -40 oC in both experiments and computer simulations 

(Bagchi, 2013). Water which remains liquid despite being in thermodynamic conditions where 

the ice phase is more stable (e.g: at temperatures below 0 oC at atmospheric pressure) is called 

supercooled water. When temperatures at which ice is thermodynamically more stable are 

reached, the transition from water to ice does not happen as a total transformation of all the 

water into ice. Firstly, a cluster of the solid phase forms by fluctuations of the water molecules 

in the liquid phase. The Gibbs free energy (ΔG) of forming a cluster of the solid phase can be 

calculated as the sum of two terms. The first is a positive term (energetically unfavourable) 

proportional to the squared radius of the cluster R2, which is related to the energy required to 

form the surface of the cluster. The second term is negative (energetically favourable) and 

proportional to R3, related to the fact that the bulk volume of ice is thermodynamically more 

stable than the liquid water. The contribution of both terms is shown in Fig. 1.1. The formation 

of this clusters is energetically unfavourable so they tend to melt back into the liquid phase 

unless the cluster is larger than a critical size, Rcrit. If the cluster is larger than this size, adding 

more molecules to it becomes an energetically favourable process, and the nucleus of ice will 

grow into the liquid (Murray et al., 2012; Bagchi, 2013). This process is called homogeneous 

freezing and in cloud-sized droplets and second-minute timescales, it tends to happen in 

between ~ -35 and -40 oC (Koop and Murray, 2016). 
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Figure 1.1. Scheme of the Gibbs free energy of forming a cluster of solid within the 

supercooled liquid water vs the radius of this cluster. The contribution of the two terms related 

to forming the surface (positive) and the bulk part (negative) of the cluster are shown separately 

(dotted lines). Diagram modified from (Bagchi, 2013).  

However, the presence of certain surfaces within the supercooled water can reduce the energy 

barrier necessary for the formation of the critical cluster and therefore trigger ice formation at 

higher temperatures (Murray et al., 2012). This process is called heterogeneous freezing and it 

is commonly produced by aerosol particles immersed within water droplets. The presence of 

ice within clouds dramatically alters the Earth’s radiation fluxes, therefore these processes are 

particularly relevant. In this section of the chapter, the most relevant modes in which ice 

formation happens in the atmosphere are reviewed. Then, the different mathematical ways to 

describe ice-nucleation processes will be described. Finally, the impacts of INPs in the clouds 

and the atmosphere will be presented. 

 

1.3.1. Modes of ice-nucleation 

There are several pathways or modes of heterogeneous ice-nucleation that lead to the formation 

of ice in the atmosphere, which are summarised in Fig 1.2, from Kanji et al. (2017). Each of 
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the pathways can be triggered by different types of aerosol particles. Additionally, each of these 

modes has different atmospheric implications.  

Deposition ice-nucleation happens when ice nucleates from the gaseous vapour phase onto the 

aerosol particles without passing through the liquid phase. This event can occur when some 

types of INPs can lower the energy barrier necessary for this process to happen. Deposition 

ice-nucleation can occur at RHi above 100 %. At RHi above ~150%, homogenous nucleation 

dominates the freezing processes under cirrus conditions (Spichtinger and Cziczo, 2010). It has 

recently been shown that the observations of deposition freezing could also be pore 

condensation and freezing (Marcolli, 2014; David et al., 2019). In this process, water 

condensates in voids and cavities of the particle via the inverse Kelvin effect, and then it freezes 

via homogeneous freezing at temperatures below -38 oC. Deposition ice-nucleation is not very 

relevant for mixed-phase clouds since in this type of cloud INPs are already activated to cloud 

droplet. Instead, this mechanism is relevant to cirrus conditions. 
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Figure 1.2. Schematic representation of the primary ice-nucleation modes that can occur in the 

atmosphere. Figure extracted from Kanji et al. (2017). 

Contact freezing is the mode that occurs when a supercooled liquid droplet comes in contact 

with an INP from outside the droplet. This mechanism is not likely to significantly contribute 

to the ice formation in mixed-phase clouds (Phillips et al., 2007; Hoose et al., 2010b). However, 

an INP can touch the surface from inside the droplet as it evaporates, freezing at higher 

temperatures that if it was immersed within the bulk of the droplet. This could be relevant for 

mixed-phase clouds in some situations (Durant and Raymond, 2005).  

Immersion freezing is the mechanisms that happens when an aerosol particle which is 

immersed within a cloud droplet initiates the ice formation (Murray et al., 2012). The particle 

is normally activated into cloud droplet by acting as a CCN. This mode of ice-nucleation can 

occur in between 0 oC and temperatures about ~-38 oC, where all the droplets freeze via 
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homogeneous freezing. Immersion freezing is the main process responsible for ice formation 

in mixed-phase clouds. Given the importance of this mode in altering the radiative properties 

of mixed-phase clouds (DeMott et al., 2010; Zeng et al., 2009; Vergara-Temprado et al., 

2018b), this project mainly focuses on it rather than the other modes.  

There is an additional ice-nucleation mode known as condensation freezing. This mode occurs 

when water condensates on a solid particle and concurrently freezing. Instead of being 

considered an independent mode, deposition freezing mode is sometimes classed alongside the 

immersion or condensation mode (Murray et al., 2012; Vali et al., 2015; Kanji et al., 2017). 

 

1.3.2. Representations of ice-nucleation 

Immersion mode ice-nucleation is an extremely complex phenomenon which depends in 

several aspects such as the temperature, the size, origin, composition and state of the aerosol 

particle within the droplet, or the presence of solutes. Additionally, ice-nucleation is a 

stochastic process, i.e. the probability that it occurs is dependent on time as well as the 

previously mentioned properties. In order to be measured, quantified and modelled, ice-

nucleation needs to be described using a mathematical description. In this section, I describe 

the two most common ways to describe the immersion mode ice-nucleation phenomena.  

The first description is Classical Nucleation Theory (CNT), and it is used to describe several 

nucleation processes including the transition from liquid water to ice (Kashchiev, 2000). It can 

be used to describe the homogenous freezing of liquid water as well as the heterogeneous 

freezing process triggered by an aerosol particle immersed within the water droplet. This theory 

expresses the stochastic behaviour of the ice-nucleation process by defining a nucleation rate 

coefficient Jhom(T), which is the number of nucleation events per unit volume and per unit time 

(Murray et al., 2012). This magnitude is related to the Gibbs free energy of forming the critical 

cluster of the solid phase within the water shown at the beginning of section 1.3 of this chapter. 

It can be shown that in the mixed-phase cloud atmospherically relevant temperature range, 

Jhom(T) greatly increases with decreasing temperature (Murray et al., 2012; Ickes et al., 2015). 

The product of Jhom(T) at a particular temperature T, by the volume of the droplet Vdrop, and 
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certain time t, is the mean number of freezing events within the droplet in that time interval. 

Given the stochastic nature of the freezing process, the probability that a particular droplet is 

frozen can be derived from the Poisson distribution. In order to do that, we assume that 

expected value of the distribution (usually called λ) corresponds to the product Jhom(T) Vdrop t 

(the mean number of freezing events within the droplet in a time interval). The probability that 

the droplet is frozen corresponds to the probability of one or more freezing events occurring 

within the droplet in the time interval (Vergara-Temprado et al., 2017). It can be shown that: 

𝑃𝑓𝑟𝑒𝑒𝑧𝑖𝑛𝑔(𝑇) = 1 − exp(−𝐽ℎ𝑜𝑚(𝑇) 𝑉𝑑𝑟𝑜𝑝 𝑡)   Eq.  1.1 

The probability that the droplet is frozen increases when increasing the exponent. For this 

probability to be of about 10%, the exponent Jhom(T) Vdrop t needs to reach about 0.1. For a 

droplet of about 1 pL and a time interval of 1 min this would only happen when Jhom reaches 

values of about 106 cm-3 s-1. This value of Jhom is only reached at temperatures below ~-37 oC, 

according to most of the available measurements of the Jhom coefficient (Koop and Murray, 

2016). Additionally, this equation could be also applied to a population of droplets with the 

same volume. For a population of droplets with a volume Vdrop, the fraction of droplets frozen 

at a particular temperature ff(T) would be equal to the probability that one of the droplets is 

frozen (given from equation 1.1). 

CNT can be also used to describe heterogeneous freezing. In this process, a surface in contact 

with the supercooled water reduces the energetic barrier of forming the surface of the ice 

nucleus. The nucleation rate coefficient previously shown can be modified to describe the 

heterogeneous freezing process. The heterogeneous nucleation rate coefficient Jhet has the units 

of the number of nucleation events per unit of time t and unit of surface area s of the nucleating 

material in contact with the droplet. This coefficient is also related to the Gibbs free energy of 

forming the critical ice nucleus but multiplied by a factor that accounts for the reduction of the 

energy barrier necessary to form the nucleus. This coefficient is related to a semi-empirical 

magnitude known as the contact angle of the spherical ice nucleus in contact with the nucleating 

surface (Murray et al., 2012). In this case, the freezing probability of a droplet containing a 

certain surface area in a time interval t is given by the equation: 

𝑃𝑓𝑟𝑒𝑒𝑧𝑖𝑛𝑔(𝑇) = 1 − exp(−𝐽ℎ𝑒𝑡(𝑇) 𝑠 𝑡)   Eq. 1.2 
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For a population of droplets containing each of them s surface area of the exact same material, 

ff(T) would be equal to the probability that one of these droplets is frozen, given by the equation 

1.2. This description provides a very useful theoretical framework and it can be used to describe 

ice-nucleation experiments. As an example, if the droplet population previously mentioned 

containing s surface area per droplet was set to a temperature in the water supercooling range, 

some of the droplets would start freezing over time. This would produce a series of ff vs time 

data which could be used to obtain Jhet at the set T. However, this description has several 

caveats, such as the fact that it assumes the same nucleating properties through all the surface 

area of all the aerosol particles within the water as this is generally not the case. As a 

consequence, it is not always possible to reconcile CNT with some empirical results (Murray 

et al., 2012; Vali, 2014).  

Normally, the ice-nucleating properties of an aerosol population exhibit a large particle-to-

particle variability. The singular description is another ice-nucleation description that deals 

with the complexity of this particle-to-particle variability by assuming that the stochastic 

dependency of the freezing process is negligible when compared with the particle-to-particle 

variability (Vali, 1971; Murray et al., 2012; Vali, 2014). This description is based in the 

simplifying assumption that ice-nucleation occurs at specific sites of the immersed aerosol 

surface as soon as the water reaches a temperature which is characteristic of the specific site, 

Tc. The surface area of the aerosol particles in a droplet is assumed to be constant through the 

droplet population, and the ice-nucleating active sites are supposed to be homogeneously 

distributed through the surface. Hence, the ice-nucleating properties of an aerosol population 

are characterised by its density of active sites, ns. The relation in between ff(T) of a droplet 

population containing s surface area per droplet with a density of active sites ns can be 

established using the Poisson distribution (Vergara-Temprado et al., 2017): 

𝑓𝑓(𝑇) = 1 − exp(−𝑛𝑠(𝑇) 𝑠)     Eq. 1.3 

The product ns(T) s can be regarded as the number of active sites per droplet. If dividing ff(T) 

by the volume of the droplet, the resulting magnitude corresponds with the number of active 

sites per unit of water volume K(T), which is also known as the cumulative nucleus 

concentration. The term cumulative refers to the fact that this magnitude accounts for the 
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number of active sites active at temperatures from 0 oC down to T (Vali, 1971). A differential 

nucleus concentration spectrum k(T) can be derived from K(T) by differentiating the later with 

respect to temperature. Hence k(T) corresponds to the number of ice-nucleating sites per unit 

of volume per unit of temperature, active in a temperature interval T to T-dT. The singular 

description provides a useful theoretical framework that can be easily approached 

experimentally. This is normally done by suspending an aerosol sample (extracted from the 

atmosphere or generated in a laboratory) into water droplets and then supercooling the system 

at a constant rate. In this way, ff(T) can be obtained, and different forms of the equation 1.3 can 

be used to calculate K(T) or ns(T). Additionally, the INP concentration temperature spectrum 

[INP](T), can be derived from K(T) of an atmospheric aerosol sample.  

CNT and the singular description are the two main descriptions for the immersion mode 

heterogeneous freezing phenomena. Although there are other descriptions, most of them are 

based in one of these two basic descriptions (Vali, 2014). CNT can explain the freezing 

behaviour of some INP types in some experiments, however, this is frequently not the case. In 

order to be able to explain some experiments using CNT, some authors have introduced 

modifications to the theory which account from some variability of the ice-nucleating 

properties of the aerosol surface immersed in the droplets (Zobrist et al., 2007; Marcolli et al., 

2007; Welti et al., 2012; Niedermeier et al., 2011). However, a very recent study managed to 

characterise the ice-nucleating properties of a material only based on CNT and the surface area 

variability within the aerosol sample (Knopf et al., 2020).  

Although the singular description neglects the time dependency behaviour of the ice-nucleation 

process leading to some caveats, it can explain the key freezing behaviour of most INPs (Vali, 

2014). When a applied to the same materials, measurements based on the singular description 

using different techniques tend to be in agreement and show reproducibility (DeMott et al., 

2018). Additionally, there is experimental evidence of the existence of the ice-nucleation active 

sites in which the singular description is based on (Holden et al., 2019). Given the extensive 

evidence which supports the use of the singular description, this thesis follows the body of 

previous laboratory, fieldwork and modelling studies that use this description. Apart from 

providing a useful and valid theoretical and experimental framework for our experiments, 
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choosing the singular description allows us to compare the data from our experiments and 

modelling work to many existing studies. 

 

1.3.3. Impacts of INPs in mixed-phase clouds and climate 

Clouds are suspensions of liquid or solid water droplets that occur in the atmosphere. They 

play a crucial role in the atmospheric system by reflecting sunlight back to space, trapping the 

longwave radiation emitted by the surface of the Earth, transporting water to the surface of the 

planet from the atmosphere, deposit atmospheric gas or solid materials to the surface and other 

effects (Seinfeld and Pandis, 2006). Mixed-phase clouds are one of the most common types of 

clouds, occurring at all latitudes. These clouds are composed of supercooled liquid droplets as 

well as ice particles, in contact through the water vapour phase (Korolev et al., 2017). Droplet 

freezing produced by the presence of immersed INPs within the droplet is known to be the 

most relevant ice-nucleation mode for mixed-phase clouds (Murray et al., 2012; Westbrook 

and Illingworth, 2013).  

INPs can start heterogeneous ice formation in mixed-phase clouds at temperatures in between 

~ 0 and ~-37 oC, changing their radiative properties. Additionally, once the presence of INP 

leads to the freezing of some of the droplets of the mixed-phase clouds, the number of ice 

crystals can increase due to secondary ice production processes (Field et al., 2017). When the 

ice-phase appears, the system becomes thermodynamically unstable as the ice particles exhibit 

a lower saturation vapour pressure than the liquid particles. Hence, the ice particles can grow 

at the expense of the liquid phase. This phenomenon is called Wegener–Bergeron–Findeisen 

process and it can lead to the precipitation of the ice crystal (Korolev et al., 2017). Therefore, 

a link between the occurrence of the ice phase and precipitation of mixed-phase clouds has 

been observed (Ovchinnikov et al., 2014; Field and Heymsfield, 2015). Additionally, some 

studies have found a direct link in between the presence of a certain amount of INPs and 

significant removal of water (Stevens et al., 2018; Vergara-Temprado et al., 2018b). Apart from 

affecting the precipitation process, ice particles within the mixed-phase clouds would be less 

abundant and larger than the equivalent liquid water droplets, leading to optically thinner 

clouds (Korolev et al., 2017). As a consequence, an increase in the number of ice crystals 
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produced by enhanced INPs or secondary ice production would lead to a reduction of the 

reflected shortwave radiation. Additionally, mixed-phase clouds can reflect the Earth’s 

longwave radiation (Solomon et al., 2017),   

By dramatically affecting the radiative and precipitation properties of mixed-phase clouds, ice 

processes such as heterogeneous freezing produced by INPs can affect the climate of the Earth 

and its representation in models. The unrealistic representation in models of mixed-phase 

clouds ice-related processes such as the concentration of INPs leads to poor quantifications of 

the amount of ice and liquid water in these clouds (McCoy et al., 2018). This results in large 

uncertainties in the negative cloud phase feedback at mid- to high-latitudes (Storelvmo et al., 

2015; Tan et al., 2016). Furthermore, the low concentrations of INPs in the Southern Ocean 

are a major contribution to the increased persistence of mixed-phase clouds in the region, 

leading to a significant reflection of shortwave radiation with a cooling effect (Vergara-

Temprado et al., 2018b).  

 

1.4. Sources of Ice-Nucleating Particles 

INP concentrations are typically several orders of magnitude below the total aerosol 

concentration. The ice-nucleating properties of an aerosol particle depend on their chemical 

composition, origin and other properties (Murray et al., 2012). In this section, I review the most 

important known sources of immersion mode atmospheric INPs. 

 

1.4.1. Mineral dust 

Mineral dust aerosol, which consists of a suspension of soil particles from natural and 

anthropogenic origin is known to play a crucial role in the earth system (Seinfeld and Pandis, 

2006; Schepanski, 2018). The presence of dust in the atmosphere is controlled by the dust 

cycle, which consists in its emission from a complex interaction in between the wind and soil 

surface, the transport of the dust-laden air masses through the atmosphere and the dust 

deposition, both trough gravitational settling or wet scavenging (Schepanski, 2018; Shao et al., 
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2011). The presence of dust affects the atmosphere through different mechanisms. Dust 

particles directly scatter, absorb and re-emit radiation, which is likely to produce a net cooling 

effect (Shell and Somerville, 2007; Ginoux, 2017). Furthermore, dust particles indirectly affect 

climate by participating in different cloud processes which affect the water cycle, such as acting 

as CCN and INPs (Schepanski, 2018).  

The effective ice-nucleating ability of dust has been extensively studied in laboratory studies 

(Niemand et al., 2012; Atkinson et al., 2013; Augustin-Bauditz et al., 2014; Boose et al., 2016c; 

Harrison et al., 2016; Ullrich et al., 2017). The relevance of dust as INP has also been found in 

field work measurements (Boose et al., 2016a; Price et al., 2018). Given their high ice-

nucleation ability and their abundance in the atmosphere (Huneeus et al., 2011), dust are 

considered the one of the most important types of INP (Hoose and Mohler, 2012; Vergara-

Temprado et al., 2017; Kanji et al., 2017). The ice-nucleating ability of dusts strongly depends 

on its mineralogy. K-feldspar is the known to be the most active mineral phase, and its presence 

within a dust sample can explain almost all the ice-nucleation ability of most dust samples 

(Atkinson et al., 2013; Augustin-Bauditz et al., 2014; Harrison et al., 2016; Harrison et al., 

2019).  

Most of the dust present in the atmosphere is emitted naturally by arid low-latitude deserts 

(Ginoux et al., 2012). We will refer to this type of dust as “desert dust” or “lower-latitude dust 

(LLD)”. However, there are several sources of mineral dust located at higher-latitudes. These 

sources are described in the next section.  

 

1.4.2. High-latitude dust 

In recent years, several studies have raised the importance of dust emitted by cold, high-latitude 

environments such as Iceland (see Fig. 1.3), Greenland, Alaska and others (Crusius et al., 2011; 

Prospero et al., 2012; Dagsson-Waldhauserova et al., 2013; Dagsson-Waldhauserova et al., 

2014b; Arnalds et al., 2016; Bullard et al., 2016; Groot Zwaaftink et al., 2016; Dagsson-

Waldhauserova et al., 2017; Groot Zwaaftink et al., 2017; Bullard and Mockford, 2018; 

Dagsson-Waldhauserova et al., 2019). A map showing most of the current observations of this 
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type of dusts is shown in Fig 1.4.  Estimations from different studies suggest that all of these 

high-latitude dust (HLD) sources contribute about 1 to 5 % of the total dust burden (Bullard et 

al., 2016; Groot Zwaaftink et al., 2016). Apart from the direct contribution of HLD to the global 

dust budget, these sources have the potential to additionally influence the atmosphere since 

they are emitted in remote environments. In these remote regions, the transport of arid lower-

latitude dust (LLD) can be weak at some moments of the year such as the summer (Fan, 2013; 

Groot Zwaaftink et al., 2016). Hence HLD could be the periodically the dominant source of 

dust in some regions.  

Very few studies have looked at the ice-nucleation ability of HLDs, suggesting that its ice-

nucleation ability can be comparable or even larger than some LLDs (Paramonov et al., 2018; 

Tobo et al., 2019). However, determining the contribution of HLDs to the INP population is 

particularly challenging. First of all, HLDs from different sources differ significantly in their 

origin. HLDs can be composed of glacio-fluvial sediments, re-suspended volcanic ash or even 

anthropogenic material from mining activities (Dörnbrack et al., 2010; Arnalds et al., 2016; 

Bullard et al., 2016). Additionally, some HLDs might contain biological material in it. 

Therefore, it is not possible to extrapolate the ice-nucleating properties of better-studied LLDs 

to HLDs and it is necessary to individually study each of the HLD sources separately. Another 

difficulty of addressing the global ice-nucleation relevance of HLDs is the difficulty to model 

these dusts. Although HLD and LLD are essentially subjected to the same fundamental 

processes, there are additional processes which affect dust emission which are unique to high-

latitudes (Bullard et al., 2016). Unlike LLDs, which are normally emitted by extensive areas, 

HLD sources tend to be smaller and more disperse, sometimes below the resolution of global 

models. Katabatic winds, which are critical for HLD emission in some areas, are normally not 

included in models since this phenomenon tends to happen in scales which are too small to be 

resolved by most models. Additionally, the more frequent presence of precipitation and snow 

cover in the HLD emission areas needs to be taken into consideration since these factors 

significantly affect the dust emission. 
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Figure 1.3. Moderate Resolution Imaging Spectroradiometer (MODIS) image of Iceland taken 

on the 5th of October of 2004. The image shows several dust plums emanating from the south 

of the island. Image extracted from Prospero et al. (2012). 
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Figure 1.4. Map showing all the current observations of HLD (as well as the LLD emission 

areas). This diagram has been extracted and modified from Bullard et al. (2016), including an 

additional dust observation in east Greenland detected using NASA Worldview (more details 

of this observation are shown in Chapter 4). 

Determining the contribution of HLD to the INP population is particularly relevant since they 

have the potential to affect the liquid-ice partitioning of Arctic low-level mixed-phase clouds. 

The difficulties associated to represent the liquid and ice phase in mixed-phase clouds in mid- 

to high-latitudes are known to be one of the largest sources of uncertainties in climate 

predictions. Hence, one of the aims of this project is to understand if Iceland is a significant 

source of INPs.  

 

1.4.3. Biological material 

Biological aerosol particles are a very diverse type of aerosol that can be composed of 

microorganisms such as bacteria or viruses, fragments or excretions of biological organisms 

such as fungal spores, pollen and others (Després et al., 2012). Different biological materials 

have been identified as effective ice-nucleators for decades (Schnell and Vali, 1973; Maki et 
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al., 1974) and some of them could be aerosolised and become atmospheric INPs. Although it 

is well established that some biological aerosol particles are one of the most active ice-

nucleators, its global contribution to the INP population at cloud relevant altitudes has not been 

fully addressed yet. In this section, I will describe the most important types.  

Given that water masses cover the majority of the surface of the Earth, sea spray aerosol 

generated by bubble bursting in the surface of the oceans is one of the main sources of aerosol 

particles in the atmosphere (Seinfeld and Pandis, 2006). Apart from acting as a CCN and 

affecting the radiative balance of the atmosphere (Boucher, 2013), sea spray aerosol provides 

the atmosphere with INPs due to the presence of organic material (Wilson et al., 2015; DeMott 

et al., 2016; McCluskey et al., 2018). It is not clear which organic material is responsible for 

the ice-nucleation ability of the sea spray aerosol, although there are several candidates. 

Because a significant fraction of the sea spray INPs are very small in size (usually smaller than 

~ 0.2 μm), it has been proposed than its ice-nucleation ability is given by exudates from 

phytoplankton, bacteria or other marine microorganisms (Wilson et al., 2015; Irish et al., 2017; 

Ickes et al., 2020). Although models show that dust is the overall dominant source of INPs at 

altitudes where mixed-phase clouds can occur, sea spray aerosol has been found to compete or 

even dominate over dust at some locations, particularly at remote environments such as the 

Southern Hemisphere (Vergara-Temprado et al., 2017; Huang et al., 2018; McCluskey et al., 

2019).  

Terrestrial biological material has also been found to nucleate ice at remarkably high 

temperatures. Some of these sources consists in primary biological aerosol particles pollen, 

bacteria or fungal fragments (Pummer et al., 2012; Haga et al., 2013; Haga et al., 2014; Hill et 

al., 2014; Wex et al., 2015). Additionally, some biological INPs have been found in 

precipitation (Failor et al., 2017; Joyce et al., 2019), suggesting that these particles could have 

contributed in droplet freezing and the subsequent precipitation. However, it is not clear if 

terrestrial biological INPs from these sources reach altitudes where mixed-phase clouds can 

occur in a concentration which is large enough. Several modelling studies have questioned the 

possibility for this type of INPs to substantially affect the climate (Hoose et al., 2010a; Sesartic 

et al., 2013; Sahyoun et al., 2016; Hummel et al., 2018). However, some biological origin 
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macromolecules have shown to have high ice-nucleation ability and they could attach to soil 

dust particles, enhancing its INP concentration (Pummer et al., 2015; O'Sullivan et al., 2015; 

Augustin-Bauditz et al., 2016; O'Sullivan et al., 2016). No modelling study has attempted to 

quantify the contribution of the ice-nucleating macromolecules yet to the INP population at 

cloud relevant altitudes.  

 

1.4.4. Others 

Mineral dust, biological aerosol particles, or biological material attached to particles such as 

dust or sea spray particles are known to be the most relevant types of INPs. These sources can 

explain the majority of the observed INP concentrations (Vergara-Temprado et al., 2017; 

O'Sullivan et al., 2018; Ladino et al., 2019). However, other aerosol types have been 

investigated as a source of INP, being important in some occasions.  

Significant amounts of volcanic ash particles are emitted as a product of volcanic eruptions, 

which frequently occur at different locations of the Earth (Langmann, 2013). The ice-

nucleation ability of volcanic ash is highly variable, being in some occasions comparable to 

mineral dusts from deserts (Mangan et al., 2017; Maters et al., 2019; Jahn et al., 2019). 

Volcanic ash is sometimes classified as mineral dust (Langmann, 2013). 

Anthropogenic activities (mainly agriculture) are responsible for up to ~25 % of the global 

mineral dust burden (Ginoux et al., 2012). Fertile soil dust has been found to have an ice-

nucleation activity similar or above the one exhibited by mineral dusts from the deserts (Tobo 

et al., 2014; O'Sullivan et al., 2014; Steinke et al., 2016). These studies have also found direct 

evidence that organic material which is internally mixed with the soil dust is responsible for a 

part of its high ice-nucleating ability.  

Natural and anthropogenic combustion processes emit large amounts of aerosol particles to the 

atmosphere. These types of aerosol particles are very diverse in chemical composition, hence 

its ice-nucleation abilities has been found to vary substantially. Hence, the question of whether 

combustion aerosol particles are a relevant source of INPs remains open (Kanji et al., 2017). 

However, at present, there is a growing consensus that combustion aerosol particles are of 
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second-order importance when compared with mineral dust and sea spray aerosol (Schill et al., 

2016; Ullrich et al., 2017; Mahrt et al., 2018; Vergara-Temprado et al., 2018a; Adams et al., 

Manuscript submitted for publication).  

 

1.5. Measurements of INP 

The INP concentration is defined as the number of aerosol particles that would nucleate ice in 

water droplets if exposed to a particular temperature, hence it is a cumulative quantity that 

depends on the temperature. Additionally, the INP concentrations are usually orders of 

magnitude below the total aerosol concentration. As a consequence, its concentration at some 

temperatures is usually very low, which makes it particularly challenging to detect them. The 

challenge is even more significant when measuring INP on board of an aircraft, given that these 

platforms usually offer shorter sampling times to perform measurements than ground-based 

measurements. In order to quantify the immersion mode INP concentration several online and 

offline techniques have been developed. Some of them expose the aerosol particles to water 

supersaturation as well as a particular temperature so ice forms in some of them. Some others 

consist in immersing the aerosol particles onto water droplets before cooling them until 

freezing.  

Within the online techniques, one of the most used instrument types are Continuous Flow 

Diffusion Chambers (CFDCs) (Stetzer et al., 2008; Kanji and Abbatt, 2009; Garimella et al., 

2016). These instruments consist of two ice-coated surfaces which are set at different 

temperatures. The configuration of these two surfaces can be either two parallel plates or two 

concentric cylinders. The two ice-coated surfaces will generate and specific temperature and 

water saturation in between them. The temperature and water saturation can be controlled by 

adjusting the temperature of the two surfaces. Aerosol particles flow in between the two 

surfaces, hence they are exposed to the desired temperature and water saturation conditions for 

a few seconds. If water supersaturation and temperatures between 0 oC and homogenous 

freezing temperatures are imposed, the droplets would be CCN activated and some of them 

will freeze. After this has happened, different techniques to count the number of ice particles 
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and water droplets are applied. This data can be used to quantify the INP concentration (DeMott 

et al., 2017; DeMott et al., 2018). Additionally, CFDCs can be used at water subsaturations 

(but ice supersaturations) to measure the INPs in the deposition mode. Some CFDCs have been 

deployed on board of aircraft to the concentration of INPs at different altitudes (Rogers et al., 

2001; Wendisch and Brenguier, 2013). CFDCs have the advantage that they can produce real-

time INP concentration data. However, given their low flow rates, they tend to have a low 

sensitivity, which can be problematic, especially when sampling on board of an aircraft. 

Additionally, these instruments can only measure the INP concentration at one temperature at 

one time; hence, it is challenging to use them to measure the full temperature spectrum of INPs.  

Cloud chambers can be also used to perform online INP measurements. In these instruments, 

an aerosol suspension is brought or placed inside the chamber, which uses a controlled 

expansion to cool the system and generate cloud conditions where ice-nucleation can be 

observed (Möhler et al., 2003; Hartmann et al., 2011). If the used air is sampled from the 

atmosphere, it can be used to quantify the INP population. This is normally achievable using 

portable cloud chambers (Kohn et al., 2016). When used in the immersion mode, these 

chambers usually cool the aerosol particles at water supersaturation. By doing this, the particles 

are activated as a CCN while they cool to freezing temperatures. In order to calculate the INP 

concentration the number of water droplets and ice crystals is normally monitored during the 

cooling. These chambers are also commonly used to measure the ice-nucleation ability of 

aerosolised materials (Steinke et al., 2011; Niemand et al., 2012; Steinke et al., 2016; Ullrich 

et al., 2017; DeMott et al., 2018). In a similar way to the CFDCs, cloud chambers can be also 

run below water saturation to observe the deposition mode ice-nucleation. Although cloud 

chambers can produce very useful data, many of them are not portable and difficult to deploy 

in an aircraft (Wendisch and Brenguier, 2013).  

Most of the offline techniques to measure INPs start by collecting aerosol particles. The 

collection is usually by filtration or impaction. Afterwards, different types of analysis can be 

performed. In the majority of the subsequent analysis, the aerosol particles are placed into water 

droplets in different ways, and then the droplets are constantly cooled down to homogenous 

freezing temperature using a cold stage. By recording the process, it is possible to observe the 
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fraction of droplets frozen at each temperature and therefore calculate the INP concentration. 

Some techniques wash off the aerosol particles from the substrates they have been sampled on 

to create a suspension of the aerosol sample in water (DeMott et al., 2017; O'Sullivan et al., 

2018; Creamean et al., 2018b). Some others perform the analysis keeping the aerosol particles 

on top of their substrates and placing them into the water using different techniques. 

There are several ways to analyse the washed suspensions of aerosol particles. The suspension 

can be pipetted onto a substrate prior to freezing in the cold stage (Whale et al., 2015; Tobo, 

2016; O'Sullivan et al., 2018; Creamean et al., 2018b). Alternatively, it can be placed inside of 

small wells, which can be used to place larger volumes of water and reach higher temperature 

parts of the ice-nucleation temperature spectrum (Hill et al., 2014; Harrison et al., 2018). The 

analysis of the suspended particles can be also performed using microfluidic techniques, where 

droplets with a size of about tens of μm containing as little as one aerosol per droplet are 

generated and cooled (Tarn et al., 2018; Reicher et al., 2019; Tarn et al., 2020). This technique 

can be used to observe the lower-temperature part of the INP spectrum. These suspension-

based techniques are also frequently used to analyse laboratory-generated suspensions of 

different materials to quantify their ice-nucleation ability (Atkinson et al., 2013; Whale et al., 

2015; Harrison et al., 2019). These techniques have the advantage that the experiment can be 

repeated multiple times. This allows altering physically or chemically a part of the suspension 

before repeating the experiment to observe how this change affects the ice-nucleation 

properties of the sample. However, some of these techniques are not very sensitive if the 

aerosol sample has a low ice-nucleation activity. Hence it can be difficult to use them on board 

of an aircraft where the sampling times rarely exceed a few minutes and therefore very few 

aerosol particles are placed on top of the filter or substrate.  

There are several ways to measure the INP concentration without extracting the aerosol 

particles from the substrate or filter they have been sampled on. Some techniques punch out 

small segments of the filter where particles have been collected and place it onto aliquots in a 

cold stage (Chen et al., 2018; Wex et al., 2019). Another technique works by placing the 

substrate where the aerosol particles are within a chamber where humidity and temperature are 

controlled. Then, water can be condensed into droplets on top of the substrate before cooling 
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at constant rate (Bigg, 1990; Bigg and Leck, 2001; Mason et al., 2015; Schrod et al., 2016; 

Mason et al., 2016; Ladino et al., 2019). Another way to analyse the aerosol sample on top of 

the substrate consists in placing the substrate on top of the cold stage and manually pipette 

water droplets on top of it before cooling the system and observing the freezing (Schnell, 1982; 

Price et al., 2018). A caveat of these techniques is that in most cases, the analysis can only be 

performed one time per sample. However, these techniques can normally place a larger 

proportion of the sampled particles inside a smaller volume of water than the washing off 

techniques. Therefore, they tend to have a higher sensitivity, which is critical when measuring 

low INP concentrations (or when the sampling periods are very small). The higher sensitivity 

of these type of techniques is the reason why used a droplet on top of filter freezing assay for 

the INP measurements shown in this thesis. Particularly, I used a similar approach as described 

Price et al. (2018). This technique is flexible enough to be deployed during field campaigns to 

analyse the samples close to the collection date, which avoids the need for sample storage. 

 

1.6. SEM-EDS principles  

Our understanding of the world and scientific concepts that we use are strongly determined by 

what we are able to observe around us. Human eyes can only resolve distances down to ~ 0.1 

mm (Croft, 1999), therefore it is very difficult to observe anything smaller than these sizes. In 

order to overcome these limitations, humans have been used different techniques to observe 

objects smaller than what they can see for centuries.  

