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Abstract 

Ice-nucleating particles (INPs) can influence the radiative properties of clouds and 

therefore climate. There are many different types of INPs including mineral dusts, 

biological aerosols and combustion aerosols, these different types can nucleate ice at 

different temperatures and through different mechanisms. Therefore, an understanding of 

the ice-nucleating activity (INA) of each of the different types of INPs is needed to fully 

understand their effect on the climate system. In this thesis I use the Portable Ice 

Nucleation Experiment (PINE), a small cloud expansion chamber, to characterise the INA 

high-latitude mineral dusts and volcanic ashes.  

In order to achieve this, I first characterise the temperature inside the PINE and determine 

that the calculated adiabatic temperature is an accurate representation of the temperature 

inside the PINE on the timescales and conditions used in this thesis. Measurements of the 

INA of high-latitude dusts from Greenland and Alaska show that they have different INAs 

from one another. By using the PINE to measure the INA of volcanic ash samples aged 

in water, aged in acid and unaged, I find that the ageing generally decreases the INA of 

the ashes, but to varied extents depending on the ash and the type and length of ageing. 

The INA results for both high-latitude dust and volcanic ash are consistent with 

measurements of similar samples at warmer temperatures using a cold stage measurement 

technique. These new PINE measurements extend the previously existing measurements 

to lower temperatures than was possible using the cold stage technique. The results of this 

thesis highlight the differences between different INP types and provide underpinning 

knowledge that might be used in the future to predict the effect that high-latitude dusts 

and volcanic ashes may have on the radiative properties of clouds. 
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SMPS Scanning Mobility Particle Sizer 

APS Aerodynamic Particle Sizer 

LLD Low-Latitude Dust 

XRD X-Ray Diffraction 
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1 Introduction 

1.1 Clouds & their impact on climate 

Clouds are made up of liquid cloud droplets, solid ice crystals or a mix of both, known as 

mixed-phase clouds. Clouds form throughout the troposphere at different altitudes and 

under different conditions, which can lead to their different properties. Satellite 

measurements show that the global annual average cloud coverage is almost 70 % 

(Rossow and Schiffer, 1999). The World Meteorological Organisation splits clouds into 

low-, middle- and high-levels, the exact altitudes of these levels can vary due to different 

temperatures in different regions (WMO, 2017). The different genera of clouds and the 

levels at which they are typically seen are shown in Figure 1.1, with altitudes typical for 

a temperate region.  

The cloud radiative effect (CRE) is the difference between the top of atmosphere radiative 

flux of the Earth with and without clouds, it therefore represents the radiative effect 

attributable to clouds (Ramanathan et al., 1989). The CRE is a balance between the 

cooling clouds cause by reflecting incoming shortwave radiation (an albedo effect) and 

the warming they cause by trapping outgoing longwave radiation (a greenhouse effect). 

Figure 1.1: Illustration of the 10 different genera of clouds and the typical altitudes at 

which they are seen in temperate regions (WMO, 2017). The z axis refers to altitude above 

sea level. Figure 1.3 from Lohmann et al. (2016), reproduced with permission of 

Cambridge University Press through PLSclear. 
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The present-day global average CRE is estimated to be approximately -17 W m-2 (Loeb 

et al., 2009), overall cooling the climate with the albedo effect outweighing the 

greenhouse effect. The net radiative effect of a cloud depends on its location within the 

atmosphere and its optical properties. The change in albedo caused by a cloud partly 

depends on the albedo at the Earth’s surface under the cloud, for example over darker 

surfaces such as oceans the presence of a cloud will result in a greater increase in albedo 

than over brighter surfaces such as ice or snow (Schneider, 1972). Because of this, the 