Microscopy is a set of techniques which transform an object into an image which is normally 

much larger than the object (Goodhew et al., 2000). Optical microscopy is probably the most 

common microscopy technique and it has been used for the last ~400 years (Croft, 1999). These 

systems normally use lenses in combination with electromagnetic radiation to produce 

magnified images of an object. The radiation is normally in the visible spectrum (light) 

although some modern systems can use electromagnetic radiation with different wavelength 

(Egerton, 2005). The resolution of a microscope is ultimately given by the diffraction, which 

are the effects that happen when the electromagnetic radiation interacts with obstacles. The 
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diffraction limit on the resolution is approximately half of the wavelength of the incident wave 

(Egerton, 2005), which corresponds to a best-possible resolution of ~0.3 μm for light in the 

middle of the visible spectrum (0.6 μm). Since the size of atmospheric aerosol particles range 

from a few nm to tens of μm (Seinfeld and Pandis, 2006), optical microscopes cannot be used 

to observe a significant proportion of the aerosol particles.  

It is possible to use electrons instead of light to produce magnified images of objects. This set 

of techniques is known as electron microscopy. Many of the concepts valid in optical 

microscopy are also valid in electron microscopy (Goodhew et al., 2000). Since particles such 

as electrons exhibit wavelike character, it is possible to describe them in these terms. The 

wavelength of accelerated electrons tend to be much smaller than the wavelength of visible 

light. For example, an electron that is accelerated in the vacuum through a potential difference 

of 50 V has an associated wavelength of 0.17 nm (Egerton, 2005), hence the diffraction limit 

in the resolution of a system using those electrons would be around 0.1 nm, which is much 

lower than the usual resolution in optical microscopy.  

Scanning Electron Microscopy (SEM) is one of the most common techniques used to produce 

magnified images of an object using electrons. These microscopes operate by impacting the 

sample with accelerated electrons, which interact with the sample, producing outgoing 

electrons, which can be used to produce images. A diagram of this process is shown in Fig. 1.5. 

This process usually is carried out in a vacuum chamber. The beam of incident electrons is 

focused into a small point of the sample, which is scanned in two perpendicular directions 

across a section of the sample to produce an image (Egerton, 2005). The scanning is done by 

changing the direction of the beam of incoming electrons using magnetic fields. 

When the beam of electrons enters the sample, some of them are elastically backscattered by 

the atomic nuclei and ejected out of the sample, as shown in Fig. 1.5. These backscattered 

electrons can be used to produce images, whose contrast mainly depends on the average atomic 

number of the elements present within the sample. This is because a beam interacting with 

higher atomic number elements results in greater elastic scattering and a greater flux of 

backscattered electrons at the detector (Egerton, 2005). Other electrons in the beam are 

inelastically scattered by electrons present at the surface of the sample, which causes an energy 
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loss. This energy is then transferred to the sample’s electrons. If these electrons are weakly 

bound to an atomic nucleus, they can escape the sample. These outgoing electrons are called 

secondary electrons, and they can be used to produce images of the sample. A diagram 

explaining the emission of secondary electrons is shown in Fig. 1.6. Secondary electron 

emission can happen from all points within a depth λ of the surface. When scanning from above, 

the parts of the sample which are not perpendicularly oriented to the vertical axis (such as the 

edges of a particle) will emit more secondary electrons and would look brighter if an image 

was created with these electrons. Hence, secondary electrons can be used to produce images 

that mainly depend on the topography of the sample (Egerton, 2005).  

The outgoing backscattered and secondary electrons are normally detected using scintillators, 

which have a layer that can be made of several materials which have the property of 

cathodoluminescence. This property consists of the emission of visible-light when bombarded 

by charged particles, in this case, electrons. The light is then guided outside the vacuum to 

produce images.  
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Figure 1.5. Diagram of the basic principles of SEM and its spatial resolution. The scales of the 

beam of incident electrons as well as the outgoing electrons and the X-Ray signal are shown. 

Image extracted on the 2020/08/19 from 

https://myscope.training/legacy/analysis/eds/xraygeneration/.  
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Figure 1.6. (a) Cross-sectional representation of a sample consisting of a flat surface with 

certain features, including a hole and a particle. The secondary electron scape depth is shown. 

(b) Secondary electron signal (assuming the electrons are detected from above the surface) 

corresponding to the sample shown above. Diagram modified from (Egerton, 2005).  

The process of impacting the sample with a beam of electrons can also result in the ejection of 

electrons from the inner-shell of the atom, leaving a vacant energy level within the inner 

electron shell. Characteristic X-rays are subsequently emitted as outer shell electrons fall to fill 

the inner-shell vacancy, as shown in Fig. 1.5. Each atomic element has a unique set of electron 

energy levels, therefore the emitted photons can be used to determine which elements are 

present within the sample. This technique is called Energy-Dispersive Spectroscopy (EDS), 

and it can be used to perform elemental analysis within the SEM where the magnitude of 

characteristic X-ray peaks are calibrated against known standards to quantify elemental 

abundance (Goldstein et al., 2018). SEM-EDS techniques were previously limited to analysis 

of elements with Z<11, but nowadays modern instruments can meaningfully determine 

elements as light as Be (Z=4) (Ro et al., 2000).  
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SEM-EDS has been used extensively to analysis individual aerosol particles (Laskin and 

Cowin, 2001; Reid et al., 2003; Krejci et al., 2005; Gao et al., 2007; Kandler et al., 2007; Chou 

et al., 2008; Hand et al., 2010; Kandler et al., 2011; Engelbrecht et al., 2016; Augustin-Bauditz 

et al., 2016; Young et al., 2016; Kandler et al., 2018; Ryder et al., 2018; Price et al., 2018; 

Waza et al., 2019). Most of these studies used atmospheric or laboratory-generated aerosol 

samples that were collected onto different substrates via impaction or deposition, or on top of 

filters via filtration. The substrates containing aerosol particles are subsequently analysed using 

SEM to visually examine some of these particles or measure their size distribution. EDS is also 

very commonly performed during these analyses to obtain the chemical composition of the 

particles. This is frequently done in order to quantify the presence of different aerosol species 

within the sample or to further characterise properties of some individual aerosol particles such 

as their mixing state or coatings.  

When studying the composition of aerosol particles using an SEM, there are some other 

limitations apart from the ones arising from the technique itself. When the EDS detector targets 

a spot in the sample, the X-rays that it measures are being emitted by certain interaction volume 

(shown in Fig 1.5). This volume is inversely proportional to Z and proportional to the energy 

of the incident electrons used (normally varies from 1-5 μm3 but it is typically < 2 μm3). Hence, 

a part of the EDS signal is arising from the sample substrate for particles smaller than the 

interaction volume (Egerton, 2005; Laskin and Cowin, 2001). This problem could be avoided 

by using a substrate made of a material which is not normally present in the atmosphere, or 

choosing a substrate with a very low EDS signal (Laskin et al., 2002; Laskin et al., 2003). 

Nevertheless, it is not always possible to use these materials because of the way sampling 

platforms work. The most common sampling substrates used for aerosol size and composition 

SEM analysis are carbon based flat surfaces for impaction (Kandler et al., 2007; Kandler et al., 

2011; Laskin and Cowin, 2001) or polycarbonate filters (Hand et al., 2010; Reid et al., 2003; 

Gao et al., 2007; Chou et al., 2008; Engelbrecht et al., 2016; Young et al., 2016). Therefore, 

the concentrations of elements present in these background materials (i.e. carbon and oxygen) 

cannot be quantified or used reliably when categorising the particles according to their 

composition. Different limitations arise from the electron signal choice. Some studies use 

backscattered electrons (Reid et al., 2003; Gao et al., 2007; Kandler et al., 2007; Kandler et al., 
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2011; Young et al., 2016; Price et al., 2018; Kandler et al., 2018) while some other choose 

secondary electrons (Krejci et al., 2005; Hamacher-Barth et al., 2013). Since the backscattered 

electron detector produces images whose contrast is mainly dependent on the atomic number 

of the sample (Egerton, 2005), aerosol particles with a similar composition to the background 

might look invisible under this detector and could be underestimated. This is particularly 

important for small carbonaceous particles on top of carbon films or polycarbonate filters 

(Laskin and Cowin, 2001; Gao et al., 2007). 

SEM-EDS is a technique can be used to observe accumulation and coarse mode aerosol 

particles, as well as get information about their chemical composition. In this project, I 

developed a SEM-EDS technique to measure the size-resolved composition of the aerosol 

particles, which was then subsequently used during aircraft field campaigns. This analysis 

complemented the INP measurements and it helped with the identification of sources of INPs.  

 

1.7. Research objectives and thesis overview 

This project’s objectives focus on measuring and characterising INPs in the atmosphere using 

a research aircraft. Hence, the first goal was setting a methodology to sample aerosol particles 

from the UK’s BAe-146 FAAM research aircraft and subsequently analyse the INP 

concentration and chemical composition of these samples. The developed methodology was 

then applied in three field campaigns, which had the objective to characterise the INP 

population at specific locations.  

 

1.7.1. Characterising a methodology to sample aerosol particles on board of an 

aircraft and its use for SEM-EDS size-resolved composition studies  

In order to properly characterise the INP population in the atmosphere, measurements of the 

INP concentration as well as aerosol composition are necessary. In previous work by our 

research group, aerosol samples were collected during a field campaign in Cape Verde using 

an aircraft (Price et al., 2018). The filter inlet system which was used allowed the authors to 
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collect a sample onto two filters at the same time and subsequently analyse them using a 

droplet-based assay to quantify the INP population. The second filter of each sample was given 

to collaborators from other Universities for several other analyses. One of the most remarkable 

analyses carried out on these samples was a measurement of the size-resolved aerosol 

composition using SEM-EDS (Price et al., 2018; Ryder et al., 2018). Although the collection 

and analysis of those samples produced very useful results, it had the caveats of the filter inlet 

system and its components not being characterised. Therefore, any sampling biases in the 

system, as well as the optimum setup to operate it, were unknown. Additionally, even though 

our research group had access to SEM-EDS facilities, a technique to analyse aerosol particles 

using SEM-EDS had never been established in the University of Leeds. Not having access to 

a technique to measure the size-resolved composition of the aerosol samples would have made 

it very difficult to perform this type of analysis systematically and with the flexibility that I 

wanted to achieve my research objectives.  

As a consequence, the first part of the project consisted in setting the methodology necessary 

to properly perform the aerosol sampling and analysis I need. Firstly, I established a SEM-EDS 

technique at the facilities at the University of Leeds. Secondly, I characterised the filter inlet 

system on board of the FAAM BAe-146. This was done both theoretically using estimates of 

the losses and enhancements produced by the system and experimentally, using the SEM-EDS 

technique. The purpose of the inlet characterisation is to understand the sampling biases and 

the optimal way to operate the system.  Having these techniques developed and characterised 

allowed me to systematically perform the necessary measurements to achieve the rest of the 

research objectives. The measuring methodology consisted of firstly in collecting aerosol 

samples on top of pairs of filters. For each pair, one of the filters were analysed using the 

existing droplet-based assay to characterise the INP concentration (Price et al., 2018). The 

second filter of the pair was analysed using the developed SEM-EDS technique to obtain the 

size-resolved composition of the sample. The results were compared with the OPCs available 

on board of the FAAM BAe-146, the Passive Cavity Aerosol Spectrometer Probe 100-X 

(PCASP) and the Cloud Droplet Probe (CDP). 
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The results of this part of the project are  presented in Chapter two, which contains the paper 

“Characterisation of the filter inlet system on the FAAM BAe-146 research aircraft and its use 

for size-resolved aerosol composition measurements” (Sanchez-Marroquin et al., 2019). 

 

1.7.2. Characterising the INP population in North-Western Europe 

Not many INP measurements have been carried out in North-Western Europe. The INP 

population at these locations is expected to be dominated by the presence of transported desert 

mineral dust as well as some potentially local contributions of biological material. Recently, 

O'Sullivan et al. (2018) showed that the INP population at a location within North-Western 

Europe is dominated by the presence of these two aerosol types during the autumn. The study 

is consistent with other studies that show the importance of biological material to explain the 

INP population, particularly at the high end of its temperature spectra. However, most INP 

measurements are carried out at ground level, which could enhance the detection of biological 

aerosol particles.  

Applying our methodology during FAAM BAe-146 research flights in the UK allowed me to 

collect aerosol particles throughout the boundary layer. Collecting the samples at different 

altitudes through the boundary layer helped to produce results with higher atmospheric 

relevance and less likely biased from local sources of biological aerosol particles. The 

subsequent double analysis of INPs and aerosol size-resolved composition was used to 

understand which aerosol types contribute to the INP population in these regions. This research 

objective is covered in the Chapter three, where the paper Aircraft measurements of Ice-

Nucleating Particles and aerosol composition in North-Western Europe (Sanchez-Marroquin 

et al., In prep.-b) is presented.  

 

1.7.3. Quantifying the contribution of Icelandic dust to the INP population 

As mentioned previously, significant amounts of dust are emitted by cold high-latitude 

environments such as Iceland, far away from low latitude sources of mineral dust. From this 

arises the question of whether these dust sources could contribute significantly to the INP 
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population at mid- to high-latitudes. This question has never been addressed by any study yet. 

The previously developed methodology has been used in combination with aerosol modelling 

to determine the hypothesis of Icelandic dust as a relevant source of INPs. 

In most studies focusing in the ice-nucleation ability of mineral dust, the material is manually 

collected from the surface and then analysed using a CFDC, a droplet-based assay or in a cloud 

chamber, with or without aerosolising the sample first (Steinke et al., 2011; Hoyle et al., 2011; 

Niemand et al., 2012; O'Sullivan et al., 2014; Ullrich et al., 2017; Paramonov et al., 2018). This 

way of collecting and analysing dust is very useful and usually provides enough material to 

analyse the sample using other secondary techniques. However, the aerosol particles present in 

the atmosphere have been naturally aerosolised, which potentially changes their chemical and 

morphological properties. This does not happen in the same way in manually collected surface 

samples, which are either not aerosolised or artificially aerosolised in a laboratory. In order to 

overcome this problem, I sampled naturally aerosolised dust from the boundary layer using the 

FAAM BAe-146. In this way, our samples are fully atmospherically representative. Our double 

analysis allowed me to characterise the INP concentration of the samples as well as its chemical 

and morphological properties, making sure that the samples are constituted by dust.  

Apart from quantifying its ice-nucleation ability, addressing the relevance of an INP source 

requires us to determine if there is enough of that material in the atmosphere at cloud relevant 

altitudes for it to have the potential to affect clouds. Additionally, it is also important to 

calculate if the INP concentrations produced by the material are significant enough to compete 

with the rest of the INP sources. In chapter four, I address these questions using measurements 

of Icelandic dust in combination with a global aerosol model. This chapter contains the paper 

“Iceland is an episodic source of atmospheric ice-nucleating particles relevant for mixed-phase 

clouds” (Sanchez-Marroquin et al., 2020). 

 

1.7.4. INP measurements in the North-Western American Arctic 

Given the fact that it is a very remote area, carrying out atmospheric measurements in the Arctic 

is always challenging. As a consequence, there are only a few datasets of INP measurements 



51  
 

 

 

 

 

in the Arctic which overall suggest that the concentrations of these particles vary substantially 

through the year and location. Understanding the distribution of INPs in the Arctic is important 

because they have the potential to impact mixed-phase clouds, which are ubiquitous to the 

Arctic and sometimes persist for long periods (Morrison et al., 2011). Previous measurements 

suggest that the INP population in the Arctic is dominated by the presence of dust (Irish et al., 

2019) or organic material attached to sea spray aerosol particles (Bigg and Leck, 2001; 

Creamean et al., 2019; Hartmann et al., 2020). However, more research is necessary to 

elucidate how much each of these sources contributes to the INP population.  

In order to better understand these sources of INPs in the Arctic applied our sampling strategy 

(previously described and used in Iceland and the UK) in the North-western American Arctic. 

The INP measurements alongside the SEM-EDS aerosol size-resolved composition were used 

to characterise the sources of INPs at this that remote location. This objective are addressed in 

Chapter five, where the manuscript “Aircraft Ice-Nucleating Particle and aerosol size-resolved 

composition measurements in the North-Western American Arctic” is presented (Sanchez-

Marroquin et al., In prep.-a). 

 

1.8. Other work completed during the course of my PhD 

During this thesis, I have collaborated in several other parallel projects related to Ice-

Nucleation and aerosol science in general. Some of these projects have led to publications. I 

mention and briefly describe the most relevant ones here.  

O'Sullivan et al. (2018) carried out a 6-week campaign focused on measuring INPs at an 

agricultural site close to Leeds, UK. By combining these measurements with heating 

experiments and the output of a global aerosol model, this work indicates that heat-sensitive 

(likely biological material) is responsible for the ice-nucleation ability of the samples, 

particularly at the higher temperatures of the INP spectra. I participated in the execution of this 

campaign, both in the field and in the lab. I also performed SEM-EDS analysis on one of the 

samples which was used to support the main conclusions of the paper. Additionally, I 

participated in scientific discussions and data analysis.  
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Adams et al. (Manuscript submitted for publication) carried out a set of INP measurements 

during a combustion aerosol event that took place in the city of Leeds in November of 2016 

and 2017. This work showed that although this event led to significant increases in aerosol 

concentration and black carbon, it did not lead to an increase in the INP population. This 

suggests that the black carbon particles produced by the combustion aerosol events do not 

contribute to the INP population, as suggested by previous studies. I carried out an SEM-EDS 

analysis on two of the collected samples, which helped with the scientific conclusions of the 

paper. I also helped with the data analysis and participated in the scientifical discussions, as 

well as the writing of the paper.  

Harrison et al. (2019) performed a systematic analysis of the ice-nucleation properties of quartz 

particles. Quartz is one of the most abundant minerals in the Earth’s crust, and it constitutes a 

substantial part of desert dust aerosol. In this study, we showed that the ice-nucleation ability 

of quartz particles has a large sample-to-sample variability, with freezing temperatures varying 

up to 12 oC for a particular density of active sites. In this study, we also showed that given 

typical atmospheric abundances of quartz and other minerals such as K-feldspar, the later one 

is likely to dominate the ice-nucleation ability of airborne mineral dust. In this project, I 

participated in the data analysis particularly regarding to the INP calculations as well as the 

scientific discussion.  

Harrison et al. (In prep. ) carried out a study to measure INPs in Barbados. These measurements 

are compared with the INP measurements carried out at the other side of the Atlantic (Cape 

Verde) (Price et al., 2018). The work aims to study how the dust particles emitted by the 

Saharan dust change their ice-nucleating properties through their travel over the Atlantic. For 

this project, I carried out SEM-EDS aerosol size-resolved composition measurements, which 

were used to support the conclusions of the paper.   

I helped in the training of a new PhD student who will continue using this approach in the 

future. Apart from introducing the new student into the techniques, I participated in her first 

field campaign to transmit the technical knowledge of the aerosol sampling on board of the 

FAAM BAe-146. The campaign took place in March 2019 in the Stornoway, Scotland, UK.  
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Using data from ground-based stations, satellites, and a FAAM BAe-146 research flight, 

Graham et al. (2020) characterised the emissions of pollutants such as O3, CO and PM2.5 and 

its impact in air quality produced by the June 2018 Saddleworth Moor fires. These fires were 

one of the largest wildfires on the record in the UK, and they lasted for several weeks. I 

participated in this project by analysing the PCASP-CDP data collected by the FAAM BAe-

146, producing a series of PM2.5 measurements, which are used to support the conclusions of 

the paper. I also participated in some of the scientific discussions related to the paper. 
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Abstract  

Atmospheric aerosol particles are important for our planet’s climate because they interact with 

radiation and clouds. Hence, having characterised methods to collect aerosol from aircraft for 

detailed offline analysis are valuable. However, collecting aerosol, particularly coarse mode 

aerosol, onto substrates from a fast moving aircraft is challenging and can result in both losses 

and enhancement in particles. Here we present the characterisation of an inlet system designed 

for collection of aerosol onto filters on board the Facility for Airborne Atmospheric 

Measurements (FAAM) BAe-146 research aircraft. We also present an offline Scanning 

Electron Microscopy (SEM) technique for quantifying both the size distribution and size 

resolved composition of the collected aerosol. We use this SEM technique in parallel with 

online underwing optical probes in order to experimentally characterise the efficiency of the 

inlet system. We find that the coarse mode aerosol is sub-isokinetically enhanced, with a peak 

enhancement at around 10 μm up to a factor of three under typical operating conditions. 

Calculations show that the efficiency of collection then decreases rapidly at larger sizes.  In 

order to minimise the isokinetic enhancement of coarse mode aerosol we recommend sampling 
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with total flow rates above 50 L min-1; operating the inlet with the bypass fully open helps 

achieve this by increasing the flow rate through the inlet nozzle. With the inlet characterised, 

we also present single particle chemical information obtained from X-ray spectroscopy analysis 

which allows us to group the particles into composition categories. 

 

2.1. Introduction 

Atmospheric aerosol particles are known to have an important effect on climate through 

directly scattering or absorbing solar and terrestrial radiation as well as through indirect effects 

such as acting as Cloud Condensation Nuclei (CCN) or Ice-Nucleating Particles (INPs) 

(Albrecht, 1989; Haywood and Boucher, 2000; DeMott et al., 2010; Hoose and Mohler, 2012; 

Lohmann and Gasparini, 2017; Lohmann and Diehl, 2006). Aerosol particles across the fine 

(diameter < 2 µm) and coarse (> 2 µm) modes are important for these atmospheric processes.  

For example, aerosol in the accumulation mode are important CCN (Seinfeld and Pandis, 

2006), whereas supermicron particles are thought to contribute substantially to the INP 

population (Pruppacher and Klett, 1997; Mason et al., 2016; Creamean et al., 2018a). Hence, 

being able to sample across the fine and coarse modes is required to understand the role aerosol 

play in our atmosphere. However, sampling aerosol particles without biases can be challenging, 

this being especially so on a fast moving aircraft (Wendisch and Brenguier, 2013; McMurry, 

2000; Baumgardner and Huebert, 1993; Baumgardner et al., 2011). 

It is necessary to sample aerosol from aircraft because in many cases aircraft offers the only 

opportunity to study aerosol and aerosol-cloud interactions at cloud relevant altitudes 

(Wendisch and Brenguier, 2013). However, the relatively high speeds involved present a set of 

unique challenges for sampling aerosol particles. This is especially so for coarse mode aerosol 

which are prone to both losses as well as enhancements because their high inertia inhibits their 

ability to follow the air stream lines when they are distorted by the aircraft fuselage and the 

inlet (McMurry, 2000; von der Weiden et al., 2009; Brockmann, 2011). Therefore, inlet design 

and characterisation becomes extremely important when sampling aerosol particles.  
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In this study we characterise the inlet system used for collecting filter samples (known as the 

Filters system) on board the UK’s BAe-146-301 Atmospheric Research Aircraft, Facility for 

Airborne Atmospheric Measurements (FAAM). This system has been used for many years, but 

its characterisation has been limited (Chou et al., 2008; Young et al., 2016; Price et al., 2018; 

Ryder et al., 2018). Our goal in this characterisation work was to define recommendations for 

the use of the inlet system to minimise sampling biases and define the size limitation and the 

biases that exist. While the filter samples could be used for a variety of offline analyses, we 

have done this characterisation with two specific goals in mind: firstly, we want to use this inlet 

system for quantification of INP (the technique for this analysis has been described previously 

(Price et al., 2018) and will not be further discussed here); secondly, we have adapted and 

developed a technique for quantification of and the size resolved composition of the samples 

using Scanning Electron Microscopy (SEM). We use this technique in order to test the inlet 

efficiency. These experiments are underpinned by calculations which elucidate how the biases 

are impacted by variables such as flow speed, angle of attack and use of the bypass system. 

Finally we present an example of the use of the inlet for determining the size resolved 

composition of an aerosol sample collected from the FAAM aircraft. 

2.2. Description and theoretical sampling characteristics of the filter inlet system on the 

Facility for Airborne Atmospheric Measurements (FAAM) aircraft 

Ideally, aerosol particles would be sampled through inlets without enhancement or losses. 

However, this is typically not the case when sampling from aircraft, hence it is important to 

know how the size distribution of the aerosol particles is affected by the sampling. Generally, 

an aircraft moves at high velocities with respect to the air mass that it is being sampled. During 

sampling on the FAAM aircraft the indicated airspeed is 100 m s-1, which yields to a true 

airspeed that fluctuates between 100 and 120 m s-1. The air mass has to decelerate when 

passing through the inlet (Baumgardner and Huebert, 1993) and this tends to result in inertial 

enhancement of coarse mode aerosol. There are also losses through the inlet system, for 

example, through inertial impaction at bends or gravitational settling in horizontal sections of 

pipework. These inlet characteristics need to be considered if the subsequent analysis of the 
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aerosol samples is to be quantitative. In this section we first describe the existing inlet system 

and then present theoretical calculations for the size dependent losses and enhancements. 

 

2.2.1. Description of the Filters system 

The FAAM BAe-146 aircraft has two identical inlets for sampling aerosol onto filters for 

offline analysis. This inlet system was used to sample aerosol particles on board of the C-130 

aircraft before being installed on the FAAM BAe-146 (Andreae et al., 1988; Talbot et al., 1990; 

Andreae et al., 2000), and it has been used to sample aerosol particles on the FAAM Bae-146 

e.g. (Chou et al., 2008; Young et al., 2016; Price et al., 2018; Hand et al., 2010). A diagram of 

the inlet system can be seen in Fig. 2.1. The two parallel inlet and filter holder systems, which 

each have a nozzle whose curved leading edge profile follows the criteria for aircraft engine 

intakes at low Mach numbers (low speeds when compared with the speed of sound; for FAAM 

during sampling this is ~0.3), and it is designed to avoid the distortion of the pressure field at 

the end of the nozzle, flow separation and turbulence (Andreae et al., 1988; Talbot et al., 1990). 

The inlet has a bypass to remove water droplets or ice crystals through inertial separation and 

also enhance the flow rate at the inlet nozzle (Talbot et al., 1990). The flow through the bypass 

(bypass flow) can be regulated using a valve and it is driven passively by the pressure 

differential between the ram pressure inlet and the Venturi effect on the exhaust. After turning 

inside the aircraft, the airstream containing the aerosol particles continue through the filter 

stack after passing a valve. The air flow through the filter (filter flow) is measured by a mass 

flow meter, which measures the sampled air mass and reports it in equivalent litres at standard 

conditions (273.15 k, 1013.529 hPa). The uncertainty for this flow meter is 1% of the full scale 

(400 L min-1).  The effect of water vapour on the mass flow has not been corrected since its 

effect is negligible. The signal is integrated by an electronics unit to give the total volume of 

air sampled for any given time period. There is also a valve between the pump and the flow 

meter. The valve allows the inlet and pump to be isolated from the filter holder when changing 

the filter. The system uses a double-flow side channel vacuum pump model SAH55 made by 

Elmo Rietschle (Gardner Denver Inc.), aided by the ram effect of the aircraft. The flow rate at 

the inlet nozzle (total flow) is the sum of the bypass flow and the filter flow. The inlet nozzle 
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is located at 19.5 cm of the aircraft fuselage, so the sampling is carried out in the free stream, 

outside the boundary layer. 

  

2.2.2. Sampling efficiency  

We present theoretical estimates of the losses and enhancements due to aspiration, inlet inertial 

deposition, turbulent inertial deposition, inertial deposition in bends and gravitational effects 

in Fig. 2.2a. We used the term ‘efficiency’ to define the ratio between the number 

concentrations of particles after they were perturbed relative to the unperturbed value. If the 

efficiency is above one, the number of particles is enhanced whereas if it is below 1, particles 

are lost before they reach the filter.  

The sampling efficiency of any inlet depends on the flow rates and the flow regime (laminar 

vs turbulent), the pressure and the temperature. Filter flow rates for 0.4 μm polycarbonate filters 

normally vary between 10 and 50 L min-1 depending on altitude (see section 2.2.3 for a 

discussion of flow rates). The bypass flow rate (when it is fully open) can go up to 35 L min-1 

at 30 m and 22 L min-1 at 6 km (volumetric L at standard conditions: 273.15 k, 1013.529 hPa), 

but it is not measured routinely. In the 2.5 cm diameter section of the inlet, just after the inlet 

nozzle, the Reynolds number (Re) is below the turbulent regime threshold (Re > 4000) for flow 

rates below 65 L min-1. For larger values of Re, the flow starts becoming turbulent. At the inlet 

nozzle, where the diameter 0.7 cm, Re is above 4000 for flow rates above 20 L min-1, so the 

flow is briefly in the turbulent regime at the inlet for most sampling conditions. Fully 

characterising the losses and enhancements of aerosol particles passing through the inlet is very 

challenging since there are several aerosol size dependent mechanisms that can enhance or 

diminish the amount of aerosol particles that arrive at the filter.   

Here we have considered the most important of these mechanisms (von der Weiden et al., 2009) 

in order to estimate the inlet efficiency (see Fig. 2.2a) for a total flow rate of 50 L min-1 (all the 

flow rates of our calculations are given in L min-1 at standard conditions: 273.15 k, 1013.529 

hPa). These loss mechanisms and their importance in this inlet system are defined as follows 
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(a discussion on the choice of equations, how they have been applied and the excluded 

mechanisms can be found in Appendix A):  

Aspiration efficiency has been calculated  using the empirical equation as develop in Belyaev 

and Levin (1972) and Belyaev and Levin (1974). As one can see in Fig. 2.2a this mechanism 

enhances aerosol particles, tending to 1 for small diameters and to the ratio in between the air 

speed inside the nozzle and outside the aircraft for large ones.  

Inlet inertial deposition has been characterised using the equation given in Liu et al. (1989) 

which quantifies this effect. In Fig. 2.2a one can see that it produces some losses, with a 

minimum efficiency of down to 50% for sizes about 6 μm, without affecting the lower and 

upper limit of the aerosol size.  

Turbulent inertial deposition occurs throughout the whole inlet system for flow rates above 65 

L min-1 and only occurs in the inlet nozzle for flow rates below this threshold. We have used 

the equation given by Brockmann (2011) in order to account for this mechanism. In Fig. 2.2a 

one can see an example of the turbulent inertial losses at the nozzle. This mechanism gradually 

decreases the efficiency for aerosol particles above 5 μm.  

Bending inertial deposition has been characterised using the equation given in (Brockmann, 

2011). This efficiency mechanism, which can be seen in Fig. 2.2a, adds a size cut off with a 

D50 value at ~25 μm. 

Gravitational settling of aerosol particles was considered using the equations developed in 

Heyder and Gebhart (1977) and Thomas (1958), as stated in Brockmann (2011). This efficiency 

mechanism adds another size cut off with a D50 value of 35 μm, as one can see in Fig. 2.2a. 

Diffusional efficiency and filter collection efficiency have not been included in Fig. 2.2. The 

first mechanism has been calculated using the analytical equation given by Gormley and 

Kennedy (1948), but it is not shown since it is very close to 1 for all the considered size range. 

For the filter types and pore sizes we used, filter collection efficiency is also close to a 100% 

across the relevant size range (Lindsley, 2016; Soo et al., 2016).  

Anisoaxial losses are losses produced by the fact that the inlet is not aligned with the velocity 

of the air mass, being offset by an angle, θ (related to the angle of attack).  The anisoaxial 
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sampling can affect the sub-isokinetic efficiency, but using the equations given by Hangal and 

Willeke (1990a), we calculated that this effect is minimal for our conditions. In addition, 

anisoaxial sampling can lead to inertial losses when particles impact the inner walls of the inlet. 

This phenomena has been quantified using the equations in Hangal and Willeke (1990b) and 

the results can be seen in Fig. 2.3. As one can see, this efficiency mechanism adds an additional 

cut off for large aerosol particles (with values of D50 down to ~20 μm), depending on the value 

of the sampling angle.  

One can see all the efficiency mechanisms combined for four different flow rates in Fig. 2.2b. 

These have been derived by multiplying all the efficiencies for the individual mechanisms. 

This overall efficiency is the ratio between the particles that reach the filter and the particles in 

the ambient air.  The sampling efficiency for the submicron aerosol is close to 1. At sizes above 

1 μm, the different loss mechanisms become increasingly significant. For the range of flow 

rates considered, the efficiency approaches zero between 20 and 50 μm, with D50 values in 

between ~10 and ~33 μm (although these values could be lower under certain values of angles 

of attack if considering the anisoaxial losses of from Fig. 2.3, which have not been included). 

For the 80 L min-1 case, the flow is turbulent through all the pipe, leading to enhanced losses 

of coarse aerosol particles which partially compensate the sub-isokinetic enhancement of the 

system.  

One can also see that the sub-isokinetic enhancement of large aerosol particles increases when 

decreasing the flow rate of the system. This effect is about a factor 3.5 for 10 μm particles when 

sampling at 15 L min-1, but only a factor of two at 50 L min-1. The sub-isokinetic enhancement 

can be mitigated using the bypass, which enhances the flow through the nozzle. This can be 

seen in Fig. 2.2c where one can see a comparison between the total efficiency of a 20 L min-1 

flow rate through the filters with no bypass flow and the same case when the bypass is open. 

Since the considered bypass flow is comparable to the flow rate through the filters, the 

difference between the total flows for the two cases is approximately a factor 2. As a 

consequence, the maximum sub-isokinetic enhancement of large aerosol particles is almost a 

factor 2 larger when sampling with the bypass closed. Hence, the sub-isokinetic enhancement 

can be reduced by keeping the bypass fully open. 
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2.2.3. Sampling flow rate 

Here we show flow rate data from four field campaigns in order to examine how the flow rate 

of the filter inlet system varied based on different factors. We have used the data collected 

during the ICE-D campaign, in Cape Verde during August 2015 (Price et al., 2018). The rest 

of the data is from some flight test carried out during 2017 and 2018, and three field campaigns. 

The first one was EMERGE, based in south east England, in July 2017. The second one was 

VANAHAEIM, based in Iceland in October 2017. The last campaign was MACSSIMIZE, 

based in Alaska in 2018. The flow rate of the inlet system is known to vary with altitude, with 

a lower flow rate at high altitudes because of the reduced pressure differential across the filter 

and the fact that the pump efficiency decreases at low pressure. In addition, it changes 

depending on the filter type and the pore size. 

In Fig. 2.4, where all the flow rate data has been presented, one can see that the flow rate tends 

to decrease with altitude and change with filter type as expected, but the flow rates are not 

always consistent for each altitude and filter type, varying up to a factor two for each filter 

type/line/altitude/campaign. The filter type effect on flow rate can be seen in Fig. 2.4, where 

the average flow rate for 0.4 μm polycarbonate filters is about twice the flow rate of the 0.45 

μm PTFE filters.  In order to investigate the inconsistency in the flow rate at each altitude, we 

analysed the flow rate data by comparing it with different parameters (ambient air and cabin 

temperature, ambient air and cabin pressure, wind direction and speed with respect to the 

aircraft movement), but there was no correlation with any of these variables. Different mesh 

supports were used, but this does not affect the flow rate significantly according to some ground 

based tests. We checked the flow rate through each sampling period and found it did not change 

over time on a particular filter set (even after stopping the sampling and starting it again). In 

addition, we performed some tests on the ground and during flights to study the effect of 

potential leaks by inserting paper disks of the same dimension as the filters in the filter holders 

and found no evidence of leaks in the system.  

We conclude that this variability in the flow rate comes from variability in the pump 

performance in combination with subtle differences in individual filter pairs. The side 
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displacement pump is not the ideal pump for this system and operates at its maximum capacity.  

Hence, we suggest that to improve the performance of the system that flow rates are actively 

controlled and also the side displacement pump is replaced with a more appropriate design. 