CRE is dependent on the geographical location of cloud cover, with clouds at lower 

latitudes typically having a more negative radiative effect due to the Earth’s surface 

having lower albedo. The amount of longwave radiation emitted by clouds depends on 

their cloud top temperature, with lower temperatures resulting in less emission, therefore 

clouds at higher altitudes with lower cloud top temperatures have a stronger greenhouse 

effect by more effectively trapping longwave radiation (Schneider, 1972). Aside from a 

cloud’s location in the atmosphere, its optical properties can also influence its net 

radiative effect. The optical thickness of a cloud is a measure of how much radiation can 

pass through the cloud, with thicker clouds allowing less radiation through due to a 

mixture of reflection, scattering and absorption. The majority of the total global CRE is 

caused by low-level clouds due to their high optical thickness, while for mid- and 

high-level clouds, their net CRE depends on their optical thickness, with thicker clouds 

having a more negative CRE and thinner clouds having a slightly positive CRE (Chen et 

al., 2000; Hartmann et al., 1992). 

The net cloud feedback is a combination of multiple different changes to cloud properties, 

locations and coverage that occur as a result of increasing surface temperature. Figure 1.2 

Figure 1.2: Illustration of cloud responses to Earth surface warming. Figure 7.9 from 

Forster et al. (2023). 
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(Forster et al., 2023) illustrates some of the main cloud feedbacks, some of which are 

positive such as increasing cloud top altitudes (Yoshimori et al., 2020), and some negative 

such as the increase in liquid water content in mixed-phase clouds (Murray et al., 2021). 

Overall, the net cloud feedback is estimated to be positive, but there is a high degree of 

uncertainty and spread between model simulations due to the complexity of the interplay 

between the multiple different feedbacks (Forster et al., 2023; Vial et al., 2013). 

 

1.2 Ice nucleation 

In the atmosphere, cloud droplets can supercool to temperatures well below the melting 

point of ice. Cloud droplets will begin to freeze homogeneously at -33 oC and below 

(Herbert et al., 2015), but they can heterogeneously freeze at higher temperatures if the 

right types of particles, known as ice-nucleating particles (INPs), are present. The freezing 

of cloud droplets can lead to a change in the optical properties and lifetime of a cloud 

(Lohmann and Feichter, 2005). As ice crystals nucleate in a cloud they will grow at the 

expense of liquid droplets via the Bergeron-Findeisen process since ice is the more stable 

phase at supercooled temperatures (Murphy and Koop, 2005). This process results in the 

cloud becoming composed of a smaller number of larger ice crystals, which decreases the 

albedo of the cloud and has a positive radiative effect (Lohmann and Feichter, 2005). 

Therefore, the way in which the liquid droplets in a cloud undergo ice nucleation, in 

particular the number of ice crystals that nucleate at a certain temperature, has an impact 

on the radiative effect of the cloud. 

1.2.1 Homogeneous classical nucleation theory 

Homogenous ice nucleation occurs when liquid water freezes without the interference of 

a solid surface. For droplets on the micron scale, this occurs with increasing probability 

below about -33 oC (Herbert et al., 2015). Supercooled water is metastable, meaning that 

it is a thermodynamically unstable phase, but is kinetically stable due to an energy barrier 

for transition to the thermodynamically stable phase of ice (Ickes et al., 2015). This energy 

barrier comes from the decrease in entropy when water molecules cluster together to form 

an ordered ice lattice. The formation of a small ice cluster within liquid water requires the 

creation of a surface between the ice and the water, which is endergonic, but at the same 

time the formation of stronger bonds between the molecules in the ice cluster is exergonic, 

and the number of these bonds increases with cluster volume. This results in the 

thermodynamics of ice nucleation being a balance between a surface and a volume factor, 
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as cluster size increases the surface area to volume ratio decreases, increasing the relative 

importance of the volume factor. The size at which the volume factor outweighs the 

surface factor is the critical cluster size, at this point the addition of further molecules to 

the cluster is exothermic, since the energy gained from forming the bonds outweighs the 

energy lost from creating new surface, and so ice growth becomes spontaneous. This is 

described in the equation for the Gibbs free energy of forming a cluster, ΔGcl, as shown: 

Δ𝐺cl = 4𝜋𝑟2𝛾⏟  
𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑡𝑒𝑟𝑚

−
4𝜋𝑟3

3𝜈
𝑘𝑇 ln 𝑆

⏟        
𝑣𝑜𝑙𝑢𝑚𝑒 𝑡𝑒𝑟𝑚

 

(Eq. 1.1) 

Where r is the cluster radius, γ is the interfacial energy between water and ice, ν is the 

volume of a water molecule in the condensed ice phase, k is the Boltzmann constant, T is 

temperature and S is the saturation ratio with respect to the condensing ice phase. Figure 

1.3 shows an example of the different terms in Equation 1.1 for when T = -20 oC. The 

surface term is positive and proportional to r2, while the volume term is negative while S 

is above 1 and is proportional to r3, meaning that as r increases, ΔGcl becomes less 

positive until it eventually becomes negative and cluster growth becomes spontaneous.  

Classical nucleation theory (CNT) provides a numerical description of the 

thermodynamics and kinetics of the homogenous freezing of water based on 

macroscopically measurable properties (Ickes et al., 2015). It can be used to predict 

quantities such as the critical cluster radius, rccl, and the rate of homogenous nucleation 

as a function of temperature and saturation. The radius of the critical cluster, rccl, is equal 

to r when dΔGcl/dr = 0 and so can be calculated using the following equation: 

𝑟ccl =
2𝛾𝜈

𝑘𝑇 ln 𝑆
 

(Eq. 1.2) 

The Gibbs free energy needed to reach the critical cluster, ΔGccl, is the energy barrier for 

the nucleation of ice in water and can be calculated by substituting equation 1.2 into 

equation 1.1 to give: 

∆𝐺ccl =
16π𝛾3𝜈2

3(𝑘𝑇 ln 𝑆)2
 

(Eq. 1.3) 



24 

 

The rate of homogeneous nucleation, Jhom, can be calculated using an Arrhenius equation 

as shown: 

𝐽hom = 𝐴 ∙ exp (−
Δ𝐺ccl
𝑘𝑇

) 

(Eq. 1.4) 

Where A is the pre-exponential factor which represents the frequency with which 

individual water molecules attach to an ice cluster, this attachment frequency depends on 

quantities such as the liquid viscosity and there are multiple different expressions in the 

literature which estimate A at different temperatures (Huang and Bartell, 1995).  

 

 

Figure 1.3: Plot of Gibbs free energy for the formation of an ice cluster (black line) in 

supercooled water at -20 oC. Blue and red lines respectively show the individual surface 

and volume terms as given in Equation 1.1. Ice density of 919 kg m-3 (Carnahan et al., 

2021) and γ of 25 mJ m-2 (Piaggi et al., 2022) used for calculations. Dotted lines indicate 

the critical cluster radius and Gibbs free energy given by the maximum Gibbs free energy 

for cluster formation. 
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By substituting equation 1.3 into equation 1.4, the following equation is given: 

𝐽hom = 𝐴 ∙ exp (−
16𝜋𝛾3𝜈2

3𝑘3𝑇3(ln𝑆)2
) 

(Eq. 1.5) 

Equation 1.5 shows that lowering temperature and increasing saturation increases 

nucleation rate by decreasing the critical cluster size and therefore increasing the 

likelihood of a cluster forming (Murray et al., 2012). 

1.2.2 Heterogeneous classical nucleation theory 

The energy barrier for ice nucleation can be reduced by interaction with a solid surface, 

known as heterogeneous ice nucleation. Equation 1.5 can be modified to account for 

heterogeneous nucleation to give a heterogeneous nucleation rate, Jhet, as shown: 

𝐽het = 𝐴het ∙ exp (−
Δ𝐺ccl𝜑

𝑘𝑇
) 

(Eq. 1.6) 