This would also have the advantage that flow rates would be maintained at smaller pressure 

drops and allow sampling at higher altitudes.   

 

2.3. FAAM underwing optical particle counters 

Later in the paper we compare results from the underwing optical particle counters with our 

electron microscope derived size distributions, hence we describe the optical instruments here. 

The FAAM BAe-146 aircraft operates underwing optical particle counters to measure aerosol 

size distributions. These include the Passive Cavity Aerosol Spectrometer Probe 100-X 

(PCASP) and the Cloud Droplet Probe (CDP). The PCASP measures particles with diameters 

in the approximate range 0.1-3 μm and the CDP measures the particles with diameters in the 

range of 2-50 μm. These instruments are placed outside the aircraft fuselage, below the wings. 

These instruments and the methods for calibration are described in (Rosenberg et al., 2012). 

All the PCASP-CDP data shown here has been extracted from the FAAM cloud datasets 

corresponding to each specific flight via the Centre for Environmental Data Analysis.  

The instruments were calibrated and had optical property corrections applied as per Rosenberg 

et al. (2012). We used a refractive index of 1.56 + 0i and a spherical approximation (Mie theory) 

in the optical property corrections. In Fig. 2.5, one can see a sensitivity test on the refractive 

index value we used in order to examine how variability in refractive index affect the bin 

centres position, their width, and therefore the size distribution obtained from the PCASP and 

CDP. As one can see in Fig. 2.5a, modification of the real part of the refractive index from 1.5 

to 1.7 can change the position of the PCASP bin centres up to a factor 1.5, but its effect on the 

CDP is not significant. When varying the imaginary part of the refractive index from 0 to 0.01, 

the bin centre positions of the first half of the range of the PCASP and CDP do not change but 

it can change the position of the bins of the end of the range of both instruments (less than a 

factor 1.5). However, for the purposes of this work, the differences produced by the variation 
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in the refractive index are not large enough to modify the conclusions of the analysis, therefore 

we use a value of 1.56 + 0i.  

The chosen refractive index range for this sensitivity analysis can be justified on the basis that 

the SEM compositional analysis showed that the composition of the aerosol samples used in 

this study was very heterogeneous, dominated by carbonaceous particles (biogenic, organic 

and black carbon) and with some contributions of mineral dust and other particle types. Values 

of the real part of the refractive index in the 1.5 to 1.6 range are compatible with sodium 

chloride and ammonium sulphate (Seinfeld and Pandis, 2006), as well as most mineral dusts 

(McConnell et al., 2010). The range is very close to values for the real part of the refractive 

index of organic carbon but below the values for black carbon (Kim et al., 2015). As a 

consequence, the refractive index choice might not be accurate for a black carbon dominated 

sample. However, black carbon is highly unlikely to dominate in the size range where a value 

of the real part of the refractive index of 1.7 dramatically changes the size distribution 

(diameters above 0.5 μm) (Seinfeld and Pandis, 2006), so our refractive index choice is valid.  

In Fig. 2.5b one can see that changing the imaginary part of the refractive index from 0 to 0.01 

only produces small changes in the distribution. The imaginary part of the refractive index of 

many aerosol types as sodium chloride, sulphates and mineral dust falls within the shown range 

(Seinfeld and Pandis, 2006), (McConnell et al., 2010). For values of the imaginary part of the 

refractive index above 0.01 (not shown in the image), the size distribution dramatically changes 

for sizes above 1 μm (but not for smaller values of it), overlapping and disagreeing with the 

CDP. However, values above 0.01 in the imaginary part of the refractive index are only 

associated with strongly absorbing aerosol like black carbon, which will dominate only in the 

submicron sizes (Seinfeld and Pandis, 2006). The submicron part of the size distribution 

doesn’t change for values of the imaginary part of the refractive index above 0.01, so our 

refractive index choice is still acceptable even for samples with significant contributions from 

black carbon in submicron sizes. 

For the PCASP-CDP, we have considered two uncertainty sources. The first one is the Poisson 

counting uncertainty in the number of particles in each bin and the second one is the uncertainty 

in the bin width that is given by the applied optical property corrections. Both sources have 
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been propagated in order to obtain the errors of dN/dlogDp and dA/dlogDp. The errors in the 

bin centre position were given by the calibration. In order to avoid the problems with the 

transition in between different gain stages in the PCASP, some bins were merged or eliminated 

(5 and 6 as well as 15 and 16 were merged, while the bin 30 was eliminated), as indicated by 

Rosenberg et al. (2012). Other uncertainties such as the refractive index assumption or particle 

shape effect, as well as the uncertainty in the bin position haven’t been regarded in this study. 

Sampling biases haven’t been quantified or corrected yet so they haven’t been included. The 

size distributions produced by the PCASP-CDP have been taken as a reference value for the 

purposes of this study. 

 

2.4. Scanning Electron Microscopy technique for aerosol characterization  

Scanning Electron Microscopy is used in order to study composition and morphology of 

aerosol particles, in a similar way to previous works such as Krejci et al. (2005), Kandler et al. 

(2007), Chou et al. (2008), Kandler et al. (2011), Young et al. (2016), Price et al. (2018) and 

Ryder et al. (2018). We use a Tescan VEGA3 XM scanning electron microscope (SEM) fitted 

with an X-max 150 SDD Energy-Dispersive X-ray Spectroscopy (EDS) system controlled by 

an Aztec 3.3 software by Oxford Instruments, at the Leeds Electron Microscopy and 

Spectroscopy Centre (LEMAS) at the University of Leeds. In order to get data from thousands 

of particles in an efficient way, data collection was controlled by the AztecFeature software 

expansion.  

Aerosol particles were collected with the filter inlet of the FAAM aircraft on polycarbonate 

track etched filters with 0.4 μm pores (Whatman, Nucleopore). Samples for SEM are usually 

coated with conductive materials in order to prevent the accumulation of charging on the 

sample surface (Egerton, 2005). For aerosol studies, materials like gold (Hand et al., 2010), 

platinum (Chou et al., 2008), or evaporated carbon (Reid et al., 2003; Krejci et al., 2005; Young 

et al., 2016) have been used. When it comes to choosing which signal to detect, some previous 

studies used mainly backscattered electrons (Reid et al., 2003; Kandler et al., 2007; Gao et al., 

2007; Kandler et al., 2011; Young et al., 2016; Price et al., 2018; Kandler et al., 2018) and 
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some others choose secondary electrons (Krejci et al., 2005; Hamacher-Barth et al., 2013). We 

started the development of this analysis using a carbon coating and the backscattered electron 

detector. This technique produced reproducible images and almost no artefacts from the pore 

edges, consistent with Gao et al. (2007). However, we noticed that we sometimes undercounted 

a significant fraction of the small carbon based particles (this strongly depended on the sample), 

which looked transparent under the backscattered electron imaging but not under the secondary 

electron detector, as seen in Fig. 2.6. This likely happened because the contrast in the secondary 

electron images mainly depends on the topography of the sample whereas the contrast in the 

backscattered electron images depends on the mean atomic number of each sample phase 

(Egerton, 2005). Since the polycarbonate filters are made of C and O, particles containing only 

these elements in a similar proportion to the background did not exhibit a high contrast under 

the backscattered electron detector (Laskin and Cowin, 2001). However, when using secondary 

electron imaging with carbon coatings, images were less reproducible and contained artefacts 

from the pore edges, probably resulting from charging or topographical effects. We found that 

coating the samples with 30 nm of iridium helps to improve the secondary electron image 

reproducibility and reduced the pore edge artefacts as well as allowing us to locate small 

organic particles. An increase in the size of the particle as a consequence of the coating may 

introduce an uncertainty in the size of the smallest particles. An additional advantage of using 

Ir is that the energy dispersive X-ray spectrum of Ir does not overlap greatly with the elements 

of interest.  

In the SEM the sample was positioned at a working distance of 15 mm. The SEM's electron 

beam had an accelerating voltage of 20 KeV and a spot size chosen to produce the optimum 

number of input counts in the EDS detector. Images are taken at two different magnifications 

with a pixel dwell time of 10 μs and a resolution of 1024 x 960 pixels per image. High 

magnification images (40 nm per pixel  or smaller) were used to identify particles down to 0.3 

or 0.2 μm depending on the sample, and medium magnification images (about 140 nm per 

pixel) are used to identify particles down to 1 μm. A brightness threshold with upper and lower 

limits that correspond to pixels of certain shades of grey was manually adjusted for each image 

by the operator to discriminate particles from the background. Based on the manually set 

brightness threshold, AztecFeature identified the pixels that fall within the limits as aerosol 
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particles and calculated several morphological properties of the particle as cross sectional area, 

length, perimeter, aspect ratio, shape factor or equivalent circular diameter. The equivalent 

circular diameter is defined as √(4 A π-1), where A the cross sectional area of the aerosol 

particle. This equivalent circular diameter has not been corrected or transformed into an optical 

or other equivalent diameter.  

For this analysis we placed a section of the 47 mm filter on a 25 mm stub. In order to collect 

morphological and chemical information from a few thousand particles, we only scanned a 

fraction of the filter (typically up to 1% of the filter at low magnification and up to 0.01% for 

high magnification). We collected information from 5 to 20 different areas, and each area 

consisted of a montage of several SEM images. In Fig. 2.7 one can see the radial distribution 

of aerosol particles on top of a filter collected using the inlet system. In spite of some 

fluctuations (which are up to a factor 3 and appear to be random), one can see that the particles 

are homogenously distributed all over the central ~30 mm of the filter. As a consequence, the 

areas were chosen by the user from all over the surface of the selected fraction of the filter. 

Each area was selected in the software, manually adjusting the particle detection threshold. The 

Z position of the stage was also adjusted manually for each image in order to produce properly 

focused images. After doing this, the image scanning and EDS acquisition was performed in 

an automated way. Morphological information was recorded for all particles with an equivalent 

circular diameter greater than the specified size threshold (typically 0.2 or 0.3 μm).  

EDS analysis was restricted to the first 12 or 15 particles detected in each image. This reduces 

the likelihood of image defocusing over the SEM automated run. The software performed EDS 

in the centre of the particles, obtaining around 50,000 counts per particle. The raw data for any 

given particle were matrix corrected and normalised by the AZtec software to produce element 

weight percent values with a sum total of 100%, using a value of the confidence interval of 2 

(a further discussion on the confidence interval can be seen in the Appendix C). Then particles 

were categorised based on their chemical composition using a classification scheme which can 

be created and modified within the AztecFeature software. The characteristic X-rays taken at 

one point are emitted by a certain interaction volume which is bigger than some of the analysed 

particles (typically < 2 μm3, decreasing with atomic number and increasing with incident 
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electron energy). As a consequence, a part of the X-ray counts attributed to each particle come 

from the background (C and O from the polycarbonate filter and Ir from the coating) and the 

weight percentages obtained from the X-ray spectra do not match the actual weight percentages 

of the particle itself. As a consequence, when categorising the particles based on their 

composition, we only use the presence or absence of certain elements, and the ratio between 

the weight percentages of non-background elements. The classification scheme works by 

checking if the composition of each particle falls within a range of values which are manually 

defined by the user. Particles not matching the first set of rules are tested again for a second set 

of rules, and so on, until reaching the last set of rules. A few sets of rules can be merged into a 

category. In the supplementary information (Fig. S2.3), we give the details of the 32 sets of 

rules used, which are then summarised into 10 composition categories. A description of the 

most abundant elements in each category and an interpretation of these categories is included 

in Appendix B. 

The detection of particles has certain limitations. The edges of the pores can look brighter than 

the rest of the filter in the SE images (probably because they consist of a larger surface area 

from which secondary electrons can be generated, hence a larger signal). As a consequence, 

they can look like ~0.2 μm particles, which is the main reason why particles below 0.3-0.2 μm 

(depending on the sample) are not included in this analysis. These artefacts had a chemical 

composition similar to the filter, so they were labelled as “Carbonaceous” by the classification 

scheme, falling at the same category as most biogenic and black carbon particles. However, 

these artefacts were only around 1 to 10 percent depending on the sample. If they appear in 

larger quantities, they can be removed manually after or during the analysis. Another limitation 

arises from the fact that some aerosol particles did not have sufficient brightness in the SE 

image and were not detected as a particle. This happens more frequently for submicron particles 

(especially the ones closer to the limit of detection), but it can also happen with some coarse 

mode aerosol particles, particularly if they are only composed of Na and Cl or S. This issue 

can be addressed if necessary by setting a very low limit of detection, which adds lots of 

artefacts as well as the low brightness particles, and then removing the artefacts manually (the 

artefacts can be easily identified by the user). In other infrequent instances, only a fraction of 

the particle had a brightness above the threshold, so they were detected as a smaller particle or 
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multiple smaller particles, or if two particles are close enough, they can be detected as a single 

larger particle. However, we feel that in the vast majority of the cases a representative cross 

sectional area of the particle was picked by the software.  

Blank polycarbonate filters can contain some particles on them from manufacturing or 

transport before being exposed to the air. In addition, handling and preparing the filters can 

introduce additional particles to it. In order to assess these artefacts, we scanned a few clean 

blank filters. We also examined a filter that had been brought to the flight, loaded in the inlet 

system (but not exposed to a flow of air), and then stored at -18 oC for a few months (like most 

of the aerosol samples on filters). The results of both the handling blank and the blank can be 

seen in Fig. S2.2. The number of particles is typically about the order of magnitude of one 

particle per 100 by 100 μm square, which is more than an order of magnitude below all the 

samples in this study (apart from the sample shown in Fig. 2.9c which was taken in a very low 

aerosol environment, where it is only about a factor 2). In Fig. S2.2 one can see that about half 

of particles found in both blank filters and the handling blank belong to the metal rich category. 

However, further examination of the composition of these metal rich particles revealed that 

almost all of them were Cr rich particles (about 97 % in the case of the blank filters and about 

96% in the case of the handling blank). As a consequence, we excluded all the Cr rich particles 

from the analysis of atmospheric aerosol.  By doing this, we make sure that we exclude about 

half of the artefacts of the analysis. There was a contribution of mineral dust origin particles 

(Al-Si rich, SI rich and Si only) for sizes in between 0.7 and 5 μm in the handling blank (less 

than 10% of the number in the handling blanks). Generally, the composition of the particles 

present in the blank filters and in the handling blank was very similar, suggesting that most of 

these artefacts are not produced by the loading, manipulation and storage of the filter. 

2.5. Inlet characterisation and sampling efficiency using Scanning Electron Microscopy 

In order to experimentally test the inlet efficiency, to complement the efficiency calculations 

presented in Sect. 2.2, we have used SEM to quantify the size distribution of particles collected 

on filters (Sect. 2.4) and compare this with the measurements from the under-wing optical 

probes (Sect. 2.3).  The calculations in Sect. 2.2 suggest that there is an enhancement of the 
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coarse mode aerosol particles, which is larger when sampling with the bypass closed. To test 

this we have collected aerosol onto 0.4 μm pore size polycarbonate filter in both lines in parallel 

and show these results in Fig. 2.8. In one of the lines, the bypass was kept open, and in other 

line the bypass was kept closed. Using our SEM approach described in the Sect. 2.4, we 

calculated the size distribution of the aerosol particles on top of each filter. We compared these 

size distributions with the ones measured by the underwing optical probes (PCASP-CDP), as 

described in Sect. 2.3. We performed the comparison twice in two different test flights based 

in the UK.  

One can see that the concentration of aerosol particles measured by the SEM on the filters was 

higher than the particles detected by the optical probes for sizes above ~8 μm in Fig. 2.8 

(reaching about an order of magnitude in number around 10 μm in both cases).  These results 

are consistent with Price et al. (2018) and Ryder et al. (2018), where they observed an 

enhancement of coarse aerosol particles in mineral dust dominated samples collected close to 

Cape Verde. In addition, the enhancement was larger when sampling with the bypass closed 

(about a factor 2-3). The results of these comparisons are in qualitative agreement with the 

theoretical calculations in Sect. 2.2, i.e. that the sub-isokinetic enhancement is reduced with 

the bypass open.  

After establishing that having the bypass open produces a more representative sampling of 

coarse mode aerosol we then had the bypass open for the subsequent sampling.  In Fig. 2.9 we 

have presented some other bypass open SEM size distributions compared with the PCASP-

CDP data from three different aerosol samples in contrasting locations. Since these data were 

taken during the scientific field campaigns and not test flights, we only collected one 

polycarbonate filter for SEM since the other line was used for INPs analysis on Teflon filters 

(not shown here). In Fig. 2.9a, one can see a sample collected in the UK where there is an 

enhancement of the coarse mode which reaches almost an order of magnitude at 10 μm. The 

sample shown in Fig 2.9b was collected in Iceland, and the enhancement of coarse aerosols 

can be seen through most of its range, reaching even the first two bins of the submicron aerosol 

range. In Fig 2.9c one can see a sample collected in North Alaska where the coarse mode 

aerosol concentration was one to two orders lower than the examples from the UK and Iceland. 
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In this case the SEM size distribution is only about a factor 2 above the size distribution of the 

handling blank, nevertheless the SEM and optical probes both produce similarly low numbers 

of coarse mode aerosol. The low number concentration results in the lack of data in the SEM 

above 7 μm and the large uncertainties in the PCASP-CDP above 1.5 μm. We do not observe 

a coarse mode enhancement in this sample, probably because of the low aerosol concentration 

in the size range where we expect the largest biases and large uncertainties. 

In the submicron range, one can see that in all the comparisons shown in Fig. 2.8 and Fig. 2.9 

there is sometimes an undercounting in the SEM size distribution when compared with the 

optical probes. Generally, the undercounting increases with decreasing size and reaches an 

order of magnitude or more, as one can see in Fig. 2.8, Fig. 2.9a and Fig. 2.9c; this is 

qualitatively similar to Young et al. (2016). There are several potential reasons for this. We can 

rule out particles simply being lost by passing through the 0.4 μm polycarbonate filters, since 

they are known have a high collection efficiency (Lindsley, 2016; Soo et al., 2016), although 

some of them might deposit inside the pores and therefore not be detected. In addition, it is 

likely that some small particles are not sufficiently bright to be detected, despite the fact we 

made efforts to mitigate this problem with the use of secondary electrons and the Ir coating 

(see Fig. 2.6). Also, volatilization of certain types of aerosol particles (which are more abundant 

in the submicron fraction (Seinfeld and Pandis, 2006)) can occur during heating (in this case 

produced by deceleration of the flow in the inlet) or sampling (Bergin et al., 1997; Nessler et 

al., 2003; Hyuk Kim, 2015) and this effect could be enhanced by the fact that samples are 

exposed to high vacuum during the SEM analysis. In addition, the SEM techniques measure 

the dry diameter and the optical probes measure the aerosol diameter at ambient humidity. This 

hygroscopic effect shifts the dry size distributions to smaller sizes, which might also explain 

part of the disagreement (Nessler et al., 2003; Young et al., 2016). Disagreement in the 

measurements can also be produced by the fact that the techniques are measuring different 

diameters (optical and geometric).  

Some of the PCASP size distributions contain some ‘bumps’ (particularly above 2 μm), but it 

is not possible to address if they are physical or just an artefact produced by the refractive index 

correction (Rosenberg et al., 2012). Given the uncertainties on both techniques and the fact that 
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they measure different diameters (optical diameter in the case of the PCASP-CDP and 

geometric equivalent circular diameter in the case of the SEM), this comparisons cannot be 

used to quantify the biases in the system, but can be used to make a qualitative comparison. 

For similar reasons, the SEM data has not been corrected using the theoretical efficiency.     

 

2.6. Application to samples collected from the atmosphere above S.E. England and North 

Alaska 

The SEM technique to produce size resolved composition of aerosol samples described in Sect. 

2.4 has been applied to samples collected from the FAAM aircraft in various locations. In Fig. 

2.10 we show an example of some of the capabilities of this technique applied to a sample 

collected in S. E. England. The purpose of this section is purely to give examples of the 

capabilities of the technique, further analysis is planned for subsequent papers. The fraction of 

particles corresponding to each compositional category described in Appendix B for each size 

can be seen in Fig. 2.10a and the corresponding number size distribution of each composition 

category can be seen in Fig. 2.10b. By looking at this analysis, one can see that the sample 

carbonaceous aerosol particles made a substantial contribution to the number across the full 

distribution and there was a clear mineral dust mode (Si only, Si rich Al-Si rich and Ca rich) 

for particles larger than about 1 µm. There was also a smaller contributions of metal rich and 

S rich aerosol particles, particularly in the fine mode. A potentially useful application of the 

size resolved composition is calculating the surface area or mass of an individual component 

of a heterogeneous aerosol. As an example, we have grouped the mineral dust categories Si 

only, Si rich Al-Si rich and Ca rich to produce the surface area size distribution of mineral dust 

(and potentially ash) in Fig. 2.10c. 

In Fig. 2.11 we show six examples of the size-resolved composition of different aerosol 

samples in two locations (South East England and North Alaska). We can see that the aerosol 

samples are very different depending on the location. The aerosol samples collected in the UK 

shown in Fig 11a, c and d are very similar to the sample shown in Fig. 2.10a. In fact the sample 

in Fig. 2.10a was taken on the same day in a similar location as the sample in Fig 2.11b and 
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the similarity between the two helps to demonstrate the reproducibility of our technique. 

Generally, these samples from S.E. England contained carbonaceous aerosol throughout the 

size distribution, particularly in the fine mode.  This is consistent with typical urban influenced 

aerosol (Seinfeld and Pandis, 2006). There is also a substantial proportion of mineral dust and 

only a small proportion of Na rich aerosol.  In contrast, the samples collected in North Alaska 

(close or above the Arctic Ocean) generally contained a smaller proportion of carbonaceous 

particles, but much larger contributions of Na rich aerosol (very likely sea salt particles, since 

they were collected in a marine environment). The S-rich category was also substantial in the 

fine mode in Alaska, consistent with some samples collected in other areas of the Arctic (Young 

et al., 2016), and some samples collected in a similar location (Creamean et al., 2018a). 

Notably, the coarse mode in Alaska, while generally smaller in number than in S.E. England, 

contained a high proportion of mineral dusts.  This is also consistent with other measurements 

in the Arctic (Young et al., 2016; Creamean et al., 2018a). 

2.7. Recommendations for aerosol sampling with the Filters system on the FAAM aircraft 

Based on the calculations in Sect. 2.2.1 and the experimental findings in the subsequent 

sections, we suggest keeping the total flow rate (including the flow through the filters measured 

by the electronics box plus the bypass flow, which can be between 20 and 35 L min-1) above 

50 L min-1. Below this range, the sub-isokinetic enhancement of large aerosol particles is 

above a factor 2, according to the calculations in Sect. 2.2.2 that can be seen in Fig. 2.2b. For 

total flow rates above 65 L min-1, the flow becomes turbulent throughout the line, which 

associated losses. However, the calculations shown in Fig. 2.2c indicate that the combination 

of the isokinetic enhancements and turbulent losses at 80 L min-1 lead to a reasonably 

representative sampling, but when it reaches 150 L min-1, the position of the D50 drops to 6.5 

μm (not shown in the graph) so such a high flow rate would not be appropriate if the user wants 

to sample coarse aerosol particles. Hence, we recommend an operational upper limit of 80 L 

min-1. For 0.45 μm PTFE filters and the 0.4 μm polycarbonate filters presented in Fig. 2.4, 

sampling close to this flow rate range is often achievable by keeping the bypass open, since 

this increases the total flow rate and brings it closer to the suggested range, as one can see in 

Fig. 2.2c. If other filter types are used, the flow rates will be different to those presented here 
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and these flow rates should be taken in consideration when choosing the pore size (or 

equivalent pore size) in order to avoid dramatic sampling biases.  

We already mentioned in Sect. 2.2.3 that we recommend replacing the side displacement pump 

with a design that would provide a greater pressure drop.  In addition, we also recommend that 

the bypass flow rate is also routinely measured and controlled in order that the flow at the inlet 

nozzle can be optimised while sampling. 

2.8. Conclusions 

In this work we have characterised the filter inlet system on board the FAAM BAe-146 research 

aircraft which is used for the collection of atmospheric aerosol particles for off line analysis.  

Our primary goal is to use this inlet system for quantification of INP concentrations and size 

resolved composition measurements, but it could also be used to derive other quantities with 

other analytical techniques.  

In order to characterise the inlet system we made use of an electron microscope technique to 

study the inlet efficiency, by comparing the SEM size distributions with the in situ size 

distributions measured with underwing optical probes (PCASP-CDP). In spite of the 

discrepancies and uncertainties, the sub-isokinetic enhancement of large aerosol particles 

predicted by the calculations in Sect. 2.2.2 was observed in these comparisons. We also 

experimentally verify that this enhancement is minimised by operating the inlet with the bypass 

open which maximised the flow rate through the inlet nozzle. In addition, we note that we 

performed tests with three very different aerosol distributions and the size distribution of the 

particles on the filters had comparable features and concentrations to those measured by the 

underwing optical probes.  Overall, the inlet tends to enhance the concentration of aerosol in 

the coarse mode with a peak enhancement at ~10 μm, but when operated with the recommended 

flow conditions this enhancement is minimised. The inlet efficiency decreases rapidly for sizes 

above about 20 μm and becomes highly dependent upon the specifics of the sampling such as 

flow rates and angle of attack. Based on the calculations we recommend that the total flow rates 

at the nozzle are maintained at between 50 and 80 L min-1, and also that improvements are 

made to the pump and bypass flow control (see Sect. 2.2.3). 
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We also established an SEM technique to determine the size resolved composition of the 

aerosol sample. Each particle can be categorized based on its chemical composition using a 

custom made classification scheme. Using this technique we showed that the filter system on 

board of the FAAM BAe-146 spreads the particles evenly across the filter surface, which is 

necessary for the SEM size distribution analysis.  

Having a well characterised inlet allows us to sample aerosol particles up to around 20 μm with 

knowledge of the likely biases from the aircraft. Hence, we can use this inlet system to collect 

aerosol for offline analysis at altitudes which are relevant for clouds. For example, this may 

allow us to use the size resolved aerosol composition to quantify the size distribution of 

individual aerosol components at a particular location and combine this information with INP 

measurements to quantify the surface area normalised ice nucleating ability of a specific class 

of aerosol. 
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Figure 2.1. Schematic diagram of one of the two parallel lines of the Filters inlet system.  
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Figure 2.2. Theoretical efficiencies of the Filter inlet system. (a) Efficiencies of the four 

mechanisms considered in this work for a total flow rate of 50 L min-1. We have assumed a 

dynamic viscosity of 1.82x10-5 kg m-1  s-1 (value for 0 oC) and a particle density of 1000 kg m-

3. The speed of the air mass (U0) was 110 m s-1, a typical FAAM flying speed at low altitudes. 

(b) Total efficiency for four different total flow rates. For the 80 L min-1 case, turbulent 

deposition through the whole line was considered since the flow was turbulent through the 

whole pipe. (c) Total efficiency considering all the described mechanisms for a 20 L min-1 filter 

flow rate with the bypass closed and a 20 L min-1 filter flow rate with the bypass open 

(considering a bypass flow of 25 L min-1).  
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Figure 2.3. Anisoaxial inertial losses of the sampling carried out by the Filters inlet system for 

different values of the angle in between the inlet and the flight direction. The calculations have 

been presented by themselves (a) and combined with the aspiration efficiency (b), which one 

can see in Fig. 2.2a. The anisoaxial calculations have been done using the equations given by 

(Hangal and Willeke, 1990b), using the same parameters and dimensions than in Fig. 2.2, apart 

from the flow rate, which was set to 65 L min-1 in order to be within the valid range of U/U0 

that was used to develop the equation. For smaller or larger values of the flow rate (under which 

most of the sampling is carried out), the differences in the efficiency from the ones show here 

are minimal.    
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Figure 2.4. Filter flow rate of different samplings carried out in different campaigns at each 

altitude using: (a) Sartorius PTFE membrane filters (47mm diameter with a pore size of 

0.45μm) and (b) Whatman nucleopore polycarbonate track etched filters (47mm diameter with 

a pore size of 0.4μm). The crosses represent samples taken in the upper line of the inlet system, 

whereas dots represent the sampling in the bottom line. Different mesh supports were used for 

the data collection. The data from Cape Verde was extracted from (Price et al., 2018) and the 

notes of the analysis carried out by the authors whereas the altitude data from the other three 

was obtained from the pressure altitude measurement carried out by the Reduced Vertical 

Separation Minimum system on board of the aircraft. The altitude data was extracted from the 

FAAM core datasets C019, C022, C024, C025, C058, C059, C060, C061, C062, C063, C085, 

C086, C087, C088, C089, C090 and C091 (via the Centre for Environmental Data Analysis). 

The bypass was closed for all the data in Cape Verde whereas it was open for all the data in the 

other campaigns. Note that the flow rate here corresponds to the filter flow rate (measured with 

the mass flow meter), not the total one.  
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Figure 2.5. Sensitivity of the size distributions measured by the PCASP-CDP during the C010 

flight on the 2017/05/10 from 11:24 to 11:38 UTC to small variations in the refractive index. 

We tested both the real part (a) and imaginary part (b). The errors are calculated according to 

the methods explained in Sect. 2.3. 

  



101  
 

 

 

 

 

 

Figure 2.6. Secondary electron image (a) and Back Scattered Electron image (b) of the same 

area of the same filter, collected in S.E. England on the 2018/07/05 from 13:32 to 13:47 in the 

upper line with the bypass open. As one can see, some of the small particles in the SE image 

appear almost transparent under the BSE image. Even the 10μm soot particle in the bottom left 

of the image shows a very low contrast in the BSE image.  
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Figure 2.7. Radial distribution of particles test on the sample collected on the 2017/10/02 

(flight C059) from 16:24 to 16:40 UTC about 320 m high in south Iceland, using the lower line 

and open bypass, sampling 432 L. Number of submicron and supermicron particles in same 

size areas (~160x190 μm2) radially distributed versus the distance from the approximate centre 

through a radius of the filter (a) and another trajectory from the centre of the filter deviated 30o 

from the first radius (b). The analysis was done at 20 KeV and x5000. The number of both 

supermicron and submicron particles remains very constant all over the surface of the filter, 

until reaching the edges of it (which are cover by a rubber O-ring during the sample) and the 

number of particles drops to the limit of the detection within a few millimetres. The error in 

the number of particles comes from Poisson counting statistics. 
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Figure 2.8. (a) First bypass test carried out during the C010 flight on the 2017/05/10 from 

11:24 to 11:38 UTC. The lower line sampled 226 L with the bypass closed, whereas the upper 

line sampled 141 L with the bypass open at an altitude of about 150 m. The flow rates were 

16.1 L min-1 and 10.6 L min-1 respectively. (b) Second bypass test carried out during the C057 

flight on the 2017/09/27 from 13:33 to 13:50 UTC. The lower line sampled 555 L with the 

bypass open, whereas the upper line sampled 499 L with the bypass closed, at about 240 m. 

The flow rates were 34.7 L min-1 and 31.2 L min-1 respectively. The position of the closed and 

open line was swapped with respect to the first comparison. The sampling was interrupted for 

a minute to avoid a turn.  Both comparisons are shown in both number size distribution and 

surface area size distribution. The optical probes are the PCASP-CDP, using the closest 

calibration to the sampling date and a refractive index of 1.56 as stated in the Sect. 2.2.3. The 

only error source considered for the SEM size distribution is the Poisson counting error. 
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  Figure 2.9. SEM obtained size distribution compared with PCASP-CDP online size distribution for 

three different sampling periods in three different aerosol environments. Close to London, on the 

2017/07/19 (flight C024) from 15:20 to 15:51 UTC, sampling 953 L (a), south of Iceland on the 

2017/10/02 (flight C059) from 16:24 to 16:40 UTC, sampling 432 L at an altitude of about 320 m, 

(b) and in north Alaska on the 2018/03/20 (flight C090) from 20:15 to 20:37, sampling 724 L (c). All 

the sampling was done in the upper line with the bypass open. The flow rates through the filter holders 

are 30.9, 30.5 and 42.0 L min-1 respectively. The optical probes are the PCASP-CDP, using the closest 

calibration to the sampling date and a refractive index of 1.56 as stated in Sect. 2.3. 
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Figure 2.10. Size-segregated compositional and morphological analysis of a sample collected 

close to London (S.E. England) on the 2017/07/19 from 15:20 to 15:52 UTC by the lower line 

with the bypass open, sampling a total of 953L at 350 m altitude. (a) Fraction of particles 

corresponding to each compositional category (described in the Appendix B) for each size. The 

number of particles per bin can be seen in the top of the figure. (b) Number size distribution 

for each composition. Cl rich particles were not included since only two particles in this 

category were found. The errors have been calculated from the Poisson counting statistics 

(applying it to both the size distribution and the compositional measurements). (c) Surface area 

of both all the detected aerosol particles and the ones whose composition was consistent with 

mineral dust. Errors have been calculated in the same way as before. By integrating the green 

curve in the figure (c) we obtained the total surface area of mineral dust in the sample (19.1 

µm2 cm-3).  
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Figure 2.11. Six examples of the size resolved composition of aerosol sampled from the BAe-

146 aircraft above South England (a, c and e) and North Alaska (b, d and f). All the samples 

were taken with the bypass open. The dates and sampling times (in UTC) are: (a) 2017/07/17 

(flight C022) from 9:29 to 9:41, sampling a total of 182 L at an altitude of about 240 m. (b) 

2018/03/18 (flight C089)  from 19:28 to 19:48, sampling a total of 404 L at an altitude of about 

600 m, (c) 2017/07/19 (flight C024)  from 15:20 to 15:52, sampling a total of 256 L at an 

altitude of about 350 m (this sample was taken on the same that as the one shown in Fig. 2.10), 

(d) 2018/03/20 (flight C090)  from 20:15 to 20:37, sampling a total of 724 L at an altitude of 

about 520 m, (e) 2017/07/20 (flight C025)  from 12:51 to 13:09, sampling a total of 425 L, (f) 

2018/03/21 (flight C091)  from 18:27 to 18:56, sampling a total of 1187 L at an altitude of 

about 120 m at an altitude of about 940 m.  
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Abstract 

A small fraction of aerosol particles known as Ice-Nucleating Particles (INPs) has the potential 

to trigger ice formation in cloud droplets at higher temperatures than homogeneous freezing, 

strongly reducing the water content and albedo of mid- and high-latitude shallow mixed-phase 

clouds. The uncertainty in the representation of this process in climate models leads to large 

discrepancies in the amount of radiation reflected by these clouds. Therefore, it is important to 

understand the sources of INP at these latitudes. Using a combination of INP measurements 

and Scanning Electron Microscopy with Energy Dispersive Spectroscopy (SEM-EDS), we 

show that the INP population of aerosol samples collected from an aircraft over the UK during 

July of 2017 is not governed by the presence of mineral dust at temperatures above ~-20 oC. 

At these temperatures, another source of INPs is responsible for the ice-nucleating ability of 

the aerosol samples. However, dust is responsible for the ice-nucleation ability of our samples 

at colder temperatures. Overall, the INP concentrations were high, about ~10 L-1 at -20 oC. In 

terms of aerosol composition, all the analysed samples were dominated by carbonaceous 

particles with significant contributions of mineral dust, particularly in the coarse sizes. 