Where Ahet is the pre-exponential factor for heterogeneous nucleation and 𝜑 is a factor 

between 1 and 0 which accounts for the effect the solid surface has on the nucleation 

energy barrier, with a value of 1 meaning the surface has no effect and a value of 0 

meaning that the surface reduces the energy barrier to 0. The value of 𝜑 can be related to 

the contact angle, θ, between the nucleus and the flat surface, with θ being between 180o 

and 0o (Murray et al., 2012). By reducing the energy barrier for ice nucleation, a solid 

surface can catalyse the nucleation of supercooled water to ice at higher temperatures than 

it otherwise would homogeneously nucleate. The greater the energy barrier reduction, the 

more effective the surface is at facilitating heterogeneous ice nucleation and the higher 

the temperature at which ice nucleation can occur. 

1.2.3 The singular approximation of heterogeneous ice nucleation 

Ice nucleation is known to be a stochastic process, with nucleation having a time 

dependence as described by the rate coefficient in CNT, and experimental studies have 

demonstrated the stochastic nature of heterogeneous ice nucleation. For example, 

Vonnegut and Baldwin (1984) showed that a 10 µL water sample containing silver iodide 

particles held at a constant supercooled temperature would freeze after a seemingly 

random length of time, for example anywhere from 0 to 400 seconds when held at -5.5 oC. 
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This study showed that, when using a consistent sample, heterogeneous ice nucleation 

can occur after a range of lengths of time or at a range of different temperatures, 

demonstrating that there is a stochastic element to heterogeneous ice nucleation, which 

arises from the random nature of the formation of an ice cluster of critical size as described 

by CNT. 

Despite this stochastic element of heterogeneous ice nucleation, studies measuring the 

repeated freezing of arrays of droplets containing random distributions of particles have 

shown that the variation in the freezing temperatures of the different droplets was much 

greater than the variation in the freezing temperature of single specific droplets (Vali, 

1994, 2008; Vali and Stansbury, 1966). For example, Vali (2008) measured the freezing 

temperatures of arrays of 100 to 144 droplets of ~10 µL volume containing soil particles 

by repeating a cycle of cooling the droplets at a rate of 1 oC min-1 until all the droplets 

froze, warming them to thaw them and then cooling them again. They found that the 

different droplets froze over a temperature range of -6 to -24 oC but for specific droplets, 

changes in freezing temperature across the different cycles was > 1 oC for over 80 % of 

the droplets. These results indicated that in non-idealised situations where droplets can 

contain a range of different particle types or concentrations, such as in the atmosphere, 

the variation in freezing temperature that occurs due to stochastic effects is of secondary 

importance compared to the range of freezing temperatures that arises due to differences 

in droplet contents.  

The singular approximation is a model which simplifies the description of heterogeneous 

ice nucleation by removing the time dependence. The singular approximation is based on 

the idea that heterogeneous nucleation occurs at specific sites on a particle’s surface, 

commonly known as active sites. These active sites are thought to have specific 

temperature below which they can facilitate nucleation, related to how effectively they 

reduce the energy barrier for nucleation. A study by Holden et al. (2019) provided strong 

evidence in support of the existence of active sites by using video microscopy to observe 

the ice nucleation of 1 µL volume water droplets resting on mineral surfaces. They 

showed that ice nucleation in droplets repeatedly occurred at a small number (~5) of 

specific locations on the mineral surfaces, as shown in Figure 1.4. Scanning electron 

microscopy and atomic force microscopy measurements of these mineral surfaces showed 

that all the sites at which nucleation occurred had micron-scale surface features such as 

pores or steps, suggesting that such features may have unique properties which favour the 

formation of ice clusters to grow to the critical size needed for ice nucleation. Holden et 
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al. (2019) also measured the freezing temperatures of arrays of droplets placed on the 

microcline feldspar surfaces and found that individual droplets repeatedly froze at 

consistent temperatures while the different droplets froze across a range of -8 to -14 oC. 

These droplet assay results showed that across the mineral surface there are active sites 

with a range of different characteristic nucleation temperatures and that these 

temperatures for each active site remain consistent across repeat measurements, further 

supporting the singular approximation. 