Biological aerosol particles were detected in all the analysed samples in concentrations of at 

least 10 to 100 L-1 at different altitudes within the boundary layer. We suggest that given the 

presence of biological aerosol particles, they could substantially contribute to the enhanced ice-

nucleation ability of the samples at high temperatures. Organic material attached to mineral 

dust could also be responsible for part of this enhancement. Since the measurements have been 

taken through most of the boundary layer, they are more likely to be atmospherically 

representative and present fewer biases produced by aerosol emission at ground level.  
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3.1 Introduction  

The lifetime, precipitation and radiative properties of a cloud that contains both supercooled 

water and ice (mixed-phase clouds) are significantly affected by the presence of aerosol 

particles that can trigger ice formation at temperatures higher than homogeneous freezing 

(Murray et al., 2012; Hoose and Mohler, 2012; Vergara-Temprado et al., 2018b). These 

particles are known as Ice-Nucleating Particles (INPs). Climate models tend to oversimplify 

and poorly represent the ice-related processes such as ice formation triggered by the presence 

of INPs. This problem leads to divergences in the amount of water and ice that models produce 

(Komurcu et al., 2014; McCoy et al., 2016; McCoy et al., 2018). The difficulty to properly 

represent the amount of supercooled water, particularly for shallow mid- and high-latitude 

mixed-phase clouds is one of the main causes of the large uncertainty in the negative cloud-

phase feedback (Storelvmo et al., 2015). This feedback is produced by the fact that as the 

atmosphere warms, water will replace ice in mixed-phase clouds, increasing their albedo. The 

strength of this feedback depends on how much supercooled water and ice there is now (Ceppi 

et al., 2017).  

Therefore, it is very important to characterise the sources of INPs to properly represent the ice-

related processes in climate models. Mineral dust from the deserts is known to be one of the 

most relevant sources of INPs worldwide, both because of its abundance in the atmosphere and 

its relatively high ice-nucleation ability below -15 oC (Niemand et al., 2012; Atkinson et al., 

2013; Vergara-Temprado et al., 2017; Ullrich et al., 2017). Although most of the dust present 

in the atmosphere is emitted mainly from hot and arid deserts (Huneeus et al., 2011), significant 

amounts of dust are emitted from anthropogenic activities such as agriculture (which could 

contribute up to ~25% of the global burden (Ginoux et al., 2012)) or from high-latitude dust 

sources (Bullard et al., 2016). Ash from volcanic eruptions, which has some similarities to 

desert dust in composition, has also been identified as a source of INPs (Mangan et al., 2017; 

Maters et al., 2019).  Other known sources of INPs are sea-spray aerosol containing marine 

organic material (Wilson et al., 2015; DeMott et al., 2016; McCluskey et al., 2018), biological 

aerosol particles from terrestrial locations such as pollen, bacteria or fungal fragments  

(Pummer et al., 2012; Haga et al., 2014; Wex et al., 2015). Additionally, other biological origin 
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ice-nucleation macromolecules (Pummer et al., 2015) which could be attached to mineral or 

soil dust particles (O'Sullivan et al., 2015; Augustin-Bauditz et al., 2016; O'Sullivan et al., 

2016). Fertile soil dust has a similar or higher ice-nucleation ability than desert dusts, due to 

the biological material which is internally mixed with the dust particles (O'Sullivan et al., 2014; 

Tobo et al., 2014; Steinke et al., 2016). However, the relative contribution of biological INPs 

compared to the contribution of mineral dust at altitudes where mixed-phase clouds can occur 

in mid- to high-latitudes has not been fully addressed. This question is particularly relevant 

since the vast majority of the measurements of biological INPs are carried out at ground level. 

Sea-spray aerosol containing marine organic material has been found to compete with mineral 

dust at altitudes where mixed-phase clouds can occur, particularly in the southern Hemisphere 

(Vergara-Temprado et al., 2017; Huang et al., 2018; McCluskey et al., 2019). However, it is 

not clear if terrestrial sources of biological aerosol particles could compete with mineral dust 

at cloud relevant altitudes (Hoose et al., 2010a; Haga et al., 2013; Sesartic et al., 2013; Sahyoun 

et al., 2016; Hummel et al., 2018). The contribution of ice-nucleation macromolecules to the 

INP population at cloud relevant altitudes has not been addressed yet (Kanji et al., 2017).  

The freezing temperatures of biological INPs tend to be higher than the ones of mineral dust 

INPs (Murray et al., 2012; Kanji et al., 2017). Similar behaviour is observed in many 

atmospheric INP measurements (O'Sullivan et al., 2018; Ladino et al., 2019), where biological 

material is commonly responsible for the ice-nucleation properties of an aerosol sample in the 

higher end of its temperature spectrum, while dust tends to be the dominating source at 

temperatures below ~-20 oC. Although surface measurements show that there is a significant 

biogenic component to the INP population (Garcia et al., 2012; O'Sullivan et al., 2018; Ladino 

et al., 2019), these measurements might have been influenced by the proximity to these sources 

of INP. Hence, measurements at altitude are necessary to see if the INP population across the 

boundary are also enhanced above mineral dust.    

Here, we present a dataset of INP concentration measurements alongside the aerosol size-

resolved composition obtained using Scanning Electron Microscopy with Energy Dispersive 

Spectroscopy (SEM-EDS) of aerosol samples collected in the south of the UK during July 

2017. In order to avoid potential biases from the aerosol emitted at the ground level, we 
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collected aerosol particles at different altitudes within the boundary layer. The data obtained 

from these techniques is used to determine the potential contribution of mineral dust to the INP 

population. The results shown here follow up with the existent body of studies reporting the 

importance of the mineral dust and biogenic material at different temperature ranges of the INP 

spectrum.  

 

3.2. Methodology  

3.2.1. Sampling platform 

The aerosol samples shown here have been collected on board of the FAAM BAe-146. This 

research aircraft has a wide range of instruments to measure different atmospheric properties. 

Here we have collected aerosol particles on top of filters for later offline analysis using the 

filter inlet system on board of the FAAM BAe-146. Most of the aerosol samples have been 

acquired opportunistically during research flights that were carried out within the Effect of 

Megacities on the transport and transformation of pollutants on the Regional and Global scale 

(EMeRGe) campaign, in July 2017, close to the city of London. Samples from an Oil and Gas 

research flight on the 11th of July 2017 as well as a FAAM test flight on the 27th of September 

of 2017 are also shown.  

The analysis of our filter samples has been complemented with data from different instruments. 

The Passive Cavity Aerosol Spectrometer probe 100-X (PCASP) and the Cloud Droplet Probe 

(CDP) are underwing optical particle counters, which have been used to measure the size 

distribution of the aerosol particles (Rosenberg et al., 2012). O3 and CO measurements from 

the TE49C and AERO AL5002 instruments respectively were also used. Other measurements 

that have been used in the present study are the pressure altitude and aircraft location. All the 

complementary data was downloaded via the Centre for Environmental Data Analysis 

(CEDA).   
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3.2.2. Aerosol particle sampling 

Aerosol particles have been collected on top of filters using the filter inlet system on board of 

the FAAM BAe-146. This filter inlet system has been previously used for aerosol collection 

(Chou et al., 2008; Formenti et al., 2003; Young et al., 2016; Price et al., 2018; Ryder et al., 

2018; Sanchez-Marroquin et al., 2020), and it has been described and characterised by 

Sanchez-Marroquin et al. (2019). The system has a bypass that can be used to regulate the flow 

and minimise the sub-isokinetic enhancement, it was operated with this bypass fully open. This 

filter inlet system can sample particles smaller than ~20 μm on top of two filters 

simultaneously. Most of the samples have been collected on top of a polycarbonate with a pore 

size of 0.4 µm and Teflon filter with an equivalent pore size of 0.45 µm simultaneously. 

Polycarbonate filters have been analysed using SEM-EDS at the University of Leeds in order 

to characterise their size-resolved composition, while Teflon filters have been used to quantify 

the INP concentration using a droplet-based assay.  

Most samples were taken in the South-East of the UK, as shown In Fig 3.1a, where the flight 

tracks corresponding to the sampling locations are displayed. In order to investigate the origin 

of the air masses where the samples were collected, we ran Hybrid Single-Particle Lagrangian 

Integrated Trajectory (HYSPLIT) back trajectories from an approximated middle point of the 

sampling flight track. This analysis is shown in Fig. 3.1b. As shown, all samples apart from 

one were collected in the boundary layer. Further information corresponding to these samples 

can be found in Table 3.1. 

 

3.2.3. Ice-Nucleating Particle measurements 

INPs have been measured using a filter droplet-based assay that has been previously used 

during other FAAM BAe-146 field campaigns (Price et al., 2018; Sanchez-Marroquin et al., 

2020). This technique is a combination of the techniques used by Schnell (1982) and Whale et 

al. (2015). Teflon filters where aerosol samples have been collected using the filter inlet system 

on board of the FAAM BAe-146 are placed on top of glass slides (Ted Pella cover glass, 48 x 

60 x 0.15 mm), whose surface was made hydrophobic by applying Turtle Wax ClearVue Rain 
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repellent solution. The glass slides are placed on top of a cold stage over a thin layer of silicone 

oil to improve the thermal contact. About 60 pure water (Milli-Q®) droplets of 2 μL are 

pipetted on top of the exposed filters. The system is cooled at a constant rate of 1 K min-1 while 

a camera records the freezing of the droplets at the same time as stage temperature 

measurements are automatically taken. This allows us to obtain the fraction of droplets frozen 

as a function of temperature, ff(T). In order to prevent condensation and frost growth, the 

experiment is performed in a chamber which is flushed using a ~ 0.2 L min-1 flow of dry 

nitrogen (zero grade). The ff(T) calculated using this experiment is shown in Fig. 3.2a. The INP 

concentrations, which have been calculated from f(T) using the equation (1), are shown in Fig 

3.2.b. 

[INP]( ) = - ln(1- )
 filT ff T

A

Va

( )


    Eq. 3.1 

where Afilt = 11 cm2 is the exposed area of the filter, Va is the sampled air volume, and α = 1.375 

cm2 is the contact surface of each droplet. The contact surface has been calculated from a 

droplet contact angle of 126o, assuming spherical cap geometry. The errors have been 

calculated using the same Monte Carlo algorithm as in (Sanchez-Marroquin et al., 2020), This 

error includes the uncertainty associated with the randomness of the distribution of freezing 

sites within the experiment, as well as a range of contact angles from ~ 110 o to ~ 130o. These 

calculations are based on the singular description of the ice-nucleation phenomenon. Although 

ice-nucleation is a stochastic process, this description assumes that the time-dependence is of 

second order in comparison with the distribution of the ice-nuclei types through the droplets 

(Murray et al., 2012). This approach has been extensively used for many years in different 

laboratory, fieldwork and modelling studies. However, in the analysis it is usually assumed that 

the surface area of the aerosol particles is homogenously scattered through the droplet 

population. Hence, large variability in the surface area of the aerosol per droplet can lead to 

significant biases when calculating magnitudes such as the INP concentration using droplet-

based assays (Knopf et al., 2020). In the Sect S3.1, we use Monte Carlo simulations to show 

how the distribution of surface area through the droplet populations of our experiments for two 

of our samples. Our analysis suggests that the surface area is relatively well distributed 
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throughout the droplets of our experiments (its variability goes up to a factor ~3). This 

difference is comparable to the uncertainty of the INP measurements and therefore it is not 

likely to constitute major bias. Hence, we consider that the use of the singular description and 

a constant surface area per droplet is justified. 

Some samples were analysed at the FAAM facility after the flight without any storage. 

However, given the time limitations, some other samples were analysed in the University of 

Leeds after being stored at about -18 oC for a few days, in a similar way than previous studies 

(Price et al., 2018; O'Sullivan et al., 2018; DeMott et al., 2016; McCluskey et al., 2018; 

Creamean et al., 2018a). The set up in both cases was the same, and we didn’t observe any 

storing effect difference in between samples collected on the same day that were analysed and 

the ones that were stored for a few days.    

Note that some of the polycarbonate filters (in most cases halves of these filters) were also 

analysed using a filter washing droplet-based ice-nucleation experiment similar to previously 

described methods (O'Sullivan et al., 2018). The washing droplet-based assay has a much lower 

sensitivity to the measured INPs (it places a much smaller fraction of aerosol particles of the 

filter in the same volume of water). Hence, this technique was not producing a signal 

significantly above the limit of detection in some cases, given the short sampling times on 

board of the FAAM BAe-146. Hence, it was only performed as a comparison and not routinely. 

A discussion of these comparisons is shown in the SI.  

 

3.2.4. Scanning Electron Microscopy  

In order to quantify the size-resolved composition of the aerosol samples, Individual aerosol 

particles collected on top of polycarbonate filters have been analysed using SEM-EDS, using 

the approach that was characterised by Sanchez-Marroquin et al. (2019). The Tescan Vega3 

XM scanning electron microscope at the Leeds Electron Microscopy and Spectroscopy Centre 

was operated using an accelerating voltage of 20 KeV, a pixel dwell time of 10 μs. The SEM 

has been operated using a software for automated particle analysis (AZtecFeature, Oxford 

Instruments). Filters were coated with 30 nm of Ir prior to analysis to prevent the accumulation 
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of electrons in the sample. Energy-Dispersive X-ray Spectroscopy was used to obtain the 

chemical composition of the aerosol particles. Each particle’s raw X-ray spectra is matrix 

corrected and transformed by the software into weight percentage values of each element 

present in the analysis volume (typically 2 um). 

Polycarbonate filters (with a pore size of 0.4 μm) are placed under the microscope, and some 

areas of the filter are scanned using the software for automated particle analysis, which allows 

us to obtain the morphological properties as well as the chemical composition (using Energy-

Dispersive X-ray Spectroscopy) of each aerosol particle of the scanned area in a semi-

automated way. Morphological information is summarised in size-distributions. In order to 

obtain the size-resolved compositional analysis, particles of each size bin are classified into 10 

compositional categories, using the scheme described in Sanchez-Marroquin et al. (2019). All 

the results of the analysis are shown in Sect. 3.2. Note that most particles classified in the Si 

only, Si rich, Al-Si rich and Ca rich have a chemical composition consistent with mineral dust 

(Sanchez-Marroquin et al., 2019).  

 

3.3. Results and discussion 

3.3.1. Ice-Nucleating Particle measurements  

Using the filter droplet-based assay described in Sect. 2.3, we measured the INP concentration 

of the collected aerosol samples. As shown in Fig. 3.1, all samples were collected in the South-

East of the UK. Most of the samples were collected within the boundary layer. However, the 

long term origin of all the air masses is the Atlantic Ocean, consistent with the prevailing winds 

in the region.  

The fraction of frozen droplets at each temperature is shown in Fig. 3.2a. The water droplets 

placed on top of the filters with the aerosol samples nucleated ice at a significantly higher 

temperature than the blanks. Using Eq. 1, we calculated the INP concentrations associated with 

each fraction of frozen droplets, which are shown in Fig. 3.2b. Most of the INP concentrations 

scatter over about half an order of magnitude for a given temperature. However, the 
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measurements taken during the C024 flight have a steeper slope about -15 oC, and are about 

half an order of magnitude higher than the rest for temperatures below -15 oC.  

INP concentrations often correlate with different variables, In order to better understand the 

sources of INPs in this area, we tried to find any correlation in between the INP concentrations 

and different variables measured by the FAAM BAe-146 and our SEM-EDS analysis. 

However, we could not find any significant correlation in between these variables. This is 

shown in Fig. 3.3, where the INP concentration of our samples at -19 oC has been plotted 

against the number of aerosol particles below and above ~ 3 µm (PCASP and CDP 

respectively), CO and O3 concentration, altitude, area of the coarse and submicron modes 

measured by the PCASP and CDP, surface area of mineral dust measured using SEM-EDS and 

time overland (from the HYSPLIT analysis). A similar lack of correlation was found at other 

temperatures. Part of this low correlation is explained by the fact that the measured INP 

concentrations have a very low variability. The only exception to this are the enhanced levels 

of O3, submicron aerosol and mineral dust the C024 flight, when INP concentrations were 

slightly higher. However, this is not enough to establish any causality. Given the steeper shape 

of the INP spectra of the samples collected in that day, it is likely that the enhancement it is 

due to biological material, which could be linked to the enhancement in O3, submicron aerosol 

and dust. Furthermore, the air masses associated to the C024 flight are different to the rest of 

the campaign, and they are more likely to be affected by continental Europe than the rest of 

them, as shown in Fig 3.4. Additionally, Fig 3.3 shows that most of the measurements were 

carried out within the boundary layer at altitudes from tens of meters to hundreds. There is not 

any relation between altitude and INP concentration, suggesting that the INP population is 

relatively well mixed through the boundary layer. 

Our INP concentrations are comparable with the ground-based INP measurements reported by 

O'Sullivan et al. (2018) in Northern England during the autumn. This is shown in Fig. 3.2c, 

where both datasets are presented. Our data is in the high-mid range of the INP concentrations 

and has a slightly shallower slope than the data measured by O'Sullivan et al. (2018). When 

compared with the range of observed INP concentrations in mid-latitude terrestrial 
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environments from Petters and Wright (2015), our measured concentrations yield above it or 

in the upper range.  

  

3.3.2. Aerosol with SEM 

Using SEM-EDS, we collected the morphological properties of 35 677 particles as well as the 

chemical properties of a subset of 22 361 particles across 9 filters collected over 4 days of the 

campaign. The result of the analysis is shown in Fig 3.4-3.7. In terms of morphology, all the 

samples show similar features. The optical probes on board of the FAAM BAe-146 show that 

all the SEM analysed samples exhibit a double mode size distribution, with one prominent 

mode centred about the beginning of the range of the PCASP instrument (~0.1 μm or below) 

and a second smaller coarse mode. The first mode is not fully captured by the SEM size 

distributions of the particles on top of the filter because of the smallest particles detected by 

this technique are ~0.3 μm and the technique undercounts submicron aerosol, as previously 

observed in (Sanchez-Marroquin et al., 2019). However, the coarser mode is well captured in 

our filter samples. The disagreement in between the coarse mode measured by the optical 

probes and the SEM technique is in most cases qualitatively consistent with the sampling biases 

of the filter inlet system reported by Sanchez-Marroquin et al. (2019).  

The chemical composition of the collected aerosol particles does not exhibit a large sample to 

sample variability, as shown in Fig 3.4-3.7. All the samples are dominated by carbonaceous 

particles in almost the whole size range. These particles have a chemical composition 

consistent with black carbon from combustion processes as well as primary or secondary 

organic material. All the samples have a prominent mineral dust mode (particles in the 

categories Si only, Si rich, Al-Si rich and Ca rich) centred in between ~1 and 10 μm, which 

constitute in between 17 and 45% of the surface area of the samples, as shown in Table 3.1. In 

addition, there are minor contributions of sea spray aerosol (Na rich), Metal rich particles and 

sulphates (S rich) in most samples. Biological aerosol particles were manually detected based 

on their morphology in nearly all samples. Further description on how the biological aerosol 

particles were detected is found in Sect. 3.4. Almost all the samples were collected within the 

boundary layer. The lack of variability within the samples suggests that the aerosol particles 
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were relatively well mixed within the boundary layer. The only exception is the C022_5, which 

was collected at about 1500 m, in the free troposphere. The chemical composition of this 

sample (Fig 3.5b), was very similar to the rest of the samples. However, the total number of 

particles of this sample was smaller than most of the other SEM analysed samples, as shown 

in Fig 3.3. INP concentration was not measured for this sample due to technicalities in the filter 

collection.   

In order to investigate the origin of the dust particles sampled in the UK, we perform a 

comparison of the chemical composition in a ternary diagram of the dust particles collected in 

this study (UK) and Saharan dust particles (categories Si only, Si rich, Al-Si rich and Ca rich) 

collected Barbados from a previous study (Fig. 3.8). Note that for this analysis, only Si, Al, Fe, 

Ca Mg and Na have been considered, excluding the rest of the elements. The aerosol samples 

of both studies have been analysed using the exact same technique. The majority of the particles 

in both datasets fall within a mode in the lower mid-section of the plot (About 50% of Si, 10% 

of Ca+Fe+Mg and 40% of Na+Al). Furthermore, both datasets exhibit some quartz particles 

(right corner of the ternary plots, corresponding to Si = 100 %). The similarities in between the 

datasets could be since a significant fraction of the dust sampled in the UK is transported 

Saharan dust (Israelevich et al., 2012; O'Sullivan et al., 2018). However, there are some 

differences between the two datasets. Fig. 2.8 clearly shows a significant presence of particles 

containing only Ca+Fe+Mg (top corner) in the UK samples that are not present in the samples 

collected in Barbados. Further examination of this particles shows that most of them contained 

only Ca (likely calcium carbonate), or Ca + S (likely Gypsum or sulphur aged calcium 

carbonate) which could have a local origin. Other difference between the datasets is that the 

UK dust particles are less concentrated in the central bottom mode where most of the particles 

yield, scattering more to other areas of the ternary plot such as the right side (corresponding to 

no Al or Na). Given the differences in between the two datasets, it is likely that some of the 

collected dust originated from some local sources while a substantial fraction of it was 

transported from the Sahara. The local sources of dust could include dust emitted from 

agricultural soils. These dusts have an ice-nucleation ability which is comparable or higher 

than desert dusts (O'Sullivan et al., 2014; Tobo et al., 2014; Steinke et al., 2016).  
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3.3.3. Dust as an INP source 

As shown in Sect 3.3 and Table 3.1, all the aerosol samples collected in the UK during this 

study contained significant amounts of dust particles (between 2.9 and 31.0 µm2 cm-3). In 

order to investigate if dust is contributing significantly to the ice-nucleation ability of our 

samples, we calculate the ice-nucleation density of active sites (ns) of the mineral dust 

component of the samples. This calculation assumes that all the ice-nucleation ability of our 

samples is given by the dust. If this assumption is valid, the derived ns values should be 

compatible with mineral dust. We calculate ns according to the equation: 

n T
T

s
s ( )

[ ]( )


INP

        Eq. 3.2  

where s is the surface areas of the dust from Table 3.1, calculated using SEM-EDS. The ns 

values of our samples are shown alongside ns values of other Saharan dust (Fig. 3.9a) and 

agricultural fertile soil (Fig 3.9b) samples. The ns values of our samples are larger (at the higher 

temperature range of their spectrum) and have shallower slope than most of the Saharan dust 

samples (some of them scooped from the surface, while some others were sampled and 

analysing using a similar method than here (Price et al., 2018)). This difference is almost 2 

orders of magnitude at ~-15 oC. However, at temperatures below -20 oC, the ns values of our 

samples start overlapping with the upper range of the Saharan dust data. Similarly, our samples 

exhibit larger ns values than dust which contains 10% of K-Feldspar, but they are compatible 

at temperatures at the end of the temperature range of our data (~-25 oC). Our samples exhibit 

a slightly larger activity than fertile soils dusts at temperatures above ~-20 oC and a comparable 

below this threshold when compared with data from O'Sullivan et al. (2014) and Tobo et al. 

(2014), as shown in Fig. 3.9b. However, it has a similar slope and it is slightly less active than 

fertile soils from Steinke et al. (2016).  

Overall, Fig. 3.9 shows that the upper range of the ns of Saharan dust could explain the ice-

nucleation ability at the colder end of its temperature range (-20 to -25 oC). However, an 

additional source is responsible for ice-nucleation at temperatures close to -20 oC and above. 

Given that that fertile soil is likely one of the components of the dust in the samples, a part of 

this enhancement could be due to the presence of organic material within the soil. However, it 
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is also likely that an additional type of INPs within our samples is responsible for its high ice-

nucleation ability at the higher temperature range. This additional source of INPs could be 

biological aerosol particles. This is due to the sharp slope of the data and the fact that biological 

aerosol particles were detected in nearly all samples. The results shown here are consistent with 

the findings of other INP measurements in the UK. O'Sullivan et al. (2018) showed that the 

INP concentration of samples collected in autumn in North England is consistent with the 

modelled dust INP concentrations at temperatures below -20 oC, while concentrations above 

that temperature are heat sensitive (likely biogenic) and larger than expected from the modelled 

desert dust.   

 

3.3.4. Primary biological aerosol particles  

Biological aerosol particles are commonly found in the atmosphere, particularly in places such 

as agricultural managed areas like the UK (Després et al., 2012). Some of these particles are 

known to nucleate ice at very low supercooling and therefore they have the potential to 

contribute to the INP population. Biological aerosol particles were detected in all the SEM-

EDS analysed samples. 

The detection was done manually based on the distinct morphology of the biological aerosol 

particles when carefully observing the SEM-EDS acquired images of the filters. A selection of 

some of the different biological aerosol particles is shown in Fig. 3.10. The majority of the 

identified particles are ellipsoidal (a-d, f-h, k), and can present a smooth (h, k) or ornamented 

surface (a-d) although some of them have a spheroid (e), or shell shape (f,j). Some of them can 

present certain asymmetry with respect to their major axis (f-k). Most of them seemed to be 

deposited on the filter individually while some others appear in pairs or clusters of several 

particles (normally attached to its extremes). In some occasions, narrow and long particles (tens 

of μm) were observed (l). Based on their morphology, the majority of the particles detected 

here are consistent with fungi products such as conidia or spores (a-d, h-k), as reported by other 

studies of SEM-EDS on biological aerosols (Wittmaack et al., 2005; Huffman et al., 2012; 

Kolpakova et al., 2017). These particles could be of the Cladosporium genus of fungi, which 

includes some of the most frequent outdoors moulds. The large filamentous particle in (l) is 
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likely a fragment of fungal hyphae. Some particles whose morphology is consistent with pollen 

were also detected (g) (Yurtseva et al., 2013; Kolpakova et al., 2017). Additionally, we cannot 

rule out the possibility of bacterial aerosol in our samples.  

EDS  was applied to some of the detected biological aerosol particles. As discussed in Sanchez-

Marroquin et al. (2019), our SEM-EDS approach cannot be used to quantify the percentage of 

C and O in the particle, since these elements are present in the background polycarbonate filter. 

As a consequence, we cannot fully quantify the exact chemical composition of these biological 

aerosol particles. Additionally, since the characteristic X-rays of P and the coating of the 

samples (Ir) overlap, our technique is likely to miss the detection of P in the particles. 

Background elements (C and O) were the dominant components in most of the detected 

biological aerosol particles. However, the majority of the particles also exhibited the presence 

of elements such as K, S, Ca, Cl, P or Na (in that order of frequency). Elements such as Si, Al 

or Fe were detected in some rare occasions. The observed chemical composition are consistent 

with previous studies (Matthias-Maser and Jaenicke, 1995; Li et al., 2020). 

Up to tens of particles with these morphological characteristics were detected in all the SEM-

EDS analysis we carried out on the filters (each of the analysis covers up to 1% of the filter 

surface). This allowed us to quantify a lower limit of the biological aerosol concentration per 

surface of the filter as well as their atmospheric concentration. In order to determine if these 

particles are potential artefacts, we performed a handling blank experiment during a test flight 

in the UK in September 2017, which is shown in Fig. 3.11a. There was a significantly larger 

amount of biological aerosol particles in the filters exposed to the atmosphere (Measurement 1 

and 2) than in the handling blank filter (where biological aerosol particles were very rare). Fig 

3.11a also shows that there was a significant amount of biological particles within most of the 

filters collected for this study (in between 5 and 30 particles per mm2). In Fig 11b, these 

biological particles are reported in terms of atmospheric concentration. Almost all of our 

measurements of the concentration of biological aerosol particles are in between about 10 and 

100 L-1. These values are consistent with the literature data for fungal spores over vegetated 

regions (Després et al., 2012). The only measurement within the dataset presented here where 

the biological aerosol particle concentration is not significantly larger than the handling blank, 
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is the C022_5. This sample was collected at the higher altitude than the rest, about 1500m and 

above the boundary layer. Our results indicate that there was a significant amount of biological 

aerosol particles (10-100 L-1) within the Northern-West European boundary layer during July 

of 2017. However, more research is necessary in order to study if these particles are also present 

in the free troposphere.   

Our approach to quantify the concentration of primary biological aerosol particles could 

underestimate the real concentrations given that some of these particles would not be counted 

if they do not show any of the obvious biological morphological features. In addition, we 

cannot establish whether the biological particles that we have belong to species which nucleate 

ice effectively. Our techniques cannot be used to determine if the detected biological aerosol 

particles are significantly contributing to the INP population. However, if a fraction of ~ 0.001 

to 0.01 of the detected biological particles exhibits high ice-nucleation ability at the high end 

of the temperature range of the measurements (-10 to -15 oC), this could contribute to the 

measured INP concentration (~0.1 to 1 L-1).  Some studies suggest that these fractions of spores 

active as INPs are only reached at lower temperatures (below -20 oC) for several types of 

common fungal spores (Iannone et al., 2011; Haga et al., 2013; Haga et al., 2014). However, 

the ice-nucleation properties of fungal material are very complex and variable, showing high 

freezing temperatures in some occasions (Kunert et al., 2019). Additionally, other types of 

primary biological aerosol particles exist in our samples. Hence, we cannot fully determine 

whether the detected primary biological aerosol particles contribute to the measured INP 

population.  

 

3.4. Conclusions 

On July of 2017, aerosol particles were sampled on top of filters during a set of flights carried 

out by the FAAM BAe-146 over the South-East of the UK. Accumulation and coarse mode 

aerosol particles were collected using the filter inlet system on board of the aircraft (Sanchez-

Marroquin et al., 2019), which allowed us to collected aerosol samples onto two different filters 
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in parallel. These filters were analysed using SEM-EDS and a droplet-based assay in order to 

quantify the size-resolved composition and INP concentration of the aerosol sample.  

The measured INP concentrations were high and consistent during the campaign. Additionally, 

the reported values are in the upper end of other measurements in similar latitudes. The SEM-

EDS analysis suggests that all the samples had similar morphological and chemical 

characteristics. Furthermore, they were dominated by carbonaceous aerosol particles, with a 

strong presence of mineral dust particles, particularly in the coarse sizes. The surface areas of 

the detected dust are in between 2.9 and 31.0 µm2 cm-3 (between 17 and 45 % of the surface 

area of the samples). Although we cannot fully determine the origin of these dust particles, 

their chemical signature suggests that a significant part of them could be transported from the 

Sahara with contributions of material from other sources, potentially local soil. Biological 

particles were detected in all the samples, exhibiting concentrations of 10 to 100 L-1.  

Further analysis shows that the ice-nucleation ability of our samples can be explained by the 

presence of the measured mineral dust at the lower end of its temperature spectrum (close to -

25 oC). However, at temperatures above -20 oC, our samples are significantly more active than 

expected from desert dust, being enhanced by almost 2 orders of magnitude at ~-15 oC. A part 

of the measured dust is likely to have another origin than the Sahara, and it could include fertile 

soils, which contain biological residues and can have a higher ice-nucleation ability than desert 

dust. Additionally, primary biological aerosol particles were detected in most samples. Hence, 

it is likely that the enhancement in the ice-nucleation ability at the higher end of the temperature 

spectrum is produced by the presence of biological material. Our measurements have been 

carried out in July and mostly across the boundary layer. At these locations, altitudes and time 

of the year, temperatures rarely reach 0 oC, hence mixed-phase clouds are unfrequent. 

However, they have been conducted at different altitudes covering most of the boundary layer. 

As a consequence, our results are representative of the boundary layer and are unlikely to be 

affected by being too close to ground level sources of INPs. This is particularly relevant for the 

biological aerosol particle measurements, which are usually carried out close to where these 

aerosol particles are emitted. The results shown here provide a useful characterisation of the 

aerosol and INP population in the boundary layer in North-western Europe during the summer. 
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The data is consistent with the existing body of atmospheric measurements which emphasise 

in the importance of mineral dust and biological material as INPs at the lower and higher end 

of the temperature spectrum respectively.  

 

Sample Date 

(2017) 

Start 

time 

End 

time 

Pressure 

altitude 

(m) 

Radar 

altitude 

(m) 

Vol. 

PC 

(L) 

Vol. 

tef.  

(L) 

Teflon 

position 

Dust area 

(μm2/cm3) 

% 

dust 

area 

Description 

C019_2 07/11th 10:06 10:24 185 154 438 - - 2.9 17 O&G 

C019_4 07/11th 11:19 19:37 330 303 286 160 Up - - O&G 

C022_1 07/17th 09:29 09:41* 220 303 182 110 Up 9.8 28 Upwind 

C022_2 07/17th 10:23 10:39 648 714 335 149 Low - - Downwind  

C022_3 07/17th 10:48 11:03 478 534 335 255 Up - - Downwind 

C022_4 07/17th 11:10 11:18 331 392 286 84 Low - - Downwind 

C022_5 07/17th 11:58 12:10 1450 1490 258 - Up 2.9 33 Above 

boundary 

layer 

C024_1 07/19th 12:59 13:10 202 160 

 

171 97 Up - - Continental 

Europe 

C024_2 07/19th 13:28 14:03* 351 250 696 257 Low 31.0 45 Continental 

Europe 

C024_3 07/19th 15:20 15:51* 347 281 953 250 Up 14.6 35 Continental 

Europe 

C025_1 07/20th 12:51 13:09 943 837 425 189 Low 10.9 41 Upwind 

C025_2 07/20th 13:40 14:03* 364 301 672 195 Up 5.1 38 Downwind 

C025_3 07/20th 14:11 14:35 76 38 625 260 Low 11.9 37 Downwind 

C025_4 07/20th 14:41 14:54 182 153 218 122 Up - 31 Downwind  

Table 3.1. Summary of the samples collected for this study. The symbol * indicates that there 

was at least one interruption during the sampling in order to avoid sampling during a change 

in the altitude or an abrupt turn. Teflon position indicates in which of the lines of the filter inlet 

system (up or low) the Teflon filter has been used. Therefore, the polycarbonate filter has been 

collected in the other line. The given value of dust surface area is calculated by integrating the 

mineral dust surface area (particles in the categories Si rich, Si only, Al-Si rich and Ca rich). 

Samples where there is not a value for the surface area of the mineral dust were not be analysed 
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using SEM-EDS. In the last column, samples have been labelled according to the sampling 

location and air mass origin. O&G corresponds to the samples collected during the Oil and Gas 

flight. Downwind and Upwind (of London) correspond to the samples collected within the 

boundary layer close to London. Continental Europe refers to the samples collected on the 

C024 flight, whose air masses have a higher influence from continental Europe. The C022_5 

sample has been collected above the boundary layer.  
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Figure 3.1. (a) Flight tracks of the sampling locations. (b) HYSPLIT analysis of the 4 day back 

trajectories of the air masses where the samples were taken. (c) Altitudes of the back trajectories 

from the HYSPLIT analysis. Altitude above Sea Level (ASL) has been used. 
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Figure 3.2. INP concentration of all the samples collected in this campaign analysed with the 

droplet-based assay described in Sect. 3.2.3.  The uncertainties of the calculations have been 

shown for one sample. (b) Fraction of droplets frozen corresponding to the droplet freezing 

assay performed in each sample, which have been used to calculate the INP concentrations 

shown above. Blanks have been shown in white. Note that in some of the blanks, almost all the 

droplets froze about – 23 oC. This only happened in the samples analysed in the FAAM facility, 
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and it is due to contamination. All the data below these temperatures of the samples analysed 

in the FAAM facility has been excluded (although this was not an issue since the vast majority 

of the freezing events happened at much higher temperatures. (c) Comparison of the dataset 

collected in this study with a similar dataset collected by O'Sullivan et al. (2018); Petters and 

Wright (2015) and the range of observed INP concentrations in mid-latitude terrestrial 

environments from Petters and Wright (2015).  

 

 

Figure 3.3. INP concentration at -19 oC represented against different variables measured by 

the FAAM BAe-146 such as the number of aerosol below and above ~ 3 µm (PCASP and CDP 

respectively), CO and O3 concentration, altitude, area of the coarse and submicron modes 
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measured by the PCASP and CDP. The data has been also plotted against surface area of dust 

measured using SEM-EDS and time over land (from the HYSPLIT analysis). Data from the 

C024 flight is presented in red while the rest of the data is represented in blue.  

 

 

Figure 3.4. Aerosol size distribution and size-resolved composition of the samples collected 

on the 2017/07/11 (Oil and gas).  

 

Figure 3.5. Aerosol size distribution and size-resolved composition of the samples collected 

on the 2017/07/17. The samples are C022_1 (a) and C022_5 (b).  
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Figure 3.6. Aerosol size distribution and size-resolved composition of the samples collected 

on the 2017/07/19. The samples are C024_2 (a) and C024_3 (b).  
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Figure 3.7. Aerosol size distribution and size-resolved composition of the samples collected 

on the 2017/07/20. The samples are C025_1 (a), C025_5 (b), C025_3 (c) and C026_4 (d).  
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Figure 3.8. Chemical composition in a heat map ternary diagram of Saharan dust particles 

collected in Barbados (a) compared with the dust particles collected in the UK in this study (b).  

The colour scale represents the percentage of particles of each dataset that are in each region 

of the ternary diagram.  

 

Figure 3.9. ns of the samples collected in the UK assuming that only their mineral dust 

component is responsible for ice-nucleation. (a) The data is compared to Saharan dust from 

different studies (Price et al., 2018; Boose et al., 2016a; Reicher et al., 2018; Boose et al., 
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2016c; Ullrich et al., 2017; Niemand et al., 2012), as well as dust containing 10 % of K-feldspar 

(Harrison et al., 2019). (b) Our ns values are shown in comparison with agricultural soils from 

different studies (O'Sullivan et al., 2014; Tobo et al., 2014; Steinke et al., 2016).   
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Figure 3.10. Different biological aerosol particles observed on top of the filters presented in 

this study. A selection of the most representative biological aerosol particles has been 

presented. The scale corresponds to 5 μm in all the images.  
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Figure 3.11. Concentrations of biological aerosol particles. (a) Biological particle 

concentration per unit of area in the filter. The first 3 bars correspond to the handling blank test 

carried out on the 27th of September of 2017. In this test, a handling blank as well as two 

samples were collected (Measurement 1 and 2). The number of biological aerosol particles on 

top of the measurements was much higher than in the handling blank. The data in the red bar 

corresponds to a second analysis using a very low magnification, which underestimates the 

detection of biological aerosol particles. (b) Atmospheric concentrations of biological aerosol 

particles of the SEM-EDS analysed filters (from C019_4 to C025_3). The data has been 

presented alongside pressure altitude. Note that the data point in the bottom right side of the 

image (about 1500 m) corresponds to the low biological aerosol sample (C022_5).  
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Abstract 

Ice-Nucleating Particles (INPs) have the potential to remove much of the liquid water in 

climatically important mid- to high-latitude shallow supercooled clouds, dramatically reducing 

their albedo. The INP sources at these latitudes are very poorly defined, but it is known that 

there are substantial dust sources across the high latitudes, such as Iceland. Here we show that 

Icelandic dust emissions are sporadically an important source of INPs at mid- to high-latitudes 

by combining ice-nucleating active site density measurements of aircraft-collected Icelandic 

dust samples with a global aerosol model. Since Iceland is only one of many high-latitude dust 

sources, we anticipate that the combined effect of all these sources may strongly contribute to 

the INP population in the mid- and high-latitude northern hemisphere. This is important 
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because these emissions are directly relevant for the cloud-phase climate feedback and because 

high-latitude dust emissions are expected to increase in a warmer climate. 

4.1. Introduction 

Atmospheric particles capable of nucleating ice can dramatically alter the radiative properties 

of cold clouds. These particles are called Ice-Nucleating Particles (INPs) and they can trigger 

heterogeneous ice formation in supercooled cloud droplets at temperatures well above those 

required for homogeneous ice-nucleation (Kanji et al., 2017). Droplet freezing triggers 

microphysical processes that can deplete supercooled liquid water and reduce cloud 

reflectivity, whereas the absence of primary ice production can lead to the persistence of 

supercooled liquid clouds (Vergara-Temprado et al., 2018b). Hence, the abundance and activity 

of INP are very important for cloud properties. Characterising atmospheric INP concentrations 

is challenging in part because only a small subset of aerosol particles act as INP and there are 

many particle types which can serve as INP. However, mineral dust is thought to be one of the 

most important INP species around the globe, both because of its ice-nucleating ability and its 

abundance (Boose et al., 2016c; Ullrich et al., 2017; Vergara-Temprado et al., 2017; Harrison 

et al., 2019). 

Most of the mineral dust in the Earth’s atmosphere is emitted by low-latitude arid and semi-

arid sources such as the Sahara or Gobi Desert, hence most of the dust transport research has 

focused on these low-latitude dust (LLD) sources (Huneeus et al., 2011; Ginoux et al., 2012). 

However, it is increasingly recognised that a significant amount of dust is also emitted from 

high-latitude cold environments, such as pro-glacial deposits, contributing about 1 to 5 % of 

the global dust budget (Bullard et al., 2016; Groot Zwaaftink et al., 2016; Tobo et al., 2019; 

Hamilton et al., 2019). In addition, these dust sources have the potential to play an important 

role on a regional or even global scale (Crusius et al., 2011; Prospero et al., 2012; Dagsson-

Waldhauserova et al., 2014a; Groot Zwaaftink et al., 2016; Groot Zwaaftink et al., 2017; 

Dagsson-Waldhauserova et al., 2017). Furthermore, climate change may lead to decreased ice 

surface or snow cover, increasing emissions of high-latitude dust (HLD) in the future (Bullard 

et al., 2016). It is therefore important to determine the ice-nucleating ability of HLDs and assess 
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their source strength in order to establish how important they are for determining cloud 

glaciation. Recently it was shown that dust particles derived from glacial Svalbard outwash 

plains are effective at nucleating ice (probably because of the presence of biological material), 

and might be an important source of atmospheric INPs at high latitudes (Tobo et al., 2019). 

In contrast to low-latitude sources, dust from high-latitude sources is emitted in a region of the 

world where they can directly impact the radiative properties of boundary layer mixed-phase 

clouds in a range of environments (Lohmann and Diehl, 2006; Vergara-Temprado et al., 2018b; 

Fu et al., 2019). In clouds at very high latitudes over sea ice and also in clouds over the 

Greenland ice sheet HLD may affect the radiative energy budget of clouds which are intricately 

linked to the local climate and are therefore important for sea ice loss (Morrison et al., 2011) 

and ice sheet melt events (Bennartz et al., 2013). At mid- to high-latitudes over the open ocean, 

HLDs may play a critical role in the planet’s climate through reducing the liquid water path 

and albedo of shallow mixed-phase clouds (Vergara-Temprado et al., 2018b). It is particularly 

important to accurately represent ice formation in these mixed phase clouds because in a 

warmer future world models suggest that if INP concentrations remains constant they will 

contain more liquid water and therefore become more reflective, with a substantial impact on 

equilibrium climate sensitivity (Tan et al., 2016). In addition, INP concentrations may change 

in a warmer world, with an impact on cloud phase.  However, this cloud-phase feedback is 

highly uncertain at present in part due to our lack of understanding of high-latitude INP sources 

both in the present and future climate.  

Iceland is an important HLD source, exporting dust to the atmosphere of the North Atlantic 

region throughout the year and therefore has the potential to contribute to the atmospheric INP 

burden (Prospero et al., 2012; Bullard et al., 2016; Groot Zwaaftink et al., 2017). Icelandic dust 

has a distinct mineralogy compared to other HLDs. With volcanic eruptions happening on 

average every 3-5 years, the surface soils of Iceland are made from predominantly basaltic 

volcanic tephra and lava parent material which has been chemically and physically weathered 

(e.g. by glacio-fluvial processes) (Arnalds, 2004). Common constituents of these soils include 

volcanic glass poor in silica and rich in metals, primary aluminosilicate (e.g., plagioclase, 

pyroxene, olivine) and iron(-titanium) oxide (e.g., magnetite) minerals, and secondary minerals 
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of varying crystallinity (e.g. allophane, ferrihydrite). These volcanic soils in “sandy deserts” 

across Iceland are susceptible to aerosolisation through the action of wind, which produces 

frequent dust events (Prospero et al., 2012; Dagsson-Waldhauserova et al., 2014a; Arnalds et 

al., 2016; Bullard et al., 2016; Dagsson-Waldhauserova et al., 2017; Groot Zwaaftink et al., 

2017). Furthermore, Icelandic dust can be transported to locations thousands of kilometres 

away from the original source (Moroni et al., 2018) and can reach altitudes and latitudes where 

mixed-phase cloud formation can occur (Groot Zwaaftink et al., 2017; Dagsson-

Waldhauserova et al., 2019). 

Very few studies have evaluated the ice-nucleating ability of Icelandic dust. A recent study 

showed that the ice-nucleation activity of Icelandic glaciogenic silt at temperatures below -30 

oC was similar to that of dusts from low-latitude sources (Paramonov et al., 2018); no 

measurements have been made under conditions pertinent to the majority of mixed-phase cloud 

systems in this region (i.e. above -30 oC). The ice-nucleation ability of volcanic ash from the 

2010 eruption of Eyjafjallajökull volcano has also been studied and shown to be of a 

comparable activity to desert dust under mixed-phase conditions (Hoyle et al., 2011; Steinke 

et al., 2011), while volcanic ash samples from other parts of the world show a great deal of 

variability in their activity (Mangan et al., 2017; Maters et al., 2019). Given that dust from 

Iceland’s volcaniclastic deserts is processed through glacio-fluvial processes, its ice-nucleating 

activity may differ from freshly produced volcanic ash. In addition, Icelandic dust could 

contain ice-nucleating biogenic material, similarly to other HLDs (Tobo et al., 2019).  

Here we characterise the immersion mode ice-nucleation abilities of airborne-collected HLD 

samples under conditions pertinent to mixed-phase clouds using a droplet freezing assay to 

quantify atmospheric INP concentrations and Scanning Electron Microscopy with Energy-

Dispersive X-ray Spectroscopy (SEM-EDS) to derive dust surface area. We then use the 

resulting temperature-dependent ice-active site density in combination with a global aerosol 

model in which we have included an Icelandic dust emissions inventory to test how important 

Icelandic dust is as an INP source relative to LLD. 
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4.2. Results 

4.2.1. The ice nucleating ability of airborne Icelandic dust 

In order to investigate the ice-nucleating ability of Icelandic dust, we measured both the 

concentration of INPs and the corresponding surface area of airborne Icelandic dust to derive 

the active sites per unit surface area (active site density). To do this we sampled atmospheric 

aerosol particles using the filter inlet system on board of the UK’s BAe-146-301 Atmospheric 

Research Aircraft (managed by the FAAM Airborne Laboratory) during the VANAHEIM-2 

campaign over the south of Iceland in October 2017. The filter inlet system can be used to 

sample aerosol particles smaller than ~20 μm particles on top of two filters simultaneously and 

has been characterised in a previous work (Sanchez-Marroquin et al., 2019). This allowed us 

to determine both the INP concentration using droplet freezing assays and the size-resolved 

composition of the aerosol particles by SEM-EDS on samples which were collected 

concurrently. The sampling flight tracks are shown in Fig. 4.1a. Further details of the samples 

are given in Table S4.1.  

To determine the surface area of mineral dusts on the filters, the size resolved composition was 

obtained by SEM-EDS (Sanchez-Marroquin et al., 2019). This allowed us to obtain a direct 

size distribution of the aerosol particles on top of polycarbonate filters, as well as their size-

resolved composition (see Sect. S4.2). Size distributions from SEM-EDS were compared with 

those produced by the under-wing optical probes, and sampling biases in qualitative agreement 

with those reported previously (Sanchez-Marroquin et al., 2019) were observed. The surface 

areas of particles showing a chemical composition consistent with mineral dust or volcanic 

material (SEM-EDS categories Al-Si rich, Si only, Si rich, Ca rich and Metal rich) were 

calculated using an approach defined previously (Sanchez-Marroquin et al., 2019). Most of the 

analysed samples (8 out of 11) had a coarse surface area size distribution dominated by mineral 

dust (comprising 88 to 99% of the total surface area), with a single mode centred between ~3 

and ~8 μm. Some of the samples (the remaining 3 out of 11) did not have dust concentrations 

significantly above the limit of detection (see Sect. S4.2).  

Dust from low-latitude sources as well as other high-latitude sources may be present in the air 

around Iceland, hence we examined back trajectories and the chemical composition of the dust 
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to determine its most likely source. Back trajectory analysis (24 hr trajectories are shown in 

Fig. 4.1b) revealed that the air masses associated with almost all the samples dominated by 

coarse-mode dust had passed through the boundary layer (assuming to be 1 km deep) above 

the dust emission areas of Iceland (Arnalds et al., 2016; Groot Zwaaftink et al., 2017) within 

~5 hours of being sampled. In contrast, 75% of the samples for which the air masses had a 

cleaner origin (they did not pass through the boundary layer above the dust emission areas of 

Iceland) had very low aerosol concentrations. Satellite imagery confirms the presence of dust 

plumes emanating from sources in southern Iceland close to the location and time for some of 

the samples collected here (Fig 4.1c). A few of the trajectories indicate that potential HLD 

sources in Eastern Greenland might also contribute to the dust loadings. However, examination 

of the chemical composition of the collected dust particles revealed that the airborne dust we 

collected always had a chemical composition close to the chemical composition of bulk 

Icelandic dust or volcanic ash (see Sect. S4.3 and Fig. S4.7). Furthermore, it has a different 

chemical signature than dust particles collected in other locations at lower latitudes (Fig. 

S4.7d). Hence, we conclude that the dust we sampled on these flights was predominantly of 

Icelandic origin. 

The INP concentration as a function of temperature for each sample was then determined using 

a cold-stage droplet freezing assay where droplets were placed on top of the Teflon filter (Price 

et al., 2018). Fig. 4.2a shows the INP concentration of the collected aerosol samples, while the 

fraction of droplets frozen at each temperature is presented in Fig. S4.8. The INP concentrations 

scatter through two orders of magnitude for a given temperature, with some low activity 

samples not having an INP signal significantly above the limit of detection. Samples that were 

observed to have the highest numbers of INP also exhibited the largest dust surface area 

concentrations (see Fig S4.9). Samples with aerosol particles above the limit of detection (all 

of them apart from one also exhibited INP concentrations above the limit of detection) were 

dominated by dust, with the remainder corresponding mainly to sea spray and carbonaceous 

particles. Consequently, we assumed that the ice-nucleating ability of the samples is imparted 

by the presence of dust particles, and so our INP concentration and SEM dust surface area 

measurements were used to calculate the density of active sites (ns (T)) of the sampled Icelandic 

dust (Fig. 4.2b) and derive a parameterisation. 
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The ns(T) parameterisation for Icelandic dust is compared with other mineral dust and ash 

parameterisations and data in Fig. 4.2c. Icelandic dust shows an activity slightly lower than 

reported for LLD in a laboratory study (Ullrich et al., 2017). However, the values overlap with 

those reported for airborne desert dust, using the same experimental approach as used here 

(Price et al., 2018), although with a shallower slope that results in higher activity above about 

-17 °C. Icelandic dust also has a shallower slope of ns vs T when compared to pure K-feldspar 

(Harrison et al., 2019), resulting in ice nucleating activity larger than K-feldspar above about -

18 °C. The different slope and high activity at higher temperatures suggests that standard K-

feldspar may not control the ice-nucleating ability of Icelandic dust, which is consistent with 

other studies that indicate that the relationship between mineralogy and the ice-nucleating 

activity of volcanic material is more complex (Paramonov et al., 2018; Maters et al., 2019) than 

in low LLDs where K-feldspar is thought to control its ice-nucleating activity (Harrison et al., 

2019). In addition, Icelandic soils are not likely to contain major amounts of K-feldspar, but 

other minerals such as plagioclases and pyroxenes as well as glasses are one of the main 

components of these soils (Arnalds et al., 2016; Dagsson-Waldhauserova, 2014). As shown in 

Fig. 4.2c, the ice-nucleation ability of plagioclases is orders of magnitude lower than our 

Icelandic dust samples. Similarly, it was recently shown that glasses of volcanic origin are also 

very poor at nucleating ice (Maters et al., 2019). In contrast another recent study indicates that 

pyroxenes exhibit a similar slope and comparable activity to the airborne Icelandic dust 

samples (Jahn et al., 2019). It is also possible that an ice-active biological component 

contributes to the ice-nucleating activity of Icelandic dust from glacio-fluvial processes, as was 

the case in Svalbard (Tobo et al., 2019). Unfortunately, further analysis for biological INP or 

mineralogy was not practical with the small quantities of dust collected using the aircraft 

sampling system. The ice-nucleating ability of our samples is consistent with that reported for 

ash from the 2010 eruption of Eyjafjallajökull (Hoyle et al., 2011; Steinke et al., 2011) and 

surface-sampled glaciogenic silt (Paramonov et al., 2018). Overall, the airborne Icelandic dust 

we sampled is a relatively active material and is more active than LLD at temperatures above 

-17 °C, but substantially less active at lower temperatures. 
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4.2.2.  Modelling the emission and transport of Icelandic dust to assess its importance 

as an INP source 

In order to determine how important Icelandic dust is relative to LLD, we have used a global 

aerosol model called GLOMAP (Mann et al., 2010). This model has been used previously to 

represent the global distribution of desert dust and the organic part of sea spray acting as INPs 

(Vergara-Temprado et al., 2017). This model simulates the emission, transport and 

microphysical processing of size-resolved aerosol particles containing several chemical species 

including dust. The ice-nucleating ability of LLD is quantified in terms of the K-feldspar 

content (emitted as a fraction of the dust mass and tracked separately in the model) (Vergara-

Temprado et al., 2017), which is considered to be the most important ice-nucleating mineral in 

LLD (Harrison et al., 2019). Sea spray INP are linked to the organic fraction of sea spray 

aerosol according a parameterisation based on the ice nucleating ability of ocean surface 

microlayer samples (Wilson et al., 2015). Sea spray was always a minor component of the INP 

population in this location according to our calculations when compared with desert dust, in 

agreement with a previous study (Vergara-Temprado et al., 2017). Therefore we will focus our 

study on comparing Icelandic dust with LLD.  

Previous versions of GLOMAP did not include dust emission sources above 42o N, but here an 

Icelandic dust source was added to the existing AEROCOM inventory (Huneeus et al., 2011) 

on the 28 days (in 2001) when dust storms were recorded (Dagsson-Waldhauserova et al., 

2014a). These daily emissions were tuned (from the AEROCOM median) to reproduce 

monthly mean dust mass concentration measurements at Heimaey, an island of the south coast 

of Iceland (Prospero et al., 2012; Dagsson-Waldhauserova et al., 2014a) (Fig. S4.10). Our 

tuned yearly emissions (for 2001) of ~5 Tg (0.2 % of global emissions) are a factor of 6 lower 

than that estimated from deposition rates by a previous work (Arnalds et al., 2016). This 

underestimation is likely the result of only tuning against southern observations 

(underestimating the magnitude of northern directed dust plumes) and also because 2001 was 

a relatively quiescent dust year. Thus our modelled results most likely represent the lower limit 

of the Icelandic dust impact.  We did this modelling for 2001 because we have already 

published global INP distributions in this model for the year 2001 (Atkinson et al., 2013; 
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Wilson et al., 2015; Vergara-Temprado et al., 2017). INP concentrations from both Icelandic 

dust and from LLD have been calculated using a method similar to a previously defined 

approach (Vergara-Temprado et al., 2017 ). In the case of LLD, we combined the K-feldspar 

concentrations simulated by the model for the year 2001 with the most recent K-feldspar 

parameterisation (Harrison et al., 2019). Icelandic dust concentrations have been combined 

with the parameterisation of our dust samples shown in Fig. 4.2c. We make the assumption that 

the dust we sampled in October 2017 is representative of Icelandic dust in general and its 

activity would not vary with year or season. All the INP concentrations shown in this study 

correspond to INP concentration active at ambient temperature, [INP]ambient. [INP]ambient is 

defined as the concentration active at the local temperature of the grid box (Vergara-Temprado 

et al., 2017). This is in contrast to [INP]T, which is the INP active at some defined T, usually 

the set-point of an INP instrument. An INP’s potential to nucleate ice will only be realised if it 

is exposed to sufficiently low temperatures, hence [INP]ambient is a useful measure of where 

aerosol that have the potential to nucleate ice exist and where the temperatures are low enough 

for them to do so. Evaluating the global distribution of INP produced by both the LLD and the 

Icelandic sources allows us to determine whether Icelandic dust is an important source of INP 

at cloud altitudes relative to LLD.  

The model-predicted contribution of INP associated with Icelandic dust over a season is shown 

in Fig 4.3a along with the modelled dust concentration at Heimaey Island. The episodic nature 

of the dust emissions is clear from this plot with INP enhancement, at different concentrations, 

across the region for several days after modelled storm events in Iceland. Icelandic dust 

emissions have a high temporal variability since most of the dust is emitted during dust events 

that occur on average 30 times a year and last up to 2-3 days (Dagsson-Waldhauserova et al., 

2014a; Groot Zwaaftink et al., 2017). We express the contribution of Icelandic dust INP as the 

percentage of atmospheric volume at mixed-phase temperatures where the Icelandic INP had 

a higher concentration than INP from LLD at certain total [INP]ambient. We show time series for 

three [INP]ambient concentration thresholds (>0.1, >0.01 and >0.001 L-1). While the threshold 

INP concentrations required to impact cloud properties is very uncertain (Petters and Wright, 

2015), modelling work indicates that in shallow boundary clouds concentrations larger than 

0.001 L-1 may impact the liquid water path, while concentrations larger than 0.1 or 1 L-1 can 
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largely remove liquid water (Vergara-Temprado et al., 2018b; Stevens et al., 2018). We do this 

for a large part of the northern hemisphere (-100 W to 60 E and 45 N to 90 N) (see inset in Fig 

4.3a) and show that up to 16% of grid boxes across this vast area are dominated by Icelandic 

dust at 0.001 L-1. There is a strong seasonal dependence, with the simulations indicating that 

Icelandic dust mostly contributes to the INP population from June into September, but also 

contributes sporadically through the rest of the year. However, not all the Icelandic dust events 

lead to a significant INP concentration events because the concentration of active INPs depends 

strongly on the ambient temperature and the emitted dust may be deposited before reaching a 

location in which the temperature is cold enough for it to act as INPs.  

In Fig. 4.3b we examine the altitude profile of modelled Icelandic dust and at what altitude 

sufficiently low temperatures and sufficiently high dust loading exist to produce an INP 

concentration of 0.001 L-1 active at ambient temperature. This plot depicts the whole summer 

period (day 172 to 266) only for the region around Iceland. One can see that Icelandic dust 

contributes significantly to the INP population between about 700 and 500 hPa (about 3 to 5.5 

km), for latitudes above 50o N, dominating the INP population up to 25% of gridboxes in the 

mixed-phase regime. The mean mixed-phase temperature range over the summer is also shown. 

Summer mixed-phase clouds can occur between about 400 hPa (2 km) and 800 hPa (7 km) 

above Iceland and down to sea level for the high Arctic. Icelandic dust can make a significant 

contribution to the INP population in the 500 to 700 hPa range.  This is demonstrated by 

inspecting the dust mass concentration and temperature profiles in Fig 4.3c. While the highest 

concentration of Icelandic dust is found at sea level, sufficiently cold temperatures only exist 

higher than about 700 hPa to produce an appreciable [INP]ambient. Above about 500 hPa the 

LLD mass concentration increase as Icelandic dust concentrations continue to decrease and 

LLD begins to dominate the [INP]ambient. Overall, the presence of Icelandic dust increases the 

probability of cloud glaciation across the region and extends the mixed-phase regime to lower 

altitudes.   

The spatial distribution of the contribution of Icelandic dust as INP at 550 hPa is shown in Fig. 

4.4. Fig. 4.4a shows a map with the percentage of summer days where the Icelandic dust was 

the dominant source of dust INPs active at ambient temperature. At 550 hPa Icelandic dust 
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contributes more to the INP population than LLD over most of the Arctic Sea, Greenland, some 

areas of northern Europe and the North Atlantic for more than one third of days through the 

summer. The fraction of days when this happens reaches ~60 % of the summer days for areas 

close to the eastern coast of Greenland, and decreases to less than 10% for Alaska, Canada, 

Siberia and most latitudes below 50°N. In addition, the contours show that when Iceland was 

the dominant dust INP source, the INP concentration reached summertime average INP 

concentrations above 0.001 L-1 for most of the Iceland-dominated areas. Fig. 4.4b shows that 

Icelandic dust INPs contribute to the summer average total INP concentration (from both the 

Iceland dust and the LLD) over the North Atlantic and some areas of northern Europe. Over 

these areas, INP average summertime concentrations reach values above 0.001 L-1. The effect 

of the Icelandic dust on the total mean INP concentration over the rest of the Arctic is mostly 

below 10%. However, as shown in Fig 4.4a, the Icelandic dust is still the dominant INP type 

over most of the Arctic for more than 30% of summer days across large parts of the Arctic, due 

to the sporadic nature of dust concentrations. It is important to note that other sources of INPs 

have not been added to the model and they could also contribute to the INP population, but it 

is clear that Icelandic dust significantly contributes to the INP population in this region relative 

to LLD. 

An example of how Icelandic dust can strongly enhance the INP concentration over a 5-day 

period is shown in Fig. 4.4c. The INP concentrations from both the Icelandic dust and LLD 

(top panel) are orders of magnitude higher than when only LLD sources are represented in the 

model. The presence of Icelandic dust during the event leads to INP concentrations active at 

ambient temperature up to 0.5 L-1 over a large area of the North Atlantic, compared to less than 

0.01 L-1 over a significantly smaller area if only the LLD sources were considered. 

 

4.3. Discussion 

We have measured the ice-nucleating ability of Icelandic dust sampled from the FAAM BAe-

146 using SEM-EDS dust surface area and INP concentration measurements. We found that 

the ice-nucleating ability of the sampled Icelandic dust is relatively high, exhibiting comparable 
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values to LLD samples and pure K-Feldspar at around -17 °C, but with a shallower temperature 

dependence. Using our results in conjunction with outputs from a global aerosol model 

(GLOMAP), we calculated global distributions of INPs active at ambient temperature from 

Icelandic dust storms. These simulations show that Icelandic dust significantly contributes to 

the INP population active at ambient temperature, often out-competing LLD across large parts 

of the mid- to high-latitudes. The greatest contribution of Icelandic dust to the INP population 

occurs during the summer over large areas of the North Atlantic and the Arctic at altitudes 

between about 700 and 500 hPa, where mixed-phased clouds are known to occur. At 550 hPa, 

Icelandic dust was the dominant source of INP for 12 to 60% of the summer days over large 

areas of the Arctic and North Atlantic. This leads to average summertime INP concentrations 

active at ambient temperature between 10-3 and 10-2 L-1, with concentrations of up to 0.5 L-1 

over large parts of the Arctic in a modelled event. In addition, our modelled results are likely 

to represent a lower limit of the impact of Icelandic dust, since the model year (2001) was a 

low dust year and also we did not tune to dust emissions moving to the north of Iceland.  

The important role of Icelandic dust in the INP population is particularly relevant since Iceland 

is only one of multiple HLD sources (Bullard et al., 2016; Tobo et al., 2019; Hamilton et al., 

2019) composing only about 10% of the total HLD dust emissions (Groot Zwaaftink et al., 

2016). Hence, we anticipate that the combined effect of all the HLD sources could contribute 

significantly to the INP population at high latitudes. Therefore, the results presented here 

should be interpreted as a lower limit of the relative importance of HLD for ice nucleation in 

the Artic, and further investigation of other HLD is needed to confirm this hypothesis and 

quantify its contribution. Although Svalbard dust emissions have recently been found to be a 

potentially significant source of INPs (Tobo et al., 2019), there remain many dust sources that 

have not been analysed or added to models, such as Alaska (Crusius et al., 2011), Canada 

(Nickling, 1978), and Greenland (Bullard and Mockford, 2018). The origin, mineralogy and 

emission mechanisms of HLD vary significantly from one source to another (Bullard et al., 

2016; Moroni et al., 2018), hence the HLD ice-nucleation ability may also vary substantially. 

For example, Icelandic dust is made up of glacio-fluvial material which is of volcanic origin 

(Arnalds et al., 2016), whereas dust sources from Svalbard comprise both sediments from river 

beds and anthropogenic sources from coal mines (Dörnbrack et al., 2010), and could contain 
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ice-nucleating biogenic material (Tobo et al., 2019). Therefore, it may be necessary to analyse 

and treat each of these sources separately.  

Our conclusion that HLD acts as a significant source of INPs is relevant for several reasons. 

Shallow marine supercooled clouds with a high albedo are very sensitive to INP concentration, 

with INP decreasing the liquid water content and therefore decreasing the shortwave 

reflectivity of these clouds (Lohmann and Diehl, 2006; Vergara-Temprado et al., 2018b). The 

reduction in ice fraction, and corresponding increase in liquid water, of mixed-phase clouds as 

a consequence of global warming is an important but highly uncertain negative feedback on 

climate (Tan et al., 2016), with the uncertainty stemming partly from the oversimplification of 

mixed-phase cloud-climate feedback processes in climate models (McCoy et al., 2018). In 

addition, mixed-phase clouds over snow and ice exert a longwave radiative heating effect on 

the surface that can accelerate ice melting (Solomon et al., 2017). Since HLD emissions will 

probably increase under most climate change scenarios due to decreases in snow cover and 

glacier retreat (Bullard et al., 2016), the INP population at mid- to high-latitudes is likely to 

increase. Increased INP concentrations would lead to a reduction in supercooled water and a 

decrease in shortwave reflectivity, potentially counteracting the effect of sea surface warming, 

to produce a positive climate feedback which has not yet being considered in climate 

simulations. 

4.4. Materials and Methods 

4.4.1. Sampling aerosol particles 

Aerosol particles have been sampled on top of filters using the filters inlet system on board of 

the FAAM BAe-146. The system has been characterised previously (Sanchez-Marroquin et al., 

2019). This inlet system can sample accumulation and coarse aerosol particles (up to about 20 

μm) on top of two filters at the same time, working under sub-isokinetic conditions. The system 

tends to enhance coarse aerosol particles but the enhancement tends to be smaller when 

sampling with the inlet bypass open (Sanchez-Marroquin et al., 2019), hence all the samples 

were collected with the bypass open. Here we sample on top of Sartorius 

(Polytetrafluoroethylene) PTFE membrane filters (47mm diameter with a pore size of 0.45μm) 
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for the INP concentration drop assay and on top of Whatman nuclepore polycarbonate track 

etched filters (47mm diameter with a pore size of 0.4μm) for SEM-EDS analysis. Each filter 

pair was exposed to air during one or more sampling legs around a particular area, as one can 

see in Fig. 4.1a. Sampling was performed at constant altitude when possible, which was the 

majority of the cases. The samples were frozen at ~-18 oC on the same day they were collected. 

During the transport, the samples were kept well below freezing temperatures, never exceeding 

-8.5 oC.   The INP concentration analysis was carried out a few days after collection whereas 

the SEM-EDS analysis was performed over the following year.  

4.4.2. INP concentration drop assay 

Here we have used the same droplet freezing assay similar to that used previously (Price et al., 

2018). Exposed filters were placed on top of glass slides (Ted Pella cover glass, 48 x 60 x 0.15 

mm) which were placed on top of the cold stage using silicon oil in order to improve thermal 

contact. The glass slides were made hydrophobic using Turtle Wax ClearVue Rain repellent 

solution in order to prevent frost formation and help the droplet pipetting. About 60 pure water 

droplets (Milli-Q®) with a volume of 2 μL were placed onto the exposed PTFE filters.  Then, 

the droplets were cooled at 1 K min-1 within a chamber that was flushed with a 0.2 L min-1 of 

zero grade dry nitrogen in order to inhibit condensation and frost growth. The freezing process 

was recorded with a camera while measuring the temperature of the cold stage, which allowed 

us to obtain the fraction of droplets frozen as a function of temperature, f(T) (shown in Fig. 

S4.8). The concentration of INPs was calculated using the equation: 

[INP]( ) = - ln(1- )
 filT f T

A

Va

( )


    Eq. 4.1 

where Afil is the area of the filter exposed to aerosol particles and its value corresponds to 11 

cm2, Va is the volume of sampled air and α is the area of each droplet in contact with the filter. 

The value of α was 1.357 mm2, calculated from the droplet volume and an assumed contact 

angle value of 126 ±3o, under the assumption of a spherical cap geometry. The errors have been 

calculated using a Monte Carlo simulation which represents the randomness of the of the 

distribution of active sites in the droplet freezing assay, in combination with the uncertainty of 

the contact angle (Price et al., 2018). 
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4.4.3. Scanning electron microscopy analysis  

Here we have applied the approach described previously (Sanchez-Marroquin et al., 2019) in 

order to calculate the size resolved composition of the aerosol particles on top of polycarbonate 

filters using SEM-EDS. We used a Tescan VEGA3 XM scanning electron microscope at the 

Leeds Electron Microscopy and Spectroscopy Centre (LEMAS) with the AZtecFeature 

software expansion (Oxford Instruments) for automated particle analysis. The system was 

operated with an accelerating voltage of 20 KeV, a working distance of ~15 mm and a pixel 

dwell time of 10 μm. Samples were coated with 30 nm of Ir. Images of the particles on top of 

filters were used to obtain morphological information of the aerosol particles, while Energy-

Dispersive X-ray Spectroscopy was used in order to obtain the chemical composition of each 

individual aerosol particle. The unprocessed data for each X-ray spectra of the analysed 

particles were matrix corrected and normalised by the software (AZtecFeature) in order to 

calculate the element weight percentages of the elements present in each particle (Sanchez-

Marroquin et al., 2019). The size-resolved composition as well as the size distribution of each 

aerosol sample was calculated and can be seen in the Sect. S4.2, which allowed us to calculate 

the dust surface area (Sanchez-Marroquin et al., 2019). For this analysis, we considered that all 

particles in the categories Si only, Si rich, Al-Si rich, Ca rich and Metal rich were mineral dust. 