The variety in active site nucleation temperatures across the surface area of a material is 

also seen in studies which measure ice nucleation by suspending the sample particles in 

water droplets and then cool the droplets to measure the freezing temperatures. These 

studies typically find that when using different concentrations of the suspended sample, 

higher sample surface area concentrations result in higher freezing temperatures 

(Broadley et al., 2012; Marcolli et al., 2007) since at higher surface area concentrations 

there is a higher probability of there being a rarer active site with a higher nucleation 

temperature than the more common active sites. Because of this surface area 

concentration dependence, results from heterogeneous ice nucleation measurements are 

commonly normalised to the surface area concentration of the sample to determine the 

temperature dependent active site density, ns(T), of the sample which is a measure of the 

concentration of sites across the sample’s surface which can act as active sites for 

heterogeneous ice nucleation at a given temperature (Murray et al., 2012). The active site 

density can be used to compare the ice-nucleating activity (INA) of different materials. 
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Figure 1.4: Images showing the locations (black circles) at which ice nucleation began 

to occur in droplets placed on microcline feldspar surfaces. Below each image is a plot 

showing the nucleation temperature of each individual freezing measurement run and 

above the characteristic nucleation temperature, Tc, is given, which is the average 

temperature at which each droplet froze. The numbers at each circle give the individual   

runs in which nucleation originated at that site. The bracketed numbers in the top right of 

the images are the cleavage planes. Figure 3 from Holden et al. (2019). 
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1.3 Modes of atmospheric ice nucleation 

In the atmosphere, solid particles which can induce heterogeneous ice nucleation are 

known as INPs. There are multiple different pathways via which ice nucleation can occur 

in the atmosphere, often referred to as “modes” of ice nucleation, with different modes 

requiring different temperature and relative humidity (RH) conditions as well as 

potentially specific INP properties. Figure 1.5 illustrates the main modes of primary ice 

nucleation that occur in the atmosphere and shows the typical temperature and RH 

conditions required. 

Immersion mode ice nucleation is when an INP triggers heterogeneous ice nucleation 

while immersed in a supercooled liquid droplet, the freezing can occur when the 

temperature is at or below the temperature at which the particle is active as an INP. Since 

liquid water droplets are a prerequisite for this mode of ice nucleation, the relative 

humidity with respect to water (RHw) must be at least 100 % for immersion freezing to 

occur. Remote sensing observations of mid-level clouds in tropical (Ansmann et al., 2009), 

subtropical (Ansmann et al., 2008), temperate (Westbrook and Illingworth, 2011) and 

Arctic (De Boer et al., 2011) regions have shown that the majority of clouds at 

Figure 1.5: Diagram showing the main different modes of atmospheric ice nucleation 

and the temperature and relative humidity conditions at which they can occur. Figure 1-1 

from Kanji et al., (2017). 
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temperatures >-25 oC are mixed-phase and that supercooled liquid water droplets are 

required for ice production, indicating that immersion nucleation is the dominant mode 

of ice nucleation in the atmosphere at these temperatures. These observations also showed 

that ice particle concentration was primarily dependant on temperature, supporting the 

singular approximation of heterogeneous ice nucleation. Therefore, by characterising the 

temperatures at which different atmospheric aerosol types can nucleate ice and the 

concentrations of INPs present in the atmosphere, heterogeneous ice nucleation in 

mixed-phase clouds can be predicted and simulated in climate models. 

Pore condensation and freezing (PCF) is a process in which liquid water in the pores (or 

any other inward surface feature such cracks and steps) on a particle’s surface freezes and 

the ice grows out of the pores through the deposition of water vapour. Water can condense 

into these pores below water saturation as described by the inverse Kelvin equation, 

which shows that the vapour pressure over water condensed in a pore is less than over 

bulk water due to the concave curvature of the air-water interface, meaning the water 

more readily condenses in the pore. This effect is stronger for narrower pores, so the RH 

required for water condensation decreases with decreasing pore width. Marcolli (2014) 

suggested that PCF is the dominant ice nucleation mechanism below water saturation and 

that cases previously believed to be deposition nucleation (where ice directly deposits 

onto a particle’s surface) were instead PCF. This is supported by measurements showing 

that at conditions below water saturation, many clays and mineral dusts have a much 

higher INA below ~-38 oC than at higher temperatures (David et al., 2020; Marcolli, 2014), 

this specific temperature dependence is inexplicable by deposition nucleation but can be 

attributed to the homogenous freezing of water in pores. Studies using materials with 

characterised pores have shown that the conditions at which PCF occurs depends on the 

size (David et al., 2020; Nichman et al., 2019), shape (Campbell and Christenson, 2018) 

and wettability (David et al., 2020; Mahrt et al., 2018) of the pores and that multiple pores 

close to one another on the particle’s surface may be needed for ice to grow out of the 

pores and onto the surface of the particle (David et al., 2019). While it may be possible 

to predict the INA of a material under PCF-relevant conditions based upon its porosity an 

the structure of its pores, most of these studies use materials synthesised to have precise 

porosities, which may not be representative of the aerosol found in the atmosphere at 

conditions relevant for PCF. 

Solutes decrease the melting temperature of ice (Rasmussen, 1982) by stabilising the 

liquid phase through an increase in entropy. Koop et al. (2000) showed experimentally 
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that water activity is the dominant factor in determining the homogenous freezing 

temperature of water droplets, referred to as the “water-activity criterion”. The ability to 

calculate homogenous nucleation rates solely from water activity, which at equilibrium is 

defined by RH, allows for homogenous freezing in clouds to be simulated using a simple 

calculation without any knowledge of the composition of the droplets. 

 

1.4 Types & sources of ice-nucleating particles 

In the ambient atmosphere there are a variety of different types of aerosol particles which 

are known to act as INPs, including mineral dusts, bioaerosols, carbonaceous particles, 

ashes, organic particles, salt particles and metals (Kanji et al., 2017). The relative 

abundance of these different types of INP depends on location since the different types of 

INPs are linked to different sources. For example, measurements of ice crystal residuals 

over North America and Europe have shown mineral dust to be the dominant type of INP 

present (Cziczo et al., 2013; Kamphus et al., 2010; Pratt et al., 2009; Richardson et al., 

2007), whereas in marine environments INPs from sea spray such as salts and marine 

organics become increasingly abundant (Cziczo et al., 2013). An estimation of the global 

average concentrations of different types of immersion mode INPs are shown in Figure 

1.6 (Murray et al., 2012), which highlights that the different types of INP can be active at 

different temperatures. 

Figure 1.6: Plot showing estimated global average immersion mode ice-nucleating 

particle concentrations of different types of atmospheric aerosol as a function of 

temperature. Figure 19 from Murray et al. (2012). 
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1.4.1 Mineral dust 

Global emissions of mineral dusts are estimated to be from 1000  to 5000 Tg y-1 

(Engelstaedter et al., 2006; Zender et al., 2004). The main source of atmospheric mineral 

dust is known as the Dust Belt, which ranges from the Sahara in northern Africa to the 

Gobi Desert in northern China and southern Mongolia (Prospero et al., 2002), as shown 

in Figure 1.7. This region primarily consists of arid deserts remote from human 

civilisation, but anthropogenic influences on the environment such as desertification are 

estimated to be responsible for 30 % to 50 % of the global average atmospheric mineral 

dust loading (Tegen and Fung, 1995). A global modelling study by Hoose et al. (2010) 

found that mineral dust particles made up 77 % of the global distribution of INPs active 

between 0 and -38 oC. Atmospheric dust is composed of various different minerals, an 

average composition from various XRD measurements of atmospheric dust samples 

collected at mid- to low-latitude locations was 47 % clays, 29 % quartz, 13 % feldspar 

and also other minerals including calcite, gypsum, goethite, haematite, palygorskite and 

halite (Murray et al., 2012). Of the minerals commonly found in atmospheric dust, 

potassium-rich feldspar (K-feldspar) has been shown by laboratory studies to have the 

highest INA, and is thought to be the most important mineral for controlling the INA of 

atmospheric dusts at temperatures below -15 oC under mixed-phase cloud conditions 

(Atkinson et al., 2013; Harrison et al., 2019).  