Particles in the Metal rich category are dominated by either Fe, Cu, Pb, Al, Ti, Zn or Mn, 

without major contributions of Si. These particles are metal-containing aerosol particles or 

metallic oxides from either natural or anthropogenic sources. In our Icelandic aerosol samples, 

particles in this group contained mainly Fe, with some contributions of Ti and Al, so it was 

assumed that they are components of the dust. The vast majority of the aerosol particles found 

in the scanned samples had a chemical composition compatible with mineral dust or volcanic 

material. The surface area of the dust was calculated by integrating the surface area of the dust 

particles present in the sample and assuming equivalent circular diameters. A full description 

of the categories as well as a more information about the setup have been previously shown 

(Sanchez-Marroquin et al., 2019). 
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4.4.4. Density of active sites calculation and Icelandic dust parameterisation  

The values of surface area of dust for each of the samples that were scanned using SEM-EDS 

were used alongside the [INP]T spectrums in order to calculate the dust ns(T) spectra of each 

sample. The calculations were carried out for the selected samples (see Fig. S4.10), where the 

dust surface areas and INP concentrations were above the limit of detection (C058_1, C059_1, 

C059_2, C060_2, C061_1, and C061_3), according to the equation: 

n T
T

s
s ( )

[ ]( )


INP
     Eq. 4.2 

where s is the surface area of the nucleating material, in this case dust. These calculations are 

carried out based on the assumption that the ice-nucleating ability of the sample is determined 

by dust, which is a valid assumption since in the samples shown in Fig. 4.2, more than 88% of 

the surface area is constituted by mineral dust. The remaining percentage of the surface area 

was dominated by Na rich (most likely sea salt) and carbonaceous particles (black carbon, 

biogenic particles, artefacts from the filter). The obtained concentrations of sea salt are too 

small to compete with the mineral dust (DeMott et al., 2016). In addition, the INP 

concentrations correlate well with the dust surface areas, as one can see in Fig. S4.9, which 

also indicates that some component of the dust nucleates ice in these samples. However, we 

cannot rule out the presence of some ice-active biogenic material associated with the dust 

particles. In Fig. 4.2c, one can see the fit that was applied to the selected samples (ns(T) = 10-

0.0337-0.199 T with T between -12.5 and -25 oC. The fit is comparable with the LLD and K-feldspar 

parameterisations.   

4.4.5. Global aerosol model  

The global aerosol model GLOMAP-mode used in this work runs at a horizontal resolution of 

2.8o x 2.8o (~60km2 in the high Arctic) with 31 pressure levels from the surface to 10 hPa 

(Mann et al., 2010). The model represents the atmospheric evolution of 6 different aerosol 

species (SO4, Black Carbon, Organic Carbon, NaCl, Dust and Feldspar) distributed in 7 

lognormal modes (4 soluble 3 insoluble). Feldspar is emitted as a fraction of the dust mass and 

tracked separately in the model but it is treated similarly. The model simulates several aerosol 

microphysical processes using the ERA-Interim reanalysis fields for the atmospheric 



165  
 

 

 

 

 

dynamics. Dust and Feldspar are emitted into the accumulation (~100 to 1000 nm) and coarse 

(>1000 nm) modes. Freshly emitted dust devoid of soluble materials is thought to be a poor 

CCN relative to other more hygroscopic aerosol particles.  Hence, we emit dust into the 

insoluble modes where they cannot serve as CCN and are therefore not subject to wet removal. 

However, dust rapidly ages in the atmosphere becoming internally mixed with soluble material 

which makes it more hygroscopic and can then more readily serve as CCN. In GLOMAP dust 

is aged via interaction with SO2 and moves into the soluble modes (i.e. susceptible to wet 

scavenging); this occurs on a timescale of hours. The mean lifetime of modelled dust is 

therefore 3-4 days (Mann et al., 2010). Since ice nucleation in mixed-phase clouds is thought 

to be dominated by particles immersed in cloud droplets (Kanji et al., 2017), we assume that 

only the INP in the soluble modes nucleate ice.  We tested the impact of including the insoluble 

modes on the INP population and the INP concentrations only increase marginally (e.g. the 

peaks ‘% of atmospheric volume’ in Fig. 4.3a increase about 1 %). 

Global dust emissions were taken from the AEROCOM daily dust inventory (Huneeus et al., 

2011). The model is run from January 1st 2001 to December 31st 2001 with daily output. The 

Icelandic dust emissions, which are not typically represented in GLOMAP, were incorporated 

into the model using dust climatology data from (Dagsson-Waldhauserova et al., 2014a). 

Icelandic dust emissions were isolated by running the model with the Icelandic dust emissions 

and without them and subtracting the outputs. [INP]ambient were determined using the 

temperatures from ECMWF (European Centre for Medium-Range Weather Fore- casts) re-

analysis fields. 
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Figure 4.1. Sampling locations and air mass origins. (a) Flight track plots showing the location 

of the sampling of each pair of filters. The sampling altitudes varied from 30 to 2500 m. (b) 24 

hours Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) back trajectories of 

the air masses where each sample was collected. The blue star corresponds to a source of HLD 

in the east coast of Greenland that has been identified using NASA Worldview (e.g. 29/9/2018). 
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The end points of the back trajectories are the mid-point of each filter sampling run. (c) NASA 

Worldview satellite image of the south coast of Iceland on 02/10/2017, when the C058 and 

C059 flights were carried out. One can see dust plumes emanating from the south of Iceland, 

very close to the sampling locations.  

 

Figure 4.2. Ice-nucleation ability of the Icelandic dust samples. (a) INP concentration (per 

standard litre of atmosphere) for each sample. The INP concentration spectrum of the samples 

marked with an ‘x’ should be taken as an upper limit since the INP signal they produced was 

only slightly above the limit of detection (the corresponding fraction of droplets frozen for each 

sample is shown in Fig. S4.8). For simplicity, the errors have only been shown for one sample. 

(b) Density of active sites of each sample, plotted with our fit to the data (ns(T) = 10-0.0337-0.199 T 

with T between -12.5 and -25 oC). Only samples that display an INP concentration significantly 

above the limit of detection are shown here. Errors in all samples have been shown. (c) 

Icelandic dust density of active sites parameterisation from this study compared with volcanic 

ash data from Eyjafjallajökull (Steinke et al., 2011; Hoyle et al., 2011), Icelandic dust 

(Paramonov et al., 2018), pyroxene (Jahn et al., 2019), laboratory study-based 

parameterisations for LLD (Ullrich et al., 2017), K-feldspar and Plagioclase (Harrison et al., 

2019), as well as airborne Saharan dust samples (Price et al., 2018).  
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Figure 4.3. Temporal and altitude distribution of Icelandic dust INPs.  (a) Daily percentage of 

atmospheric volume where Icelandic dust INPs dominate over the LLD INPs, leading to three 

given total INP concentrations. The calculations have been done over the area indicated in the 

inset map [-100W, 60E] and [45N, 90N]. The percentages have been calculated over the grid 

boxes with temperatures in the range -35 to -12.5 oC (we limit this analysis to -12.5 oC because 

this is the limit of our parameterisation and the effect at these temperatures is minor). At 

temperatures below -25 oC we assume no increase in ns, hence we underestimate the INP 

population from Icelandic dust. The shadowed area corresponds to the summer (day 172 to day 

266). (b) Percentage of grid boxes in the mixed-phase cloud range where Icelandic dust INP 

concentration dominates over the LLD INP concentration and where the total INP 

concentration reaches 0.001 L-1 over the summer (day 172 to day 266) and over a longitude 

range of [-40o, 10o]. (c) Altitude profiles of the average ambient temperature, Icelandic dust 

and LLD mass concentration over Iceland (the averaging area of these profiles corresponds to 

what can be seen in the inset map).  
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Figure 4.4. Spatial distribution of Icelandic INPs. (a) Fraction of days during the summer (day 

172 to day 266) in which the INP active at ambient temperature from the Icelandic source 

dominates over the ones from the LLD source at 550 hPa. The data has been masked to include 

only days where the INP concentration from the Icelandic source was above 10-4 L-1. The 

contours represent the linear average total INP concentration active at ambient temperature 

(from both sources) during the days where the Icelandic source dominates, in L-1. (b) Fraction 

of Icelandic INP in the total INP active at ambient temperature (which considers both the 

Icelandic and the LLD source) at 550 hPa. The contours represents the linear average INP 

concentration in L-1. (c) Example of an Icelandic dust event which leads to high INP active at 

ambient temperature concentrations produced by this source at 550 hPa. In the top row, one 

can see the INP concentration produced by both sources over a period of 5 days, while in the 

bottom row, only the INP concentration produced by the LLD source has been represented. 

The temperature range for this event are in between -12.5 oC and -24.4 oC for the areas where 

the INP concentration active at ambient temperature was above the 10-4 L-1 masking. The 

temperature range for the whole shown area is -4 oC to -24.5 oC. 
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Abstract  

Understanding mixed-phase clouds ice-related processes such as the concentrations of Ice-

Nucleating Particles (INPs) is crucial to properly represent this type of clouds in models. 

However, knowledge of the sources and concentrations of INPs, particularly for the Arctic 

region, is still insufficient.  In this study, we present a new dataset of aircraft based immersion 

mode INP measurements and aerosol size-resolved composition in the Western North 

American Arctic. This was done by collecting aerosol samples on top of filters that were 

analysed using both a freezing droplet-based assay and Scanning Electron Microscopy with 

Energy Dispersive Spectroscopy (SEM-EDS). The measured INP concentrations were at the 

lower end of our limit of detection. The SEM-EDS analysis of the size-resolved composition 

of some of the aerosol samples indicates that the aerosol concentrations were low, dominated 

mostly by sea spray aerosol and dust. Further analysis shows that dust is important for the ice-

nucleating properties of our samples, dominating over the sea spray aerosol particles in the four 

cases we analysed.  These results suggest that dust is a relevant source of INPs in the Arctic. 

Although our approach cannot be used to fully determine the origin of the observed dust, it is 

likely transported dust from lower-latitude deserts. However, we cannot fully rule out the 

possibility that closer sources of high-latitude dust contribute to the dust budget at the region. 

Hence, more research is necessary to elucidate the contribution of the different dust sources to 

the Arctic INP population. 
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5.1. Introduction 

Clouds containing both supercooled liquid water and ice are known as mixed-phase clouds and 

they reflect a substantial amount of the incoming solar shortwave radiation that reaches the 

Earth (Boucher, 2013). The lifetime, as well as the amount of radiation that these clouds reflect, 

is strongly affected by their partitioning of liquid and ice. Ice formation in mixed-phase clouds 

is initiated by the presence of a small fraction of the aerosol particles known as Ice-Nucleating 

Particles (INPs) (Murray et al., 2012). After INPs transform a part of the supercooled liquid 

water into ice, the ice crystals grow at expenses of the liquid phase given their lower water 

supersaturation. This process can eventually lead to the precipitation of the ice crystals, 

removing a part of the water present in the cloud (Korolev et al., 2017; Vergara-Temprado et 

al., 2018b). Ice-related processes in mixed-phase clouds such as the INP concentration are 

commonly oversimplified in most climate models, which leads to large discrepancies in the 

amount of water and ice that the models simulate (Komurcu et al., 2014; McCoy et al., 2016; 

McCoy et al., 2018). The difficulty of properly represent the current water and ice mixing state 

of these clouds is responsible for the large uncertainty of the cloud-phase feedback (Storelvmo 

et al., 2015). This feedback is associated with phase changes in mixed-phase clouds produced 

by a warming atmosphere (Ceppi et al., 2017). As the atmosphere warms, mixed-phase clouds 

will contain more supercooled water increasing their albedo, particularly at mid- to high-

latitudes. Hence, better understating the sources and concentrations of atmospheric INPs, 

particularly at high latitudes could help to reduce the uncertainty associated with cloud-phase 

feedback.  

Only a small fraction of aerosol particles has the potential to become an INP. It is known that 

transported dust from the deserts is probably the most important source of worldwide 

atmospheric INPs, especially at temperatures below -15 oC (Hoose and Mohler, 2012; Vergara-

Temprado et al., 2017; Kanji et al., 2017).  Given the fact that substantial amounts of dust are 

transported from the deserts to the Arctic (Fan, 2013; Huang et al., 2015; Francis et al., 2018), 

this dust could contribute or dominate the INP population of the region. Additionally, there are 

local sources of high-latitude dust which are known to contribute to the dust budget in the 

Arctic (Bullard et al., 2016; Groot Zwaaftink et al., 2016). Some of these sources of high-
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latitude dust have been found to contribute to the Arctic INP population (Tobo et al., 2019; 

Sanchez-Marroquin et al., 2020). Marine organic material in sea spray aerosol is a known 

source of INPs which is particularly relevant for remote areas such as the Arctic (Wilson et al., 

2015; DeMott et al., 2016; Vergara-Temprado et al., 2017; McCluskey et al., 2018). 

Understanding and quantifying the sources of INPs in the Arctic is even more challenging than 

doing so at lower-latitudes due to the fact this region is remote and has a very low density of 

population. Hence, only a few sets of Arctic INP measurements have been conducted. The INP 

concentrations in the Arctic are highly variable depending on the season and location. Wex et 

al. (2019) found that Arctic INP concentrations reach a minimum during winter, but they 

increase trough spring and reach a maximum around the summer. Creamean et al. (2018a) 

found a similar trend over spring, with coarse particles being responsible for the higher INP 

concentration event. However, a very recent study suggests that the seasonality of Arctic INPs 

could be more complex than previously thought (Rinaldi et al., 2020). Although substantial 

amounts of anthropogenic pollutants exist in the Arctic during the spring, they do not seem to 

significantly contribute to the INP concentration (Creamean et al., 2018a; Borys, 1989). Some 

studies have suggested that biological organic material attached to spray aerosol from Arctic 

sources substantially act as INPs in the Arctic (Bigg and Leck, 2001; Creamean et al., 2019; 

Hartmann et al., 2020). However, other studies suggest that dust from local sources or long rate 

transport is a relevant contributor to the INP population in the Arctic (Prenni et al., 2009; Irish 

et al., 2019; Si et al., 2019). Other types of aerosol particles such as volcanic ash or biomass 

burning particles could also contribute to the INP population in the Arctic (Prenni et al., 2009).   

In the present study, we present a set of immersion mode INP and aerosol size-resolved 

composition measurements carried out in the Western North American Arctic during March 

2018. The use of an aerosol characterisation technique in parallel with the INP measurements 

is used to understand the origin of this Arctic INPs.  
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5.2. Sampling location and methods 

Aerosol particles were sampled during the Measurements of Arctic Cloud, Snow and Sea Ice 

in the Marginal Ice ZonE (MACSSIMIZE) campaign, based in Fairbanks, Alaska (US) in 

March 2018. The sampling platform of this field campaign was the UK’s BAe-146 FAAM 

atmospheric research aircraft. The majority of the measurements were carried out close to the 

northern coast of Alaska and the Canadian territory of Yukon. Some measurements were taken 

above the land while some others were taken over the Arctic Ocean, as shown in Fig. 5.1, where 

the sampling location of each sample has been shown with a star. Measurements were carried out at 

altitudes in between 60 and 600 m, as shown in Table S4.1. More details about each sample are shown 

in Table S4.1. Additionally, the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) 

back trajectories of the air masses where sampling took placed have been shown. Most of the back 

trajectories had been circulating within the Arctic polar circle before sampling, suggesting that the 

samples could be regarded as a background of aerosol particles present in the Arctic. At the 

time of the year when sampling took place, most of the sea and land surface were covered by 

sea ice and snow respectively as shown in Fig. 5.1, which most likely suppressed any local 

sources. 

Aerosol particles were collected using the filter inlet system on board of the FAAM BAe-146, 

which has been characterised by (Sanchez-Marroquin et al., 2019). The system allowed us to 

collect an aerosol sample on top of two filters in parallel. Each aerosol sample was collected 

on top of both polycarbonate and a Teflon filter. Teflon filters were used to perform a droplet-

on-filter freezing assay to quantify the INP concentration. This approach consists of pipetting 

2 µL pure water droplets on top of the filters that have been exposed to aerosol particles. This 

system is placed on top of a cold stage within a chamber which is flushed with pure N2 to 

prevent water condensation. Then, the system is cooled down, and droplet freezing is recorded. 

The fraction of droplets frozen at each temperature can be used to calculate the INP 

concentration. A more detailed description of the technique is shown in Price et al. (2018) and 

Sanchez-Marroquin et al. (2020) and was first described by Schnell (1982). The majority of 

the samples were analysed immediately after collection, while a few of them where stored at ~ 

-18 oC for a few days prior to analysis.  
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A subset of the polycarbonate filters was analysed using SEM-EDS to study aerosol size-

resolved composition. This technique can be used to obtain the morphological and chemical 

properties of individual aerosol particles within the sample. Each particle can be classified into 

several composition categories. A more detailed description of the technique can be found in 

Sanchez-Marroquin et al. (2019).  

 

5.3. INP concentrations in the Western North American Arctic  

Although each aerosol sample was usually collected during more than one leg to increase the 

volume of sampled air, the atmospheric INP concentrations at the sampling locations were low. 

The fraction of frozen droplets produced by our samples is shown in contrast with the ones 

produced by the handling blank filters is shown in Fig. 5.2a. For most of our data, the fraction 

frozen signal is consistent or slightly above the limit of detection The handling blank filters 

had been prepared and transported in the same way as the measurement filters, but they were 

only exposed to sampling for a few seconds. Although the freezing temperatures recorded for 

the filters exposed to aerosol were generally higher than the ones produced by the handling 

blanks, the difference is marginal and in some cases the two overlap; hence a background 

subtraction was required. In order to perform the background subtraction, we converted our 

fraction of droplets frozen produced by the experiments with the samples and handling blanks 

into the differential spectrum of ice nucleus (Vali, 1971; Vali, 2019). This allowed us to apply 

a criterion to separate samples which show a significant signal above the limit of detection 

from the ones that don’t. Data points which were separated from the limit of detection (defined 

by the background differential spectrum) by more than the error bar were considered to be 

above the limit of detection. Additionally, these data points were background-subtracted using 

a similar approach to (Vali, 2019). The data points which were not significantly above the limit 

of detection have been used to define upper limits to the INP concentration. Note that the error 

bars of the differential concentrations of the samples represent a confidence level of 68 % while 

the error bars of the background represents the standard deviation of all the measured 

backgrounds. More details on the analysis we have used are shown in Sect. S4.1. 
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The final INP concentrations are shown in Fig. 5.2b. Hollow markers correspond to upper 

limits (the lower error bar goes down to zero) while full markers correspond to INP 

measurements (with its uncertainty range). A daily, more detailed representation of the INP 

concentrations is shown in Fig. S4.3. About 70 % of the differential spectra binned data was 

not significantly above the limit of detection. This resulted in about half of the data points in 

the cumulative INP spectra shown in Fig. 5.2b being upper limits of the INP concentration. The 

reported data is low, being always below 0.1 and 1 L-1 at – 15 oC and -20 oC respectively. 

However, given the fact that a substantial percentage of the data is only upper limits of the INP 

concentration, the real concentrations of some of the upper limit samples are likely to be even 

below these values.  

The INP concentration across the Arctic is known to vary significantly depending on the 

moment of the year and location (Creamean et al., 2018a; Si et al., 2019; Wex et al., 2019). In 

Fig. 5.3. we show our INP concentrations alongside literature data collected in a similar 

location and time of the year (we restricted the literature datasets from February to April). 

Creamean et al. (2018a) reported INP concentrations at -20 oC up to 0.01 L-1 in a similar 

location in March. Measurements performed by Wex et al. (2019) in a close location indicate 

that INP concentrations reach up to 0.01 L-1 at -15 oC in March although they also were higher 

in April. Borys (1989) reported INP concentrations of 0.001 L-1 to 0.3 L-1 at -25 oC measured 

from an aircraft at a similar location and time of the year. Our measured upper limits (empty 

markers) are consistent with the majority of the measurements carried out in the same area and 

time of the year. However, some of our reported INP concentrations (full markers) are above 

some of the values measured by Creamean et al. (2018a), Wex et al. (2019) and Borys (1989). 

Although these INP concentrations have been measured in a close location at a similar time of 

the year than the ones reported in this study, the measurements were performed in different 

years. This could explain some of the observed differences. Our samples were collected in a 

way that minimises the sub-isokinetic enhancement of coarse aerosol particles. However, it is 

possible that our samples exhibit a small enhancement in the coarse mode aerosol. This could 

have led to an enhancement in the reported INP concentrations, which could explain some of 

the differences. 
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5.4. SEM-EDS size-resolved composition analysis  

Some of the polycarbonate filters containing the aerosol samples were analysed using SEM-

EDS using the approach described by Sanchez-Marroquin et al. (2019). This technique is used 

to measure the size-distribution of the particles present on top of each filter. The size 

distributions obtained with this technique were compared with the size distributions obtained 

using the optical particle counters on board of the FAAM BAe-146 (Rosenberg et al., 2012; 

Sanchez-Marroquin et al., 2019). Additionally, the SEM-EDS technique is used to analyse the 

size-resolved compositional analysis of the selected samples. The analysis is shown in Fig. 5.4. 

Each row corresponds to a sample, with the left panel corresponding to the number size 

distribution, the central panel to the surface area size-distribution and the right panel to the 

fraction of particles corresponding to each compositional category for each size.  

Overall, all the analysed samples exhibited relatively low aerosol concentrations, especially for 

the coarse mode. In this study, almost no particles above 10 μm were detected on the filters, as 

shown in Fig. 5.4. This contrasts with other samples collected in other campaigns in different 

locations using the FAAM BAe-146 that were analysed using the same or similar technique, 

where significant amounts of aerosols in between 10 and 20 μm were detected (Price et al., 

2018; Sanchez-Marroquin et al., 2019; Sanchez-Marroquin et al., 2020). Most of the detected 

particles have sizes below ~2 μm. The SEM-EDS obtained size distribution of the aerosol 

particles present on top of the filters has been compared with the size distributions of produced 

by the optical probes, which measure the 0.1 to ~3 μm and ~3 to 50 μm ranges. At sizes below 

~3 μm, the comparison in between the optical probes and the SEM-EDS size distributions are 

quantitatively consistent in most cases, with a significant undercounting at the lower end of the 

SEM-EDS technique (~0.3 μm) which has been discussed in Sanchez-Marroquin et al. (2019). 

At sizes above ~3 μm, the optical probes and SEM-EDS size distributions showed a 

comparable amount of detected particles in samples C089_3 and C090_1. However, for 

samples C087_1 and C091_2, the CDP detected a much larger concentration of particles with 

sizes ~5 to 10 μm. Furthermore, for these two samples, the size distribution above ~3 μm has 

a non-physical shape (the aerosol concentration drops about 4 orders of magnitude from ~5 to 

~10 μm). As a consequence, it is very likely these parts of the size distribution measured by 
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the optical probes are produced by artefacts rather than representing the actual aerosol 

concentration at that location.   

In terms of chemical composition, the samples were mainly dominated by dust and Na rich 

particles. In this dataset, nearly all particles in the Na rich category were dominated by the 

presence of Na and Cl, having traces of other elements (such as S in some occasions), consistent 

with sea spray particles. As a consequence, we will refer to particles in this category as sea 

spray aerosol particles. Some carbonaceous particles were also detected through most sizes and 

there were significant contributions of S rich aerosol, particularly in the accumulation mode.  

As shown in Fig. 5.4 and Table 5.1, the surface area of samples C087_1 and C091_2 were 

dominated by sea spray aerosol particles with sizes around ~ 1 μm. In Fig. 5.1b it is shown that 

the air masses associated with these samples had been circulating above the Arctic Ocean at 

relatively low altitude (below 500 m) before sampling took place. This is consistent with the 

fact that sea spray aerosol particles are normally emitted by bubble bursting in the surface of 

the oceans. However, the closest ocean masses were almost fully covered by sea ice at that 

moment of the year and the closest water mass without sea ice was hundreds of kilometres 

away. As a consequence, it is likely that the detected sea spray aerosol particles had been 

emitted from open leads in the sea ice (Leck and Bigg, 1999; Kirpes et al., 2019), or directly 

from the sea ice through blowing snow events (Yang et al., 2008; Huang and Jaeglé, 2017).  

Particles in the categories Si rich, Si only, Al-Si rich and Ca rich have a chemical composition 

consistent with mineral dust particles so we will refer to them in this way. However, the 

composition of particles in these categories could be also consistent with some types of 

combustion ashes or volcanic ash.   Mineral dust particles were present in all the samples, 

particularly with sizes in between 1 to 5 μm, constituting a substantial percentage of its surface 

area, as shown in Table 5.1. This was particularly the case of the sample C090_1, where 55.6 

% of the surface area was given by mineral dust particles.  Arctic dust could originate most 

likely from arid lower-latitude or high-latitude dust sources. Although we cannot fully 

determine the relative contribution of each source to the detected mineral dust, several 

arguments suggest that the sampled mineral dust originated from the low latitude deserts. The 

majority of the potential high-latitude dust sources were covered by snow at the time of the 
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year when the sampling took place. Mineral dust originating from the Sahara and Central Asia 

is known to get transported more efficiently at the same time of the year when the sampling 

happened (late winter to early spring) (Fan, 2013; Huang et al., 2015; Francis et al., 2018). 

Additionally, almost all the mineral dust particles found in this study had sizes below 5 μm. 

This contrast with results obtained using similar SEM-EDS techniques applied on samples 

collected with the same filter inlet system close to dust sources, where dust particles with sizes 

above 10 μm are frequent (Price et al., 2018; Ryder et al., 2018; Sanchez-Marroquin et al., 

2020). Although most of our dust likely originated in arid lower-latitude deserts, high-latitude 

dust could still contribute to the dust budget or even dominate it during other times of the year.  

As shown in Table 5.1, C087_1 and C091_2 samples have a larger surface area of sea spray 

aerosol particles than mineral dust, hence, organic material within these sea spray particles 

could be the dominant source of INPs in these samples. The opposite happens in sample 

C090_1, which was dominated by the presence of mineral dust. In order to check the relative 

contribution of mineral dust and sea spray aerosol to the INP population, we have presented 

the expected INP concentrations based in the SEM-EDS surface areas in Fig 5.3, in comparison 

with the measured INP upper limits. The INP concentrations expected from the SEM-EDS 

analysis have been calculating assuming the parametrization of desert dust given by Ullrich et 

al. (2017), the parametrization of fertile soils given by (O'Sullivan et al., 2014) and a dust 

containing 10 % of K-feldspar (Harrison et al., 2019). For the sea spray aerosol surface areas, 

the parametrization given by McCluskey et al. (2018) has been used. As shown, even in the 

cases where there is more sea spray aerosol than mineral dust (C087_1 and C091_2), the 

minimum contribution of mineral dust INP is orders of magnitude above the INPs produced by 

the sea spray aerosol particles. Additionally, the INP concentrations calculated based on the 

presence of dusts explain better the observed INP concentrations or upper limits measured 

using the droplet freezing assay at the lower end of the temperature spectrum. At the higher 

end of the temperature spectrum, the measured INP concentrations are above the concentrations 

expected from a 10 % K-feldspar dust. Therefore, we cannot rule out the possibility that other 

aerosol species are relevant for some parts of the INP spectrum.  Additionally, we cannot rule 

out the possibility that sea spray aerosol particles dominate the INP population in other 

samples.  
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5.5. Conclusions 

In this study, we present a new dataset of INP and SEM-EDS aerosol size-resolved composition 

measurements in the Western North American Arctic in March 2018. Back trajectory analysis 

of the air masses where sampling took place suggests that our samples are likely to be 

representative of background aerosol particles present in the Arctic. The INP concentrations at 

the sampling location were comparable or slightly higher than the limit of detection of the 

measuring technique, being always below 0.1 and 1 L-1 at – 15 oC and -20 oC respectively. The 

SEM-EDS analysis of a subset of the samples revealed that samples are mostly dominated by 

the presence of mineral dust and sea spray aerosol particles, with some contributions of S rich 

and carbonaceous particles. Our analysis shows the measured mineral dust explains better the 

ice-nucleation properties of the samples than the measured sea spray, particularly at the lower 

end of their temperature spectrum.  

Our results are compatible with a previous study that found that dust particles are responsible 

for the ice-nucleating properties of samples collected in Arctic boundary layer (Irish et al., 

2019; Si et al., 2019). Given the time of the year (late winter to early spring) and the small size 

of the mineral dust particles, it is more likely that our sampled dust has been emitted and 

transported from a lower-latitude desert. However, sources of high-latitude dust could 

dominate the dust budget and the INP population during spring or summer. Hence, further 

research is necessary to address the relative importance of mineral dust transported from the 

deserts and dust emitted by high-latitude sources, particularly focusing on its ice-nucleation 

implications. 
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Figure 5.1. (a) Map showing the back trajectories associated with the air masses where the 

collection of each sample took place. The sampling location has been marked using a star. (b) 

Altitude profile of each back trajectory.  
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Figure 5.2. (a) Fraction of droplets frozen of each ice-nucleation experiment. The data is shown 

alongside the fraction of droplets frozen of some blanks and handling blanks. (b) INP particle 

concentration associated with the fractions of frozen droplets shown in the left panel. The way 

in which the INP concentrations, upper limits and its uncertainties have been calculated are 

shown in Sect. S5.2. Note that some data points have been shifted 0.2 oC from the x-axis so the 

error bars can be observed better.  

 



187  
 

 

 

 

 

 

Figure 5.3. INP concentrations measured in this study compared with data from previous 

measurements carried out at close locations (Borys, 1989; Creamean et al., 2018a; Wex et al., 

2019). From the literature datasets, only data collected from February, March and April have 

been shown. Note that for the dataset of Wex et al. (2019), the concentrations increase through 

the year, with the two largest measurements corresponding to April. 
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Figure 5.4. Size resolved compositional analysis of the SEM-EDS analysed samples. Each row 

corresponds to a particular sample indicated in the title. The first panel of each row is a 

comparison between the SEM-EDS and PCASP-CDP size distributions of each sample. The 

second panel corresponds to the same comparison but in surface area. The panel of the right in 

each row is the size-resolved composition of each sample.  
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Sample Dust area 

(μm2/cm3) 

Dust limit of 

detection 

(μm2/cm3) 

Dust 

percentage 

Sea spray 

aerosol area 

(μm2/cm3) 

Sea spray 

aerosol 

percetnage 

C087_1 0.69 0.038 13.3 3.83 73.4 

C089_3 0.66 0.15 43.9 0.28 18.8 

C090_1 1.22 0.083 62.11 0.18 9.2 

C091_2 0.53 0.049 11.1 2.86 60 

Table 5.1.  Surface area of dust and sea spray aerosol of the SEM-EDS analysed samples from 

the MACSSIMIZE campaign. The upper limit of detection of dust corresponds to the upper 

limit of the dust concentration detected on the handling blank filter. The limit of detection of 

sea spray aerosol particles has not been indicated because the presence of this type of particles 

in the handling blank is anecdotic. The size-resolved composition of the handling blank and a 

discussion about it can be found in (Sanchez-Marroquin et al., 2019).   
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Figure 5.5. Predicted INP concentration of the SEM-EDS samples compared with the INP 

measurements at -20 oC. The dust INP prediction has been calculated by applying different ice-

nucleation parametrizations to the surface area of dust calculated from the SEM-EDS analysis.  

The Ullrich et al. (2017) parametrization for desert dust, the O'Sullivan et al. (2014) 

parametrization fertile soils and dust containing 10 % of K-Feldspar (Harrison et al., 2019) 

have been used. The sea spray INP prediction has been obtained by applying the sea spray 

aerosol parametrization from McCluskey et al. (2018) to the SEM-EDS sea spray aerosol 

surface area. The purple points correspond to our INP measurements.  
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6. Overview and conclusions 

A better representation of the ice-related process in clouds is necessary to make better climate 

predictions (Komurcu et al., 2014; McCoy et al., 2016; McCoy et al., 2018), but our current 

understanding of the sources and distribution of INPs in the atmosphere presents several open 

questions and large uncertainties (Kanji et al., 2017). Hence, the objective of this thesis was to 

expand the knowledge of the sources and concentrations of atmospheric INPs to facilitate its 

representation and validation in climate models. This was done by performing INP and aerosol 

composition measurements on board the FAAM BAe-146 research aircraft. This approach 

allowed me to study INPs and aerosol particles at different altitudes and locations. The project 

consisted of firstly in characterising an aerosol sampling technique and implementing a 

complementary methodology to study aerosol composition to complement the INP studies. 

Then, these techniques were applied in three different filed campaigns, which focused on 

studying the distribution and sources of atmospheric INPs. In this chapter, I present some 

concluding remarks of each of the parts of the project and I conclude with an overview of all 

the data collected here.  

 

6.1. Objective one: Characterising a methodology to sample aerosol particles on board of 

an aircraft and its use for SEM-EDS size-resolved composition studies 

The aim of this initial part of the project was setting the methodology necessary for the rest of 

it. In order to routinely perform INP measurements in parallel to SEM-EDS aerosol 

composition measurements, I needed to characterise the filter inlet system we were planning 

to use. This system had not been characterised before. Additionally, I needed to implement an 

SEM-EDS methodology to analyse the collected aerosol samples in parallel to the INP analysis. 

These two tasks were successfully done and presented in Chapter 2.  

The filter inlet system on board of the FAAM  BAe-146 has two lines designed to sample 

aerosol particles under sub-isokinetic conditions. It also has a bypass that can be used to 

regulate the flow rate at the nozzle of the inlet. A theoretical characterization showed that the 
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system enhances coarse aerosol particles with a maximum of about ~ 10 μm. This enhancement 

can be minimised by sampling keeping the bypass open and using total flow rates above 50 L 

min-1. Additionally, inertial, gravitational and turbulent losses lead to a size cut-off of about 

~10 to ~30 μm depending on the flow rate. In order to avoid dramatic turbulent losses, we 

recommend operating the system at total flow rates below 80 L min-1. The investigation of the 

filter inlet system also showed that the flow rate of the system has a variability which cannot 

be controlled by the user (beyond the sampling altitude, filter choice and bypass position).  

Additionally, I implemented an SEM-EDS methodology to study the aerosol size-resolved 

composition of aerosol particles on top of filters. The technique is similar to other SEM-EDS 

techniques used to analyse aerosol particles, however, our set up presents some characteristics 

that are not frequently seen in other studies. These include a 30 nm thick Ir coating on the filter 

samples and the use of the secondary electron detector. The approach developed in this project 

uses the AZtecFeature software (Oxford Instruments) to semi-automatically collect chemical 

and morphological properties of aerosol particles. Morphological information can be used to 

produce size-distributions. The chemical composition of each particle can be used to classify 

particles in different compositional categories. However, several other analyses can be 

performed with the information that this technique produces.   

The SEM-EDS technique was used to test how the filter inlet system distributes particles across 

the filter surface. The results show particles are homogeneously distributed across the filter 

surface. The SEM-EDS technique was also used to test the performance of the filter inlet 

system. This was done by taking an aerosol sample using both lines of the filter inlet system. 

In one line, the bypass was kept completely open, while in the other one the bypass was fully 

closed. Using SEM-EDS, I calculated the size distribution of the particles on top of these filters 

These size-distributions were compared with the size distributions produced by the optical 

probes on board of the BAe-146 (PCASP-CDP), that were used as a reference. The comparison 

of the size-distributions showed the inlet system enhances coarse aerosol particles, but this 

enhancement is minimised by sampling with the bypass open. These results are consistent with 

the theoretical calculations.  
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The next step to expand our understanding of the filter inlet system would be to model the 

system using computational fluid dynamics. More SEM-EDS comparisons could be used to 

validate this model. Additionally, the current pump could be replaced by a system which allows 

the user to control the flow rate according to the filter type and altitude to sample at the optimal 

flow rate.  

In summary, this part of the project has shown that the filter inlet system presents some biases 

which are better understood now. It can be used to collect aerosol samples on top of filter pairs. 

During the rest of the PhD project, we have analysed one of the filters of each pair using the 

droplet-based freezing assay described in Price et al. (2018) to measure the INP concentration 

of the samples. The other filter has been analysed using the SEM-EDS technique described 

here. This sampling strategy has also been used by other researchers of our group and will be 

used in the future.  