High-latitude (≥50°N and ≥40°S) locations are also known to be sources of atmospheric 

dust, as shown in Figure 1.7, with approximately 1 to 5 % of the global dust emissions 

estimated to be from high-latitude sources (Bullard et al., 2016; Meinander et al., 2022). 

Figure 1.7: Map showing erodible soil fraction across the globe. Figure 1 from Groot 

Zwaaftink et al. (2016). 
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Dust emissions from these locations are seasonal, with specific environmental conditions 

such as low river discharge and low snow/ice cover being required (Bullard and Mockford, 

2018; Crusius et al., 2011). As the climate warms, future emissions of dust from high 

latitudes are expected to increase due to more exposed sediment as glaciers melt (Amino 

et al., 2021).  

1.4.2 Bioaerosols 

Bioaerosols, also known as primary biological aerosol particles are solid particles from 

living organisms, they can be dead or alive and include fragments of biological material 

(Matthias-Maser and Jaenicke, 1995). Many bioaerosols such as pollen and fungal spores 

are emitted into the atmosphere from organisms as part of their propagation mechanisms 

(Jones and Harrison, 2004), while other biological material such as plant and animal 

fragments can be emitted during decay (Després et al., 2012). Whole microorganisms 

such as bacteria and viruses can also be aerosolised by processes such as bubble bursting 

from water or wind from land (Delort et al., 2010). The total global emission of 

bioaerosols is estimated to be 1000 Tg y-1 (Jaenicke, 2005), and bioaerosol is estimated 

to account for roughly 25 % of the number concentration of atmospheric aerosol over 

land (Jaenicke et al., 2007; Jones and Harrison, 2004; Matthias-Maser and Jaenicke, 

1995). Bioaerosols have been measured in ice crystal and precipitation residuals 

(Creamean et al., 2013; Pratt et al., 2009), indicating that they are likely involved in ice 

nucleation in the atmosphere. The capability of various types of bioaerosols including 

bacteria (Möhler et al., 2008a), viruses (Adams et al., 2021), fungi (Kieft, 1988; Pouleur 

et al., 1992), pollen (Duan et al., 2023) and algae (Ickes et al., 2020) to heterogeneously 

nucleate ice has been demonstrated by laboratory studies. The ability of certain bacteria 

(Morris et al., 2004; Pandey et al., 2016) and fungi (Schwidetzky et al., 2023) to nucleate 

ice at temperatures up to ~-2 oC has been linked to specific proteins which catalyse the 

nucleation of ice by favourably orienting water molecules.  

Heat treatment of samples is often used as a method for identifying the presence of 

biogenic INPs in a sample based upon the assumption that the biogenic INPs will have 

their INA decreased by processes such as protein denaturation while other types of INP 

will be unaffected. A systematic study of the effect of heat treatment on mineral and 

biogenic INPs by Daily et al. (2022) found that, depending on the conditions used, certain 

minerals including K-feldspar were sensitive to heat treatment and non-proteinaceous 

biogenic INPs such as pollen and cellulose did not always decrease in INA after treatment. 

Therefore, heat tests are not a fool proof method of identifying the presence of biogenic 
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INPs in a sample and careful consideration of the heat treatment conditions is needed 

when using this method.  