6.2. Objective two: Characterising the INP population in North-Western Europe 

This study aimed to expand our understanding of the sources of INPs in North-Western Europe. 

Previous studies at ground level have shown that INPs at these locations have a major 

component of heat-sensitive (likely biogenic) material above the mineral dust component. The 

use of a research aircraft has the advantage that our measurements can be carried out at different 

heights above ground level. This has the advantage that our results were representative of the 

boundary layer. For this part of the project, I sampled and analysed aerosol particles using the 

approach described in chapter two. First, aerosol particles are sampled in filter pairs using the 

recently characterised filter inlet system on board of the FAAM BAe-146. For each sample, 

one of the filters is analysed using the SEM-EDS methodology described in chapter 2, while 

the other is analysed using the droplet freezing assay described in Price et al. (2018). Aerosol 

particles were collected in July 2017 in the south of the UK and surrounding areas.  

The measurements show that the INP concentrations were relatively high (~10 L-1) at -20 oC, 

with substantial sample-to-sample variability. The SEM-EDS analysis shows that all the 

samples were dominated by carbonaceous particles, with substantial contributions of dust in 

the coarse sizes. Additionally, biological aerosol particles were morphologically detected using 
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the SEM-EDS approach in all the samples. The concentration of these particles is at least 10 to 

100 L-1. Further analysis that desert dust is only responsible for the ice-nucleation ability of the 

samples at its lower end of the temperature spectrum (close to -25 oC). At temperatures above 

20 oC, the samples are much more active than what expected from the mineral dust component 

alone. Given that a part of the mineral dust present in our samples could have been from local 

fertile soils containing significant amounts of biogenic material, it is possible that biological 

material attached to these particles is responsible to the enhanced ice-nucleation ability of the 

samples. Additionally, the presence of externally mixed biological aerosol, such as fungal 

spores, detected by the SEM-EDS analysis could also contribute to this enhanced ice-

nucleation activity.  

These results show the importance of the different INP sources (dust and biological material) 

at different parts of the INP spectrum at mid-latitudes. The results shown here are consistent 

with the conclusions of O'Sullivan et al. (2018). However, the samples used in this study have 

been mostly collected at different altitudes covering most of the boundary layer. Hence, it is 

unlikely that our results have been influenced by the proximity to local sources, which might 

not be representative of the region. Given the length of our sampling runs and the fact we are 

well above the surface (but still within the boundary layer), our results are more representative 

of the boundary layer in general. In order to further expand our understanding of the INP 

sources in North-Western Europe, more research is necessary. Heat tests are commonly applied 

to aerosol samples to find out the fraction of the INPs that is heat-sensitive. Heat-sensitive INPs 

are likely to have a biological origin. However, there is currently no way to apply this test 

successfully on the drop-on freezing assay we use. Future studies could try to develop a 

technique to detect biological INPs in this type of freezing assay. An alternative to this could 

be analysing the samples collected on board of the FAAM BAe-146 using a wash-off freezing 

assay instead, and performing the standard heat test on them. However, this technique has a 

much lower sensitivity. Hence, it is usually not always possible due to the short sampling 

periods available during aircraft sampling 

Different types of measurements are necessary to complement the results here. Although our 

measurements are relatively consistent over a ~10-day period, sampling in a different season 
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would help to understand the seasonal variability of the INPs. A seasonal variability could be 

observed if the presence of biological aerosol particles is lower during other moments of the 

year. Furthermore, boundary layer measurements could be complemented with measurements 

above the boundary layer, particularly at cold cloud-relevant attitudes.  

 

6.3. Objective three: Quantifying the contribution of Icelandic dust to the INP population 

This part of the PhD project aimed to quantify the contribution of Icelandic dust to the INP 

population at high-latitudes. Our study used field measurements in Iceland with modelling 

work to fully address the research question. Firstly, we sampled and analysed airborne dust 

particles in Iceland. This was done using the filter inlet system on board of the FAAM BAe-

146 and our double analysis summarised in previous sections.  Our analysis showed that the 

dust particles we sampled originated in Iceland. Additionally, the ice-nucleation ability of these 

samples was driven by the presence of Icelandic dust. We derived a density of active sites 

parameterisation of the sampled Icelandic dust.  

This parameterisation was used in combination with a global aerosol model. In this particular 

model run, Icelandic dust emissions have been manually added based on the observed 

frequency of Icelandic dust storms. The modelled Icelandic dust had been tuned to dust 

observations carried out very close to the dust emission sources. We used the output of this 

model run in combination with our Icelandic dust parameterization as well as lower-latitude 

dust parameterizations to study the relative contribution of Icelandic dust to the INP population. 

Our study shows that Icelandic dust significantly contributes to the INP population in some 

areas of the Arctic and North Atlantic, particularly during the summer at pressure levels of 

around 600 hPa.  

This study is the first one showing the relevance of Iceland as a source of INPs and the second 

available study about the contribution of HLD to the INP population at high-latitudes. Tobo et 

al. (2019) have shown that dust from Svalbard may be an important INP source. Other sources 

of HLD such as Greenland or North America may also be important for the INP population. 

Hence, this research is important because the combined effect of all the HLD sources are likely 
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to significantly impact the INP population at high-latitudes, where mixed-phase clouds are 

ubiquitous.  

The contribution of Icelandic dust to the INP population should be studied further. From an 

experimental perspective, more measurements of its ice-nucleation ability should be 

performed. Using naturally aerosolised dust as I have done here presents the advantage that the 

sample is more atmospherically representative than samples that have been manually collected 

and processed.  Therefore, this approach should be repeated, and the results it produces should 

be compared with samples manually collected from the surface. Collecting naturally 

aerosolised Icelandic dust could be done again by participating in further aircraft-based field 

campaigns during different seasons, trying to see if there are differences with the present study. 

Additionally, ground-based measurements in areas heavily influenced by Icelandic dust which 

are outside the dust emission regions can be done. An example of this is the study by Prospero 

et al. (2012), in which Icelandic dust was collected on top of filters from the Icelandic island 

of Heimaey. This could be done to observe a seasonal pattern in the INP population.   

From a modelling perspective, research needs to further quantify and model the Icelandic dust 

emission. More atmospheric measurements of this dust are necessary to underpin these models. 

Ultimately, the mechanisms that drive dust emission in Iceland should be replicated in a model. 

This is particularly challenging given that the resolution of the majority of global models is not 

small enough to be able to represent the mechanisms that drive dust emission in Iceland. Future 

studies should also look at the interactions between Icelandic dust and mixed-phase clouds by 

using a climate model where these processes can be represented.  

To finish with, other sources of HLD should be studied similarly. There are several sources of 

HLD in various locations, including Greenland, North America, North Europe, Siberia and 

Svalbard (Bullard et al., 2016). Sources of HLD in the southern hemisphere such as Patagonia 

should be also studied.  Ultimately, quantifying the ice-nucleation ability and the dust emission 

of all these sources would be necessary to understand the global effect of HLD in the Earth’s 

climate.   
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6.4. Objective four: INP measurements in the North-Western American Arctic 

In this part of the PhD project, I presented a set of INP particles and aerosol size-resolved 

composition measurements in the North-Western American Arctic. This data was acquired 

using the method described in chapter two, that has also been used for chapters three and four. 

The measured INP concentrations were low, compatible with the limit of detection in most 

cases. Hence, some of the reported INP concentrations need to be regarded as upper limits. The 

SEM-EDS compositional analysis shows that the aerosol concentrations were very low and 

most of the samples were dominated by the presence of sea spray aerosol and dust particles. 

Back trajectory analysis of the sampling air masses revealed that our samples are likely to be 

representative of background aerosol particles present in the Arctic. 

Although the presence of sea spray aerosol is sometimes larger than dust particles, further 

analysis showed that dust is likely to dominate and be responsible for the ice-nucleating 

properties of the collected samples. I was not able to directly determine if the sampled dust 

particles originated in local sources of HLD or if they had been long-range transported from 

arid deserts. However, given its size and the snow cover of the region at that time of the year, 

it is likely that the measured dust particles had been emitted in lower-latitude deserts.  

Further studies should look at Arctic INPs. Aircraft-based studies should try to increase 

substantially the volume of air sampled in each filter to have a significant signal for both INP 

and aerosol composition studies. If this cannot be achieved with longer sampling times, filters 

with a larger pore size could be used. However, this will require previous testing to make sure 

that the flow rate of the system is still within the recommended settings and the collection 

efficiency of the filters is sufficient. Sample preparation, handling and analysis should be 

improved to minimise contamination and artefacts. This will help to reduce the baseline signal, 

which dramatically affected some of the measurements shown in chapter 5.  

Additionally, future studies should try to better quantify the relative contribution of the 

different sources of INPs in the Arctic. This includes understanding the different contributions 

of HLD as well as LLD. Doing so will help understanding its yearly cycle and will allow 

making better INP representation in models. However, identifying HLD from LLD can be very 

challenging. Several approaches could be used to answer this question.  A comparison between 
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the chemical properties of atmospheric dust samples could be compared with surface scooped 

samples of HLD. Another method could consist of long-term dust chemical composition 

measurements in combination with a back trajectory analysis.  

 

6.5. Measurement overview: INP and aerosol size-resolved composition measurements 

from the Tropics to the Arctic 

Here we present an overview of all the INP measurements I have carried out during my PhD 

(Fig. 6.1 and 6.2). Each of these datasets has been presented already in chapters three to five. 

Additionally, we have presented the dataset obtained by Price et al. (2018), which was obtained 

using almost the same sampling technique. In these four field campaigns, the INP 

concentration, as well as the aerosol size-resolved composition, has been measured. In this 

section, we will show an overview of these measurements. Consistently with the literature, the 

INP concentrations dramatically change depending on the environment, and they seem to be 

explained to a large extend by the presence of aerosol surface area, particularly dust.  

All the INP measurements collected during the four field campaigns are shown in Fig. 6.1. A 

particular INP concentration such as 1 L-1 is reached at temperatures from ~ -12 oC to below -

26 oC. For a particular temperature such as -20 oC, the INP concentrations vary more than 3 

orders of magnitude (from ~100 L-1 to below 0.1 L-1). There is a clear difference between the 

datasets. The data collected in the Tropical Atlantic (Cape Verde) was completely dominated 

by the presence of large amounts of dust from the Sahara, hence the largest INP concentration 

recorded using this approach was observed there, particularly at -20 oC. The samples collected 

in the UK, which also contained a substantial amount of dust (but less than in Cape Verde) 

exhibit a lower INP concentration at -20 oC. However, their INP concentration at -15 oC is 

similar or larger than In Cape Verde, probably due to the presence of biological aerosol 

particles or biogenic material within the dust. The INP concentrations measured in Iceland 

exhibit a high variability, from values below the limit of detection to some of the highest values, 

comparable with samples collected in the dusty tropical Atlantic. This happens because some 

of these samples were collected in very clean air masses while others were collected in local 
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dust plumes. To finish with the INP concentrations collected in Alaska were the lowest, 

consistent with the low aerosol concentrations registered.  

Fig. 6.1 shows the enormous variation in the INP concentration that is found in different 

locations. In order to be able to represent this variability in aerosol models, it is important to 

characterise the sources of INPs. This has been done for each dataset as much as it was possible. 

However, it is also possible to understand the sources of INP from the comparison of the 

datasets. The INP concentration at -20 oC exhibits a certain correlation with the aerosol surface 

area. This is shown in Fig 6.2a, where the INP concentration of each sample has been plotted 

against the corresponding surface area measured by the PCASP and CDP probes. This happens 

through around 3 orders of magnitude in the INP concentration about 3.5 orders of magnitude 

in the aerosol surface area. A similar correlation between the INP concentration at -20 oC and 

the surface area of the dust present in the samples from the SEM-EDS technique is shown in 

Fig 6.2b. The fact that the area of aerosol particles as well as only the dust correlates with the 

INP concentration is consistent with the fact that the surface area of dust is correlated with the 

surface area of the aerosol particles in general. This is particularly the case for the datasets 

sampled in Iceland and Cape Verde, where the majority of the coarse aerosol particles were 

dust. Although this approach has several caveats, it shows that the surface area of aerosol 

particles (and dust) are a relatively good proxy to predict the INP concentration within 

approximately one order of magnitude. This is consistent with the singular description of ice-

nucleation as well as previous studies of atmospheric INPs. 
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Figure 6.1. INP concentrations recorded by other field campaigns that have used the same 

approach. The data has been collected close to Cape Verde (Price et al., 2018), around the UK 

(Sanchez-Marroquin et al., In Prep), Iceland (Sanchez-Marroquin et al., 2020) and in Alaska 

(this study). The empty markers correspond to samples which did not produce a fraction of 

frozen droplets substantially above the limit of detection and need to be regarded as an upper 

limit.  
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Figure 6.2. (a) INP concentration at -20 oC correlated with the aerosol surface area of all the 

particles larger than 0.1 μm from the PCASP-CDP probes. The surface area of each sample has 

been calculated by fitting a double normal distribution of the PCASP-CDP data, which was 

then integrated. The fit was manually constrained in each case to avoid non-physical results. 

All the INP concentrations measured for this thesis as well as the measurements by Price et al. 

(2018) have been shown. Some of the samples collected in Alaska where the CDP data 

presented some problems have been excluded. (b) INP concentration at -20 oC correlated with 

the surface area of dust from the SEM-EDS analysis. Note that there are fewer data points than 

in the left panel since not all the samples were analysed using SEM-EDS. Only two samples 

from Cape Verde were analysed using an SEM-EDS which is similar to the one used in this 

thesis (Price et al., 2018). In both cases, empty markers correspond to samples which did not 

exhibit an ice-nucleating signal above the limit of detection, hence, they need to be regarded 

as upper limits.  

 

6. 7. Concluding remarks 

In this PhD thesis, I defined a strategy to sample and analyse aerosol particles on board of the 

FAAM BAe-146. This involved characterising an existing technique to sample aerosol 

particles, implementing a methodology to analyse the composition of aerosol particles and 

combine it with an existing technique to measure INPs. The strategy was successfully applied 

during three field campaigns that had the focus of studying INP concentrations and sources.  
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The areas of study were North-Western Europe (UK), Iceland and the Northern-West American 

Arctic (Alaska). Through these campaigns, we observed very large variability in both the INP 

and aerosol concentration. Additionally, the composition of the aerosol samples we collected 

was very different depending on the location. Most of the samples presented a substantial 

amount of dust particles, that in most cases explains the ice-nucleation ability of the samples 

at all or the lower part of its temperature spectrum. However, this was not the case for all the 

samples, where other types of INPs are important at the higher end of the temperature spectrum. 

Biological aerosol particles or organic material attached to aerosol particles are likely 

responsible for the ice-nucleation ability of our samples when dust particles are not.  
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Appendixes and supporting information  

Appendix A. discussion of the inlet efficiency calculations 

Here we include a further description of the efficiency mechanisms used in the inlet model 

described in Fig. 2.2 and discuss the choice of the equations and their limits of validity: 

Aspiration efficiency accounts for the fact that the speed of the sampled air mass (U0), and the 

speed of the air through the beginning of the nozzle (U) are different. When these two speeds 

are equal, the sampling is called “isokinetic”, whereas when the speeds don’t match, the 

sampling is called super isokinetic or sub-isokinetic depending on if U0 is smaller or larger than 

U respectively.  In our case, the air mass moves at the flying speed, which varies with the 

altitude (110 m s-1 is a typical value for sampling altitudes), and the speed at the start of the 

inlet is almost always below 35 m s-1 (sub-isokinetic conditions). As a consequence, some air 

streamlines will be forced around the inlet, while high inertia particles won’t, which will lead 

to an aspiration efficiency above 1 for coarse mode aerosol particles. This enhancement is 

greater for large particles due to their large inertia which makes difficult their ability to follow 

the air streamlines. The enhancement reaches a maximum value of U0 /U in its high diameter 

limit (when none of the particles in the sampled air mass follow the streamlines that escape 

from the inlet and all of them are sampled). The aspiration efficiency tends to 1 (no 

enhancement) for small diameters.  

This behaviour has been characterised by several studies (we will only look at the sub-

isokinetic range of the equations since it is impossible to reach the super isokinetic range during 

flight). An empirical equation was developed based on laboratory experiment by Belyaev and 

Levin (1972) and Belyaev and Levin (1974) (referred as B&L) for certain range of U/ U0 ratio 

and Stokes number. However, for ratios below its experimental range (U/ U0>0.2), the B&L 

function doesn’t make physical sense since it converges to values above 1 for small particle 

sizes. The aircraft inlet system works at smaller U/ U0 ratios sometimes, so this function is not 

very accurate to describe the behaviour of the system in such conditions. Liu et al. (1989) 

developed another function (referred as LZK) by means of a numerical simulation based on 

computational fluid mechanics. The U/ U0 ratio and Stokes number valid range is wider than 
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the B&L expression (down to 0.1). It agrees with the B&L expression in the U/ U0 ratio the 

latter was developed for. For smaller values of the ratio, the LZK function are believed to be 

more accurate, since it predicts the known physical behaviour (no sub-isokinetic enhancement 

for small particle sizes). It reaches U/ U0 ratios down to 0.2, which is enough to cover most of 

the total flow rates achieved in the inlet system. (Krämer and Afchine, 2004) developed another 

expression (referred as K&A) for 0.007< U/ U0<0.2 based on computational fluid dynamics. 

However, for low particle sizes, the efficiency doesn’t converge to 1. As a consequence, we 

have used the LZK (Liu et al., 1989) function since it covers most of the U/ U0 ratios we get in 

the inlet system, it agrees with the experimental data in Belyaev and Levin (1972) and Belyaev 

and Levin (1974) and it converges to U0/U for large particles sizes and 1 for small particle 

sizes. Outside its valid range (U / U0 < 0.1), the LZK function agrees with the K&A function 

for large radius and converges to 1 for small particle sizes. The equation is valid for 

0.01<Stks<100, which is enough to cover the range in between 1 and 100 μm. As already 

stated, it tends to 1 for small particles sizes and to U0/U for large particles sizes (At 50 L min-

1, the ratio U/U0 is 0.2). All the calculations were done under standard conditions (0 oC and 1 

bar). The effect of changes in pressure and temperature (and therefore air density and dynamic 

viscosity) that normally occur in the filter inlet system sampling range (0 to 3000 m), are 

negligible in all the used equations as shown in Fig. S2.1 in the supplementary information.  

The used equations (as well as the ones used for anisoaxial losses) have been developed for 

thin-walled nozzles, (this criteria was defined first in Belyaev and Levin (1974)). The inlet has 

been described as thin-walled in the literature (Talbot et al., 1990; Andreae et al., 2000; 

Formenti et al., 2003) but we haven’t used this terminology here since it is not possible to 

numerically quantify this using the criteria given in (Belyaev and Levin, 1974) because the 

edge of the nozzle is curved. However, the inlet has been designed to avoid distortion of the 

pressure field at the nozzle tip and the resulting problems associated with flow separation and 

turbulence (Andreae et al., 1988) which is the main caveat of inlet nozzles that are not thin-

walled (Belyaev and Levin, 1974). As a consequence, we used these sets of equations for thin-

walled nozzles to describe the filter inlet system considered in this study. The fact that the 

calculations done using this equations show that the filter inlet system has biases with similar 
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characteristics as the ones estimated experimentally for coarse aerosol particles helps to support 

this assumption.  

Inlet inertial deposition is defined as the inertial loss of aerosol particles when they enter 

nozzle. It is produced by the fact that the streamlines bend towards the walls at the moment 

they enter the nozzle, some large inertia particles can impact the walls and get deposited. Here, 

we have used the equation given in Liu et al. (1989) which quantifies this effect. It is also valid 

for 0.01<Stks<100, which is enough to cover the range in between 1 and 100 μm. 

Turbulent inertial deposition happens when some particles are collected by the wall when 

travelling in a pipe in the turbulent regime because some of the particles cannot follow the 

eddies of the turbulent flow. In order to include this mechanism, we used the equation given in 

Brockmann (2011), using the relation in between the deposition velocity and dimensionless 

particle relaxation time given by Liu and Ilori (1974). These calculations are valid for a 

cylindrical pipe, whereas the turbulent section of the inlet considered here is the nozzle, which 

has a conical shape. In order to account for this, we divided the conical nozzle into 90 conical 

sections with an increasing diameter and a length of 1mm, and combined the effect of all the 

sections. This approach does not account for the additional inertial losses that could occur as a 

consequence of turbulence created by the enlargement of the flow in the conical section. 

However, the angle of enlargement is small (5.7°). It was designed to be below 7° in order to 

avoid flow separation (Andreae et al., 1988). As already mentioned, above 65 L min-1, turbulent 

flow occurs in the whole inlet tube. This has been taken into account in the 80 L min-1 case in 

Fig. 2.2b. The equation used here has been tested for size ranges in between 1.4 and 20 μm, 

and doesn’t depend on the Reynolds number values it was tested for (10000 and 50000) (Liu 

and Ilori, 1974).  

Bending inertial deposition was also considered, since the line curves with an angle of 45o in 

order to bring the airstream into the cabin. The inertia of some particles may keep them in their 

original track and they are not able to follow the air streamlines that are bending towards the 

cabin, following the inlet tubes. In order to account for these losses, we have used the empirical 

equation given in Brockmann (2011) based on the data from Pui et al. (1987) for laminar flow. 

This equation was developed for Reynold numbers of 1000, and we have used it for higher 
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values. However, in Brockmann (2011), one can see that the data from Pui et al. (1987) for 

Re=6000 (beginning of the turbulent flow regime) doesn’t differ that much from the fit we 

have used (valid for Re=1000). Since our Re numbers for the thick section of the tube almost 

never go above 5000, we can still use the laminar flow fit. This model has been tested for 0.08 

< Stks < 1.2, which is enough to cover most of the range where the inertial deposition efficiency 

drops from 1 to 0. The main caveat of this calculation is that the model considers a smooth tube 

where that the flow rate before and after the bending is the same, while in the inlet system, if 

the bypass flow is on, the flow rate before and after the bending is different (before it, it would 

be equal to the total flow rate, whereas after the bending, it would be equal to the filter flow 

rate). As a consequence we assumed that the flow rate after the bending is equal to the total 

flow rate. This assumption might underestimate the losses since some large aerosol particles 

will become accumulated in the bypass. 

Gravitational settling was also considered. We used the analytical equation given by Thomas 

(1958), as stated in Brockmann (2011). We applied this equation for the section of the pipe 

from the nozzle to the bend (15 cm long). We used the modification (also analytical) of the 

previous equation given in Heyder and Gebhart (1977) in order to account for the losses in the 

second section of the tube which is 40 cm long and it is bended 45o. The gravitational losses in 

the nozzle were neglected since the settling distance is much shorter and the time the air takes 

to pass it is smaller since it travels quicker. As stated previously, the lower part of the turbulent 

regime can be reached for high flow rates through all the tube. For these cases, we still use this 

equation which is only valid for the laminar regime, since the gravitational settling efficiencies 

for the turbulent regime are very close to the laminar regime ones (Brockmann, 2011) and 

wouldn’t make a significant difference in our calculations.  

Diffusional efficiency accounts for the fact that small aerosol particles could diffuse to the walls 

of the pipe via Brownian motion. In order to account for this phenomenon, we have used the 

analytic equation by Gormley and Kennedy (1948) as stated in Brockmann (2011). We have 

assumed that diffusion happens only in the tube (before and after the bend) and excluding the 

diffusion in the nozzle since it is negligible because these losses are a function of the residence 

time and the residence time of the aerosol particles in the nozzle is much smaller than the rest 
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of the tube. For this calculation, we have assumed 0 oC and 1 atm. We didn’t show the 

efficiency associated to diffusion in Fig. 2.2a because it was very close to 1 for all considered 

sizes. It only becomes slightly smaller than 1 for sizes below 20 nm at 50 L min-1. As a 

consequence, the inlet could be potentially used to sample nucleation mode aerosol particles, 

even though for this study we will only focus on the particles larger than 0.1 μm. 

Filter collection efficiency accounts for the fact that some particles can pass through the pores 

of the filter, if they are smaller than the pores. However, filter pore size (in the case of 

polycarbonate capillarity filters) and filter equivalent pore size (in the case of PTFE porous 

filters) is sometimes misunderstood as a size cut off at which smaller particles are lost and 

larger particles are captured. However, particle collection on filters happens through several 

mechanisms including interception, impaction, diffusion, gravitational settling or by 

electrostatic attraction under certain conditions (Flagan and Seinfeld, 1988; Lee and 

Ramamurthi, 1993). As a consequence, particles with diameters below the pore size are 

normally collected (Lindsley, 2016; Soo et al., 2016). 99.48% of the generated sodium chloride 

particles with sizes in between 10.4 and 412 nm were collected by a 0.4 μm polycarbonate filter 

at flow rates below 11.2 L min-1 (smaller than most of the flow rates at which the air passes 

through the same filters in the FAAM filter inlet system) (Soo et al., 2016). As a consequence, 

we assumed a filter collection efficiency of 100% across the whole considered size range (0.1 

to 100 μm). However, the fact that some aerosol particles with diameters below the pore size 

could be deposited in the filter pores and therefore not be detected by the SEM technique could 

contribute to the undercounting. 

Anisoaxial losses have not been considered in the analysis shown in Fig. 2.2, after estimating 

that they would only affect particles significantly larger than 10 μm and the fact that the 

alignment of the inlet is difficult to quantify and the angle of attack changes during the flight. 

Using the equations explained in Hangal and Willeke (1990a), we calculated that the 

modification of the sub-isokinetic behaviour of the inlet produced by small values of θ is 

negligible. The equation was used beyond its experimental limit, but this extrapolation was 

justified by the fact that the equation for θ = 0 made asymptotic physical sense at the low and 

high Stokes number limits and produced very similar results to the ones showed in Fig. 2.2a. 
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Anisoaxial sampling can also produce inertial losses when particles impact the walls of the 

inlet. These ones have been quantified using the expression given by Hangal and Willeke 

(1990b) for different values of θ and they can be seen in Fig. 2.3. This mechanism looks very 

similar to the gravitational and bend deposition efficiency shown in Fig. 2.2a. Anisoaxial 

inertial losses add a cut off that prevents large particles to be sampled. As one can see in Fig. 

2.3, the effect is very dependent on the angle and only affects particles significantly larger than 

10 μm in most cases, so it hasn’t been included in the total analysis shown in the Fig 2.2. One 

can see in Fig. 2.3 that the position of the D50 of the anisoaxial cut off decreases when 

increasing values of θ up to 2o. For values of θ between 2o and 6o, it increases when increasing 

θ. 

Other losses: Some mechanisms (thermophoresis, diffusiophoresis, interception, coagulation 

and re-entrainment of deposited particles) have not been considered, since they are second 

order mechanisms under our conditions when compared with the calculated mechanisms (von 

der Weiden et al., 2009; Brockmann, 2011) and for one of them (electrostatic deposition) it is 

not possible to quantify them. Electrostatic deposition is normally avoided by using grounded 

conductive materials so no electrical field exists within the tubing (Brockmann, 2011). Since 

the FAAM BAe-146 research aircraft is not grounded during the flight, we cannot state this 

mechanism is irrelevant. However, the experimental agreement between the SEM and optical 

probes suggest that this is a minor loss mechanism. 
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Appendix B.  SEM compositional categories  

Here we describe the 10 categories we have used in our compositional analysis, which are a 

summary of the 32 rules described in the supplementary information. The approach has some 

similarities with the ones in previous studies (Krejci et al., 2005; Chou et al., 2008; Kandler et 

al., 2011; Hand et al., 2010; Young et al., 2016), but it is distinct. Because of the fact that the 

filter is made of C and O, background elements (C and O) were detected in all the particles. 

Particles in each category can contain smaller amounts of other elements apart from the 

specified ones. This classification scheme has been designed a posteriori to categorise the vast 

majority of the aerosol particles in the three field campaigns previously described and some 

ground collected samples in the UK and Barbados. The main limitation of the classification 

scheme is the difficulty to categorise internally mixed particles. The algorithm has been built 

in a way it can identify mixtures of mineral dust and sodium chloride (they appear as mineral 
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dust but they could be split into a different category if necessary) and sulphate or nitrate ageing 

on sodium chloride (they appear as Na rich but it could also be split into a different category). 

However, other mixtures of aerosol wouldn’t be identified, and they would be categorised by 

the main component in the internal mixture in most cases.  

B.1. Carbonaceous 

The particles in this category contained only background elements (C and O). The components 

of the carbonaceous particles consist in either black carbon from combustion processes or 

organic material, which can be either directly emitted from sources or produced by atmospheric 

reactions (Seinfeld and Pandis, 2006). Particles containing certain amount of K and P in 

addition to the background elements were also accepted in these category. These elements are 

consistent with biogenic origin aerosol particles (Artaxo and Hansson, 1995). Distinction 

between organic and black carbon aerosol unfortunately could not reliably be done. Since N is 

not analysed in our SEM set up, any nitrate aerosol particle would fall into this category if it is 

on the filter. However, since these particles are semi-volatile, some of these aerosol particles 

would not resist the low pressure of the SEM chamber. This could be further investigated in 

the future. 

B.2. S rich 

Aerosol particles in this category contained a substantial amount of S. This S might be in the 

form of inorganic or organic sulphate compounds.  Some sulphate compounds, such as 

sulphuric acid, are relatively volatile and will be lost in the SEM chamber. 

B.3 Metal rich 

The composition of particles in this category is dominated by one of the following metals: Fe, 

Cu, Pb, Al, Ti, Zn or Mn. These EDS signatures are compatible with metallic oxides or other 

metal rich particles. These metal containing particles can originate from both natural sources 

and anthropogenic sources. Some metallic oxides are common crustal materials that could go 

into the atmosphere but are also produced during some combustion processes (Seinfeld and 

Pandis, 2006). In addition, many types of metal and metallic derivatives particles are produced 
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as component of industrial emissions and other anthropogenic activities (Buckle et al., 1986), 

(Fomba et al., 2015).  

B.4. Na rich 

Sodium chloride particles are the main component of the sea spray aerosol particles which are 

emitted through wave breaking processes (Cochran et al., 2017). These particles can age in the 

atmosphere by reacting with atmospheric components such as sulphuric or nitric acid (Graedel 

and Keene, 1995), (Seinfeld and Pandis, 2006). As a consequence of this reaction, a part of 

their Cl content will end up in the gaseous phase (as HCl), leading to an apparent chlorine 

deficit in the aged sea spray aerosol particles. Particles in this category have an EDS signature 

compatible with sea spray aerosol particles since they are identified by the presence of Na, 

containing in most cases Cl and/or S (N is not included in our SEM analysis).  

B.5 Cl rich 

Particles in this category contained mainly Cl and sometimes also K but never Na, so they are 

not sodium chlorine particles. Significant concentrations of Cl and metals in aerosol particles 

have been linked to industrial activities, coal combustion, incineration and automobile 

emissions (Paciga et al., 1975; Graedel and Keene, 1995), whereas Cl and K in aerosol particles 

could be originated by the use of fertilisers (Angyal et al., 2010), biomass burning (Zender et 

al., 2003; Lieke et al., 2017), or emitted during pyrotechnic events (Crespo et al., 2012).  

B.6 Ca rich  

The composition of the particles in this category is dominated by Ca. In this category, particles 

containing only Ca (plus C and O, the background elements) are consistent with calcium 

carbonate, a major component of mineral dust (Gibson et al., 2006). If other elements such as 

Mg and S are present, the signature of the particles compatible with some mineral origin 

elements as gypsum and dolomite respectively. In addition, presence of minor amounts of Si, 

Al and other elements could indicate mixing of these Ca rich particles with some other soil 

components as silicates. However, since Ca is a biogenic element, we cannot discard the 

biogenic origin of some of the Ca-rich particles (Krejci et al., 2005). Some Ca rich particles 

could originate from the crystallization of sea water, loosely attached to NaCl. The latter 
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component would dominate over the rest of the elements of the conglomerate and they would 

appear as Na rich particles, unless they shatter in the air (Hoornaert et al., 1996; Parungo et al., 

1986). 

 

B.7 Al-Si rich 

Particles in the Al-Si rich category were detected by the presence of Al and Si as major 

elements. Very often, this particles also contained smaller amounts of Na, Mg, K, Ca, Ti, Mn 

and Fe. Particles in this category are very likely to have mineral origin and are commonly 

described as aluminosilicates which include a range of silicates such as feldspars and clays 

(Chou et al., 2008; Hand et al., 2010). Mixed mineral origin particles containing both Al and 

Si can also fall into this category. Strong presence of Na and Cl could indicate internal mixing 

with some sea spray aerosol, whereas a strong S presence could indicate atmospheric acid 

ageing.  

B.8 Si only 

The particles in this category contained only Si apart from the background elements. Particles 

in this category are very likely to be a silica polymorph (mainly quartz), one of the major 

components of the earth’s crust. Since we cannot determine if the C signal in the EDS of these 

particles is produced from the background or from the particle itself, a particle containing only 

C, Si and O would fall into this category, however, mineral phases containing these elements 

are extremely rare.  

B.9 Si rich 

The composition of these particles was dominated by Si, and other elements Na, Mg, K, Ca, 

Ti, Mn and Fe. The main difference with the particles in B7 is that the ones described here 

didn’t contain Al above the limit of detection. The EDS signal of particles in this category is 

compatible with any silicate that does not contain Al as a major component in its phase such 

as talc or olivine. The only exception is quartz, which falls in the ‘Si only’ category described 

above. They could also be internal mixtures of silica or silicates without aluminium as a major 

component in its phase. Because of the high limit of detection of the Al (See the SI), some 
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particles in this category could contain small amounts of Al, and should belong to Al-Si rich 

category. As in the Al-Si rich particles case, strong presence of Na and Cl could indicate 

internal mixing with some sea spray aerosol, whereas a strong S presence could indicate 

atmospheric acid ageing.  

Some of these categories could be further grouped.  For example, the particles in the Ca rich, 

Al-Si rich, Si only and Si rich categories could be considered as “mineral dust”. However, if 

the sample contains ash from combustion processes or volcanic origin, it will also appear in 

these last categories since its composition is similar to mineral dust (Chen et al., 2012; 

Nakagawa and Ohba, 2003).  
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Appendix C. Weight percentage confidence level sensitivity test 

The software calculates the weight percentage (wt %) of each detected element with its 

statistical error (σ). In our classification scheme, we have imposed the rule that all the detected 

elements must be statistically significant in order to be considered as present (the wt % of each 

detected element needs to be a certain confidence level above the σ. We explored the 

appropriate value of sigma for our application below.  

Our analysis is distinguished from others in the literature in that we use a relatively thick Ir 

coating (30 nm) as well as a relatively low EDS integration time in order to get data from many 

particles in a session. Some of the secondary EDS peaks of Ir overlap in some cases with some 

of the atmospherically relevant elements (the primary peak does not). This produces some 

issues like a larger σ in some elements. This effect is quite noticeable for Al and S, where some 

clear peaks of these elements were not statistically significant at a confidence level of 3. In Fig. 

C1 we show the results of a test where we studied the effect of changing the confidence level 

from 3 to 2 σ in the particle categorisation carried out by the classification scheme. The only 

effect of this change yields on the Al and S. When going from 3 to 2 σ as a confidence level, 

more Al is detected in the sample, so some Si-rich particles (from rule 25) are detected as Al-

Si rich particles (rule 5) instead. Manual inspection of a subset of these particles revealed that 

the Al peak that wasn’t being identified at 3 σ is an actual Al signal that was detected at 2 σ. 

Likewise, some significant S peaks were not being detected at a confidence level of 3 σ but 

they were at 2 σ, leading to more S rich particles (rule 14) that were labelled as Other from the 

rule 32 at a higher confidence level. The variation in the confidence level didn’t modify the 

number of particles in other categories, so we recommend the use a 2 σ value in order to 

minimise the underestimation of Al-Si and S rich particles.  
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Figure C1. Size-segregated composition of two aerosol samples for different element detection 

confidence levels. The samples are 2018/03/18 from 19:28 to 19:48 UTC in north Alaska (a) 

and 2017/10/02 from 16:24 to 16:40 UTC in Iceland (b). The two samples are very different 

since the first sample presented a very low aerosol loading and it is dominated by Na rich 

particles, Carbonaceous and mineral origin aerosol (Si rich, Si only, Al-Si rich) with significant 

contributions of S rich particles whereas the second sample presented a high aerosol loading 

and it was mainly dominated by mineral origin aerosol. The different in the confidence mainly 

affected the Si and Al-Si rich particles as well as the S rich particles in the sample (a), whereas 

it only affected the Si and Al-Si rich particles in the sample (b). 
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S2. Supplementary information for Chapter 2 

S2.1. Effect of temperature in the inlet characterization equations 

 

Figure S2.1. Total efficiency of the inlet system at 40 L min-1 at different atmospheric 

conditions based on all the mechanisms described in Sect. 2.2. Different sets of pressure and 

temperature have been chosen; the first one corresponds to standard conditions, the second and 

third correspond to values at 0 and 3000 m (the operational range of the filter inlet system) 

given by the International Standard Atmosphere (ISA) model. The last one corresponds to the 

pressure at 3000 m given by the ISA but at a colder temperature.  
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S2.2. SEM aerosol particle classification scheme 

The classification was done within the AZtecFeature software by Oxford instruments. The 

software allows the user to create a custom made categorisation scheme based on the chemical 

and morphological properties of the features detected by the software. Each particle is tested 

against a set of rules in order to categorise them (we introduce the flow chart of rules below). 

In this study the 32 raw categories are simplified into 10 atmospherically relevant categories. 

For a particular dataset, the number of categories could be increased or decreased if necessary 

according to the characteristics of the sample.  

For some unclear reason, the secondary peaks of the Ir peak can be mislabelled as minor (but 

detectable) concentrations of other elements as Si and Cu. We noticed that these EDS peaks 

coming from random places of the filter, not only aerosol particles. As a consequence, we 

observed that a carbonaceous particle (especially the small ones) could be wrongly labelled as 

Si only or Metal rich (Cu). Therefore, we added some rules in the classification scheme to 

avoid this problems (rules 2 and 28). These rules may not work for all the Si and Cu artefacts, 

and they may also hide some actual signals of Si and Cu coming from aerosol particles, but 

adding them creates a more representative analysis.  

As mentioned in the Sect. 2.4, all the Cr dominated particles were removed from the analysis 

since they are very likely to be artefacts from the filter as one can see in the Fig. S2.1, where 

the size-resolved composition of blank and handling blank filters is presented. For an individual 

case in which Cr is a very frequent element, they could be included if necessary.  
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Figure S2.2. Size segregated composition of the artefact particles found in 3 blank filters (a) 

and a handling blank filter (b). The number of particles analysed in each case appears in each 

image. Almost all the particles present in the Metallic rich category (97 and 96 % respectively) 

were Cr rich particles.  

 

In Fig. S2.2 one can see the classification scheme. C and Ir are present in the filter material and 

coating at all locations on the filter, therefore these elements have been excluded from the 

classification analysis. O is also a background element, but has been included to aid particle 

identification. Elemental totals (excluding C and Ir) were normalised to 100% and then 

classified by AZtecFeature using the rules described in the figure S2.3. Even though it is not 

stated in each rule, O detection was a requirement in all the rules. If the morphological and 

chemical properties of a particle match with a particular rule in the scheme, the particle is 

labelled with that rule. One or more rules can be summarised as a category when plotting the 

data. We have summarised all the rules into 10 categories, which were explained in the 

Appendix B. An interpretation of the type of aerosol particle for each rule is also given in the 

table, as well as the final category it belongs to. The number of categories can be changed if 

the conditions of the sample need it, for example, Al-Si rich particles could be split into Al-Si 

rich particles containing Na+Cl (rule 4) and Al-Si rich particles not containing Na+Cl (rule 5). 

This would be interesting, for example if studying the mixing of mineral dust with sea spray 

aerosol in a particular environment.  
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Rule 1 

- No other elements quantified apart from O. 

C+O: 

- Carbonaceous particle 

(black carbon or a biogenic 

particle). Contains only 

background elements 

Rule 2 

- ECD was below 2um. 

- Si< 11%, not other elements detected 

C+O  

- (Carbonaceous particle) 

with some artefact Si from 

the filter coating (secondary 

Ir peak)  

Rule 3  

- Si >5%., not other elements detected 

 

Si rich: 

- Silica particles 

Rule 8: 

- Ca and Cl must be detected 

- Si/Ca, Al/Ca, Fe/Ca, Ca/Ti, and Na/Ca<1. S/Ca<1.5. 

Ca rich: 

- Gypsum 

Rule 9: 

- Ca must be detected. 

- Si/Ca, Al/Ca, Fe/Ca, Ca/Ti, and Na/Ca<1. S/Ca<1.5. 

Ca rich:  

- Calcium  carbonate mixed 

with aluminosilicate 

- Other Ca-rich particle  

If not 

Interpretation 

Ca-rich: 

- Ca-rich particle mixed with 

NaCl. It can be split into a 

different category if 

Rule 5: Al, Si must be detected. Then, the particles can be in these two 

sub categories: 

- Si rich: Al/Si, Na/Si, S/Si and Mg/Si<1. Ca/Si<2.5. 

Mn/Si<0.5. Fe/Si<5. 

- Al rich: Si/Al, Na/Al S/Al and Mg/Al<1. Ca/Al<2.5. 

Mn/Al<0.5. Fe/Al<5  

Al-Si rich: 

- Aluminosilicates (our 

notation for silicates 

containing aluminium as a 

major element in its phase) 
- Mixed Aluminosilicates 

Rule 4:  

- Si,  Al, Na and Cl must be detected 

- Mn/Si<0.5 and Mn/Al<0.5. S/Si, S/Al, Mg/Si and Mg/Si <1.  

Na/Si, Na/Al <2. Fe/Si and Fe/Al<5.  Ca/Si and Ca/Al<2.5. 

Al-Si rich: 

- Aluminosilicates mixed with 

NaCl. They can be split into 

a different category if 

necessary 
 

Rule 6:  
- Ca must be detected 

 

Ca rich: 

- Calcium carbonate  
  

Rule 7:  
- Ca, S must be detected. 
- Cl/Ca, Na/Ca, Na/S, Cl/S, Fe/S and Fe/Ca<0.5. Si/Ca and 

Si/S<1 
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Rule 14 

- S must be detected 
- Si/S, Al/S, Fe/S and Ca/S<0.5. Cl/S, K/S<0.5 

-  

S rich: 

- Sulphate aerosol 
- Mixed sulphate aerosol 

Rule 15 

- Fe must be detected 

- Ti/Fe<1. Ca/Fe, Si/Fe, Al/Fe, Cl/Fe and Na/Fe<0.5 

-  

Metallic rich: 

- Fe dominated particle 

- Fe oxides 

Discarded: 

- Chromium dominated 

particles. Since they are a 

significant fraction of the 

particles present in the 

blanks, they are excluded 

from the analysis 

Metallic rich: 

- Al dominated particle 

- Al oxides 

 Rule 16 

- Cr must be detected 

- Si/Cr<0.5 

 

Rule 17:  

- Cu>30% 

- Si<12% 

Metallic rich 

- Cu dominated particles 
- Cu oxides 

Rule 18:  
- Pb must be detected 

- Pb/Si<0.5 

Metallic rich 

- Any Pb containing 

compound 
  

Rule 19:  
- Must contain Al 
- Si/Al, Mg/Al and Cl/Al<0.5 

Rule 13 
- Na must be detected. S must not be detected Si/Na, 

Fe/Na, Al/Na and Ca/Na<0.5  
 

Na rich: 
- Sulphuric aged sea spray 

aerosol. It can be split into a 

different category 

Rule 12: 

-  Na and Cl must be detected. S must not be detected 
Si/Na, Fe/Na, Al/Na and Ca/Na<0.5. 

  
  

Na rich: 
- Sea spray aerosol 

Na rich: 

- Nitric acid aged sea spray 

aerosol 
They can be split into a 

different category 
 

Rule 11 
- Na must be detected. S and Cl must not be detected Si/Na, 

Fe/Na, Al/Na and Ca/Na<0.5. 
-  

Rule 10: 
K (1 to 15%). 
Cl/K<1.  S/K, Si/K, Na/K and Mg/K <0.5. 

  

C+O: 
- Particle containing 

background elements plus 

some K, consistent with 

biogenic aerosol particles 
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Rule 27: 

- No O detected 

Other: 

- Particles were no oxygen was 

detected were discarded 

Rule 26: 
- P must be detected 

  

C+O: 
-  Particle containing background 

elements plus P, consistent 

with biogenic aerosol particles 

-  

Rule 25:  
- Si must be detected. Ca/Si and Mg/Si<2. Fe/Si<5 

 

 

Si rich: 
- Silicates without aluminium as a    

major element in its phase 
- Internally mixed Silica 

Rule 24:  
- Si and, Na and Cl must be detected. Ca/Si and Mg/Si<2. 

Fe/Si<5 

Si rich: 
- Silicates without aluminium as 

a  major element in its 

phase mixed  with 

NaCl. They can be split into a 

different category if necessary 
  

Rule 22:  
- Mn must be detected. Si/Mn and Cl/Mn<0.5 

 

 

 

Metallic rich: 
- Mn dominated particle 
- Mn oxide 
 

Rule 23:  

- Mg must be detected. Si/Mg and Cl/Mg<0.5 
  
  

 

Metallic rich: 
- Mg dominated particle 
- Mg oxide 
  

Rule 21: 
- Zn must be detected 
- Zn/Si <0.5 

Rule 20: 
Ti must be detected 
Ca/Ti<1, Si/Ti<0.5 

  

Metallic rich:  
- Ti dominated particle 

- Ti oxide  

Metallic rich: 
- Zn dominated particle 
- Zn oxide 
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Figure S2.3. Description of the classification scheme. The 32 sets of rules used to categorise 

aerosol particles can be seen in a descendant order. C and Ir was excluded from all the particles 

for t. his analysis. In spite of not being mentioned, presence of O was required in all the sets of 

rules.  

 

 

 

 

Rule 28 

- Cu<30% 

- Cl must not be detected 

C+O: 

- Carbonaceous particle  with some 

artefact Cu  

Rule 29 

- Cl and K must be detected 

- S/K, S/Cl, Al/Cl, Al/K, Na/Cl Si/Cl, Si/K and Na/K<1 

 

Cl rich: 

- Cl+K dominated aerosol particle. 

Consistent with aerosol particles 

emitted during a pyrotechnic  

event 

Other: 

- Carbonaceous particle containing 

some traces of any element  

Other: 

- Particles which couldn’t be 

classified by this scheme. 

Internally mixed particles that 

were not considered in the 

 

Rule 30 

- Cl must be detected 

- Al/Cl, Na/Cl SI/Cl and Ca/Cl<1 

 

Cl rich: 

- Cl dominated aerosol particle. 

Consistent with aerosol particles 

emitted during a pyrotechnic 

event 

 

Rule 31:  
- O in between 90 and 100% 

 

  

Rule 32: 
- Any particle that reaches this point 
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S3. Supplementary information for Chapter 3 

S3.1. Surface area distribution through the droplet population  

Here we show the results of the Monte Carlo simulations we performed in order to evaluate the 

distribution of surface area within the droplets of our experiments. We have conducted this 

simulation for two of our samples, corresponding to a low aerosol case (C022_1, Fig S3.1a) 

and for a high aerosol case (C024_3, Fig S3.1b). The simulation is carried out by randomly 

spreading the particles sampled in each case (from the PCASP-CDP size-distributions) through 

the droplet population. We assume that the filter inlet system spreads the aerosol particles 

homogeneously through the surface of the filter, which was tested in Sanchez-Marroquin et al. 

(2019). Since a significant part of the surface area of the samples is constituted by carbonaceous 

particles of ~0.1 μm, which are less likely to be INPs, we restrict this analysis to particles above 

0.4 μm. Our analysis, shown in Fig S3.1, has been done for two of our samples corresponding 

to one of the highest and lowest aerosol loadings. The analysis demonstrates that the surface 

area present in each droplet does not vary above a factor 3. The variation is even smaller for 

the number of particles per droplet. This variability in the surface area per droplet is much 

smaller than the one considered in Knopf et al. (2020). This means that we would not be able 

to explain our results using a stochastic approach that accounts for the variability of the surface 

area per droplet. Therefore, the use of the singular description in this study is justified.  
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Figure S3.1. Monte Carlo simulations of the distribution of particles (left) and surface area 

(right) per droplet of experiment. The top panel corresponds to a low aerosol sample and the 

bottom to a high aerosol one. In each case, simulations have been repeated 45 times.  
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S3.2. Drop on and wash off freezing assay comparisons 

Some of the samples were analysed in parallel using a similar technique to the one described 

by O'Sullivan et al. (2018). We will refer to that technique as “wash-off” droplet freezing assay. 

This technique consists in suspending the aerosol samples collected on top of polycarbonate 

filters in 5 mL of pure water (Milli-Q®). This is done by centrifuging the filter (usually only 

half of the filter in order to save the other half for the SEM-EDS analysis) for about half an 

hour at ~30 rpm. This suspension is then pipetted onto 22 mm diameter hydrophobic silanised 

glass slides (Whale et al., 2015). Some of the samples have been pipetted on top of a thin layer 

petroleum jelly, as done by Tobo (2016). Before that, we tested that performing the experiment 

on top of the petroleum jelly surface produced the same results as performing it on top of the 

glass slide. Then, the system is cooled in the same way as the droplet on freezing assay 

described in Sec. 2.2. The INP concertation of 10 samples was measured using this technique. 

A comparison in between both techniques is shown in Fig. S3.2. The agreement is good for the 

cases a, b, c, g, h and i, while samples d, f and j had some discrepancies within an order of 

magnitude. However, in sample e, the discrepancy was above an order of magnitude.  

The wash-off assay has not been performed systematically and its data hasn’t been presented 

in this paper for several reasons. Firstly, this technique produces a much lower INP signal in 

the experiment than the drop on technique. Hence, the technique is not suitable to produce good 

quality data above the limit of detections on board of the FAAM Bae-146. This is due to the 

short sampling times that can be normally achieved when sampling on board of a research 

aircraft. Additionally, we think there were several problems with the aerosol extraction during 

the course of this campaign, which could explain the low INP signal that this technique 

produced in some occasions (Fig S3.2e, i and j). Although we have not used the data produced 

by the wash-off technique, the results produced by this technique and the used drop-on 

technique are consistent in most cases.  
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Figure S3.2. Comparisons between the INP concentrations measured by the drop on and wash 

off technique. Note that the INP signal in the wash-off experiments (Polycarbonate) of samples 

d, e, h, i and j are only slightly above the limit of detection.  
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Figure S.3. SEM-EDS number size distributions of all the analysed samples. The data shown 

here has been obtained in the same way as the one shown in Sect 3.2. 
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S4. Supplementary information for Chapter 4 

S4.1. Information about the collected samples  

 

Sample Day 

(Oct 

2017) 

Start 

time 

End 

time 

Mean 

altitude 

(m) 

Vol. 

PC 

(L) 

Vol. 

tef.  

(L) 

PTFE 

position 

Dust 

(μm2/cm3) 

% 

dust 

Mass 

(μg/m3) 

INP-20   

(L-1) 

Air 

mass 

Mode 

centre 

(~μm) 

C058_1 2 11:13:00 11:41:45 307 

(162) 

601 352 Up 5.1 88 16 0.54 Land 6 

C058_2 2 11:58:30 12:07:30 328 
(183) 

316 117 Low 8.6 92 26 0.47† Land 8 

C059_1 2 16:23:45 16:49:30 324 

(186) 

432 291 Low 157.7 93 297 7.2 Land 3 

C059_2 2 16:52:20 17:01:35 242 
(154) 

185 28 Up 103.4 94 191 20.0 Land 3 

C059_3 2 17:16:00 17:37:10

* 

1305 

(1154) 

347 147 Up - - - 0.82† No 

land 

- 

C060_1 4 09:53:30 10:05:30 778 
(265) 

328 170 Low 6.2 93 13 0.59† Land 5 

C060_2 4 11:22:20 11:29:10  131 (39) 216 101 Low 86.5 99 183 5.2 Land 5 

C061_1 4 15:18:10 15:58:45

* 

2720 

(2044) 

343 362 Low 30.2 89 58 1.39 No 

land 

5 

C061_2 4 16:54:00 17:05:00 406 

(308)  

387 115 Up Damaged - - Dama

ged 

- - 

C061_3 4 17:46:25 18:02:00 253 
(170) 

468 350 Low 56.5 95 164 1.61 Land 6 

C062_1 5 13:43:00 13:53:15 3052 

(2482) 

103 97 Low 4.2† 28† 48† 0.93† No 

land 

- 

C063_1 5 16:57:15 17:02:25 1924 
(1346) 

86 73 Up 1.8† 14† 33† 0.67† No 
land 

- 

C063_2 5 17:15:20 17:51:10

* 

415 

(232) 

345 40 Up 1.08† 37† 15 1.36† No 

land 

- 

Table S4.1. Details of all the pairs of filters analysed during the VANAHEIM campaign. Each 

entry corresponds to the pair of polycarbonate (PC) and Polytetrafluoroethylene (PTFE) filters 

collected at a particular time. The given days correspond to October 2017. The first given mean 
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altitude corresponds to barometric altitude, while the magnitude in parenthesis corresponds to 

the radar altitude. The volumes sampled for each filter, as well as the inlet position of the PTFE 

filter (which is opposite to that of the PC filter in each filter pair) are given. The surface area 

of dust, calculated by integrating the areas of the aerosol particles in the Si rich, Si only, Al-Si 

rich, Ca rich and Metal rich as well as the INP concentrations at -20 oC (from Fig. 4.2a) are 

given. An estimation of the mass of the dust present of the sample has been calculated by 

integrating the volume size-distribution and assuming a density of 2.6 g cm-3. Note that these 

mass values are likely to be overestimating the atmospheric mass concentrations more than the 

dust surface area since the sub-isokinetic enhancement of the inlet system is larger at the peak 

of the volume size-distributions. Using the back trajectories shown in Fig. 4.1b, the samples 

have been labelled as those which passed through the boundary layer over the surface of Iceland 

(Land) and those which did not (No land). An estimation of the centre of the mode of the 

aerosol surface area size distribution has also been provided when possible. Note that both 

filters collected during the C061_2 run, as well as the PC filter collected during the C059_3 

run were damaged and so they have not been analysed. The symbol * indicates that there was 

at least one interruption during the sampling to avoid sampling during a turn or altitude change. 

The symbol † indicates that the quantity is in the limit of detection.  
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S4.2. Size-resolved composition of Icelandic aerosol samples obtained using SEM 

Here we show the surface area size distributions and size-resolved compositional graphs of all 

the analysed samples. Equivalent circular diameters were used for these calculations. In 

addition, the SEM derived distributions are compared with the distributions derived from the 

optical probes on board of the FAAM BAe-146 (the Passive Cavity Aerosol Spectrometer 

Probe 100-X (PCASP) and Cloud Droplet Probe (CDP)), using the calibration method 

described previously (Sanchez-Marroquin et al., 2019) and (Rosenberg et al., 2012). Data from 

the optical probes is expressed in terms of optical diameter. Note that the diameters of the SEM 

and optical probes size distributions are different, which could be contributing to the 

discrepancies in between the instruments. Details on how the size-resolved composition of each 

aerosol sample is acquired and an interpretation of each compositional category have also been 

discussed previously (Sanchez-Marroquin et al., 2019). Note that the size distributions of the 

samples collected during the C062 and C063 flights are consistent with the limit of detection 

due to the low number of particles present on the filter. The limit of detection of dust surface 

area is about 1 μm2 cm-3 for a 400 L sample and about 4 μm2 cm-3 for a 100 L sample.  

 

S4.2.1 CO58 
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Figure S4.1. Surface area size distribution and size-resolved composition of the samples 

collected during the C058 flight. The disagreement in between the optical probes and the SEM 

counting in the C058_2 sample is probably due to the low number of particles present in the 

sample. 
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S4.2.2. C059 

 

Figure S4.2. Surface area size distribution and size-resolved composition of the samples 

collected during the C059 flight.  
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S4.2.3. C060 

 

Figure S4.3. Surface area size distribution and size-resolved composition of the samples 

collected during the C060 flight.  

 

S4.2.4. C061
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Figure S4.4. Surface area size distribution and size-resolved composition of the samples 

collected during the C061 flight. The disagreement in between the optical probes and the SEM 

counting at ~2 μm could be produced by some artefacts such as water droplets in the PCASP 

instrument. 

 

S4.2.5. C062 

 

Figure S4.5. Surface area size distribution and size-resolved composition of the samples 

collected during the C062 flight. The disagreement in between the optical probes and the SEM 

counting in the C062_1 sample is probably due to the low number of particles present in the 

sample present in the filter sample. 

 

S4.2.6. C063 
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Figure S4.6. Surface area size distribution and size-resolved composition of the samples 

collected during the C063 flight. The disagreement in between the optical probes and the SEM 

counting in the C063_1 sample is probably due to the low number of particles present in the 

filter sample. In the C063_2, the disagreement could be produced by artefacts in the CDP 

instrument.  
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S4.3. Dust chemical composition 

Here we show more detailed analysis of the chemical composition of the dust particles 

collected in this study (all particles in the categories Si rich, Si only, Al-Si rich, Ca rich and 

Metal rich). Fig. S4.7a displays the contribution of each element measured for each aerosol 

sample. The composition of most samples is relatively consistent with the other samples, being 

more consistent for the most abundant elements (such as Si) and showing a larger scatter for 

the less abundant elements (such as Ti). The only exception is sample C061_1, which contains 

a larger fraction of Metal rich (in this case Al rich) particles (Fig. S4.4). In addition, in Fig. 

4.1b one can see that the air mass where this sample was collected was the only one in the 

group of samples dominated by dust particles that did not pass through the boundary layer 

above Iceland. This means that some of the aerosol particles in this sample, particularly those 

rich in Al, could have a different origin.  

Since the composition of the aerosol particles in each dust sample does not show a large 

sample-to-sample variability, we merged all of the dust sample compositions for further 

comparison. In Fig. S4.7b, one can see that the magnitude and range of concentrations of major 

elements determined by SEM analysis of our Icelandic dust samples is consistent with previous 

measurements of Icelandic volcanic ash samples and dust events. The Icelandic dust particles 

contain larger amounts of Ti than dust particles analysed using the same technique and very 

likely from low-latitude-dust sources collected in different locations such as the UK and Alaska 

(Sanchez-Marroquin et al., 2019) or Barbados, as shown in Fig. S4.7c. Higher concentrations 

of Ti in Icelandic samples are consistent with their potential origin from Fe-Ti-rich basaltic 

magmas (Nikkola et al., 2019). In Fig S4.7d differences between the chemical composition of 

the Icelandic dust particles and dust particles collected in the UK, Barbados and Alaska can be 

seen. Since Icelandic dust particles contain in general less Si and Al but more Fe, Mg, Ca or 

Ti, most of them appear as a different mode when compared with the dust particles from other 

sources.  

Overall, it is clear that the Icelandic dust particles have a different chemical signature than 

other dust particles, which have mainly a lower-latitude origin (particularly in the case of the 

UK and Barbados). In addition, the chemical composition of the dust particles collected in 
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Iceland is close to literature data of the chemical composition of bulk Icelandic dust and 

volcanic ash. This information supports the conclusions based on the back trajectory analysis 

in Fig. 4.1b, which indicate that the dust samples collected during this study have a local 

(Icelandic) origin.  
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Figure S4.7. Chemical composition analysis of the Icelandic samples. (a) The boxes represent 

the median, Q1 and Q3 percentiles of the percentage of the composition of each element in all 

the dust particles in each sample. The whiskers represent the composition of all particles 

located in between the median plus and minus two standard deviations. All the SEM analysed 

samples from this study which have dust surface areas above the limit of detection (all samples 

apart from C062_1, C063_1 and C063_2) are shown here. Only particles with chemical 

composition compatible with dust or ash (Si rich, Si only, Al-Si rich, Ca rich and Metal rich) 

which are not mixed with NaCl have been shown. (b) Composition of all the combined 

Icelandic aerosol particles from all the samples shown in the previous panel, using the same 

notation as above. Literature data for bulk composition of different volcanic ash samples from 

the 2010 Eyjafjallajökull (Horwell et al., 2013; Sigmarsson et al., 2011; Paque et al., 2016; 

Maters et al., 2017) and 2011 Grímsvötn (Horwell et al., 2013; Olsson et al., 2013) eruptions, 

as well as two dust events (Dagsson-Waldhauserova et al., 2014b; Dagsson-Waldhauserova et 

al., 2015) have been shown. (c) Weight percentage of the Ti of the collected Icelandic dust 

particles compared with dust particles from four samples collected in the UK and an Alaskan 

sample (Sanchez-Marroquin et al., 2019) and four samples collected in Barbados (Harrison et 

al., In prep) (the whiskers represent the median plus two standard deviations). Note that 31 % 

of the Icelandic dust particles contained Ti above the limit of detection, while this number was 

about 3% for the dust particles collected in the UK, Barbados and Alaska. (d) Ternary graphs 

of the chemical composition of the dust particles shown in the previous panel.  The main ternary 
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graph contains the chemical composition of each particle, while the other four graphs contain 

a heat map with the percentage of dust particles in each sample compositional bin (the axes are 

the same in all graphs). The chemical composition of each aerosol (used in all the panels shown 

here) has been recalculated from the weight percentages given by the SEM software, excluding 

elements that are not Si, Al, Fe, Mg, Ca, Na, K, Ti, Mn and P.  
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S4.4. Fraction frozen of the Icelandic samples 

 

Figure S4.8. Fraction of droplets frozen at each temperature for each sample. Clean filter 

blanks as well as handling blanks are also shown. Handling blanks were measured by treating 

two filters in the same way as filters are treated to collect a sample, but restricting the sampling 

time to a few second. Samples marked with ‘x’ did not produce a fraction of droplets frozen 

significantly above the handling blanks so their corresponding INP concentration (in Fig. 4.2a) 

are regarded as upper limits of the INP concentration, while samples marked ‘o’ are treated as 

INP concentration measurements.  
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S4.5. Correlation in between INP and dust surface area 

 

Figure S4.9. Surface area of dust for each SEM-EDS analysed sample versus the INP 

concentration at -20 oC. The samples that did not exhibit a signal clearly above the limit of 

detection in INP concentration or surface area have been labelled as upper limit. 
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S4.6. Icelandic dust model inventory 

To add Icelandic dust emissions to an existing global inventory (Huneeus et al., 2011), we 

added dust plumes to two grid-boxes over Iceland representing the North East and Southern 

storm regions previously identified (Dagsson-Waldhauserova et al., 2014a) (Fig S4.10A). In 

all, 28 dust storms were added for reported severe events (based in visibility in weather stations) 

in 2001, which is considered a low dust year (Dagsson-Waldhauserova et al., 2014a). The 

timing of these dust events is shown in Fig. S4.10B. In initial simulations all dust storms were 

set to the 25th percentile of the global inventory. These initial simulations were then compared 

to observations at Heimaey in southern Iceland of monthly mean dust concentration (Prospero 

et al., 2012). It was assumed that Icelandic dust was the dominant source of dust at Heimaey. 

Where the model underestimated monthly mean dust concentrations Icelandic dust emissions 

were scaled up in that month and where the model overestimated monthly mean dust 

concentrations Icelandic dust emissions were scaled down. In all model iterations, scaling of 

daily Icelandic dust emissions was capped at the 75th percentile of the global inventory to 

prevent unrealistic emissions. This process was repeated until the model was able to reproduce 

dust concentrations within a reasonable error (-37% bias).  

The comparison of our model with both multi-day and monthly mean observations is shown in 

Fig. S4.10b and Fig. S4.10c. Overall we were able to capture the majority of episodic dust 

enhancements observed at Heimaey (even while tuning to monthly means) with the exception 

of events where no dust storms were recorded. Our modelled annual mean dust concentration 

is 3 μg m-3 comparing well to the 4.5 μg m-3 observed and a significant improvement on the 

baseline model (which did not include the Icelandic dust emissions), which reported 0.09 μg 

m-3.  
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Figure S4.10. Description of the modelled Icelandic dust emissions. (a) Global dust emissions 

compared to tuned Icelandic emissions. Here, dust emission rates have been normalised to the 

inventory maximum. The map indicates the total annual emission (~5 Tg from Iceland) while 

normalized monthly emissions over latitude are shown in the contour pot. (b) Observed (black) 

and modelled (red) atmospheric dust concentration at Heimaey, in South Iceland, taken as 

multi-day (3-5) means (Prospero et al., 2012). The individual dust storms are indicated in the 

top plot by the blue symbols (+ for NE storms, triangle for Southern storms). Tuned emissions 

were only included on days with reported dust events. (c) Monthly means of the observed and 
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modelled dust concentrations. The model run shown includes our tuned Icelandic dust emission 

inventory.  

 

S4.7. Movie S1. Daily [INP]ambient concentration.  

The data is coloured in red when LLD is the dominating INP source and in blue when Icelandic 

dust is the dominating INP source.  

https://advances.sciencemag.org/content/6/26/eaba8137/tab-figures-data 
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S5. Supplementary information for Chapter 5 

S5.1. Sample details  

Sample Date 

(2017) 

Start 

time 

End 

time 

Pressure 

altitude 

(m) 

Radar 

altitude 

(m) 

Vol. 

PC (L) 

Vol. tef.  

(L) 

Teflon 

position 

C085_1 03/11th 22:22 22:34 496 474 466 312 Up 

C085_3 03/11th 23:18 23:40 745 546 461 355 Low 

C086_1 03/13th 21:14 21:22 36 38 212 159 Low 

C086_2 03/13th 21:29 21:49 148 139 231 143 Up 

C086_3 03/13th 22:11 22:31 421 387 644 209 Low 

C087_1 03/16th 20:44 21:26 313 309 1047 565 Low 

C087_2 03/16th 21:33 22:03 305 305 965 447 Up 

C087_3 03/16th 22:30 22:44 547 491 392 217 Low 

C089_1 03/18th 18:01 18:42 584 522 1198 714 Low 

C089_2 03/18th 18:49 19:17 573 506 - 398 Low 

C089_3 03/18th 19:28 19:48 596 557 404 214 Up 

C090_1 03/20th 20:15 20:38 518 487 735 349 Low 

C090_2 03/20th 20:53 21:26 518 487 488 409 Up 

C091_2 03/21th 18:27 18:56 -72 123 1187 376 Up 

C091_3 03/21th 19:01 19:14 130 297 644 203 Low 

C091_4 03/21th 19:21 19:51 -138 68 635 635 Up 

Table S5.1. Details of the samples collected during the MACSSIMIZE campaign. Teflon 

position indicates in which of the lines of the filter inlet system (up or low) the Teflon filter 

has been used. Therefore, the polycarbonate filter has been collected in the other line. 

 

S5.2. Upper limit determination and background subtraction of the ice-nucleation 

experiments  

As shown in Fig. 5.2a, most of the fraction of droplets frozen produced by the collected samples 

were comparable or slightly above to the ones produced by the handling blanks. Hence, we 

established criteria to separate data points of the INP spectrum that are not significantly above 

the limit of detection of the instrument. The analysis is performed using the differential 

spectrum of ice-nucleus rather than the cumulative spectrum, which is normally used to display 
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and compare ice-nucleation data such as INP concentrations and densities of active sites (Vali, 

1971; Vali, 2019).  

First, we create a histogram with the number of freezing events per temperature interval per 

sample. This is done for all the samples and handling blanks, with temperature intervals of 2 

oC. We transform the number of freezing events per interval of each sample into the differential 

spectrum of ice-nucleus, k(T) (Vali, 2019). The differential spectrum of ice-nucleus of the 

handling blanks is shown in Fig S5.1, alongside the mean value of each interval and its standard 

deviation. Note that many of the temperature intervals had zero freezing events, corresponding 

to k equal to zero. These zero values cannot be seen in Fig. S5.1 but they have been included 

in the means and standard deviations. The mean and standard deviation of the k values produced 

by each handling blank has been compared with the k values corresponding to each sample. 

The uncertainty in the k values associated with each sample has been calculated using a very 

similar Monte Carlo simulation than used in (Vali, 2019) using a 68 % interval. The k values 

associated to each sample were individually compared with the mean and standard deviation 

of the k values of the handling blanks. A data point was considered above the limit of detection 

when its lower error yields above the mean plus standard deviation of the blanks. Background 

subtraction was applied to data points significantly above the limit of detection. This was done 

by resting the mean of the k values of the handling blanks. The error of the background-

subtracted point was calculated by square rooting the quadratic sum of the error of the k value 

of the sample and the standard deviation of the k values of the mean. Two examples of the 

comparisons between samples and the handling blanks were shown in Fig. S5.2. (a) 

corresponds to a case were no data point was higher than the limit of detection, while (b) 

corresponds to a case were all most of the data points were significantly above the limit of 

detection. Note that all the data measured on the 16th of March  (flight C087) has been flagged 

as an upper limit. This is because the handling blank experiment carried out on that day was 

unusually high, being compatible with all the measurements.  

The differential spectrum of ice-nucleus can be integrated into the cumulative spectrum of 

active sites, K (Vali, 1971; Vali, 2019). This magnitude is directly related to the INP 

concentration. The background-subtracted k values of our samples were integrated into K 
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values and then to INP concentrations. A k value which was not significantly above the limit 

of detection has been represented with lower bars going to zero in the INP spectrum (meaning 

upper limit to the INP concentration). However, if a k  value not significantly above the limit 

of detection was preceded by a value which was above the limit of detection, then its associated 

INP concentration is not presented as an upper limit, but the lower error bar is at the same level 

as the previous point. This was done to reflect the fact that the cumulative INP spectrum cannot 

decrease. In Fig S5.3, one can see the INP concentration of all the samples collected in this 

study per each day.  

 

 

Figure S5.1. Differential spectrum of ice-nucleus of all the handling blanks performed during 

this campaign. Data is shown in blue, while the mean and standard deviation of the data of each 

bin are show in green.  
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Figure S5.2. Examples of a comparison between the handling blank mean with two samples. 

None of the data points of sample C086_1 is significantly above the background. However, 

most of the data points associated with sample C090_2 are more than one error bar above the 

data produced by the handling blanks and they have been background-subtracted.  
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Figure S5.3. INP concentrations and upper limits shown in Fig. 5.2 separated per sampling 

day. A list of the days when these samples were collected is shown in Table S5.1.  
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