1.4.3 Black carbon 

Combustion processes emit a wide variety of gases and particles including CO2, NOx, ash 

and black carbon (BC) particles and a range of organic compounds that can go on to form 

secondary organic aerosol in the atmosphere (Bruns et al., 2015; Xu et al., 2011). Most 

studies indicate that BC is not an important INP in mixed-phase clouds (Chen et al., 2018; 

Hammer et al., 2018; Vergara-Temprado et al., 2018), but it has been suggested that it 

may be important in clouds that form close to BC sources (Levin et al., 2014; Twohy et 

al., 2010). However, BC has been shown to be able to nucleate ice via PCF, relevant for 

high-altitude clouds, with a wide variety in INA, most likely due to variety in porosity 

between the different aggregates (Mahrt et al., 2018; Nichman et al., 2019). Combustion 

ash particles have been shown to be immersion nucleation (Umo et al., 2015) and PCF 

active (Umo et al., 2019), indicating their potential importance in both mixed-phase and 

high-altitude clouds. 

1.4.4 Volcanic ash 

The estimated average emissions of aerosol and precursor gases from volcanoes of ~10 

to 15 Tg y-1 (Dentener et al., 2006) is much lower than other atmospheric aerosol sources 

due to the sporadic nature of volcanic eruptions. However single eruption events can emit 

up to tens of thousands of teragrams of ash (Williams and Self, 1983), which can be 

transported tens of thousands of kilometres from the source and impact climate via direct 

and indirect aerosol effects (Durant et al., 2010; Engwell and Eychenne, 2016; Vernier et 

al., 2016). Similarly to mineral dusts, volcanic ashes are composed of a variety of 

minerals, with silicate minerals being the most common (Nakagawa and Ohba, 2003). 

The ability of volcanic ash aerosol to heterogeneously nucleate ice in the atmosphere has 

been suggested by studies linking volcanic eruption events to local increases in INP 

concentrations (Hobbs et al., 1971; Isono et al., 1959) and laboratory studies have shown 

volcanic ashes to have similar INAs to mineral dusts (Durant et al., 2008; Jahn et al., 

2019; Mangan et al., 2017; Steinke et al., 2011). Volcanic eruptions also emit gases such 

as H2O, SO2 and HCl which can coat and interact with volcanic ash particles in the 

eruption plume (Delmelle et al., 2007). Studies by Maters et al. (2020) and Fahy et al. 

(2022) showed that by interacting with other compounds emitted during eruptions, the 

INA of volcanic ashes can either be increased or decreased depending on the source of 
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the ash as well as the specific compound mixtures that it interacts with. The susceptibility 

of volcanic ash particles to have their INA altered by the compounds they are commonly 

emitted alongside adds a layer of complexity to predictions of the INA of volcanic ashes 

in the atmosphere. 

 

1.5 Instruments for measurements of ice nucleation 

There are several different instruments and methods that are used to measure 

concentrations and the characteristics of INPs, including both online and offline 

techniques. Online methods generally have the advantage of being able to make 

measurements with higher time resolution but come with the offset of requiring more 

specialised equipment and having stricter requirements for making measurements, for 

example most online instruments require mains electricity to run, limiting the locations 

at which they can make measurements. 

1.5.1 Cloud expansion chambers 

Cloud expansion chambers (Demott and Rogers, 1990; Möhler et al., 2021; Wagner et al., 

2009b) are vessels used to simulate atmospheric conditions by controlling and monitoring 

conditions such as temperature, pressure and humidity. Cloud expansion chambers can be 

used to measure ice nucleation by undergoing expansions, where a decrease in the 

pressure inside the vessel leads to a decrease in temperature and rise in RH, leading to 

conditions which may allow for ice nucleation to occur. The Aerosol Interactions and 

Dynamics in the Atmosphere (AIDA) facility, shown in Figure 1.8, at the Karlsruhe 

Institute of Technology is an 84.3 m3 chamber which can be temperature controlled from 

60 oC to -90 oC. Particles, including liquid droplets and ice crystals, inside the chamber 

are measured using two Welas 2000 optical particle counters (OPCs) which are 

configured in measurement ranges of 0.7 to 40 and 2.3 to 104 µm to cover a large range 

of particle diameters (Wagner et al., 2009b). These OPCs are used to measure the 

concentration of ice crystals throughout an expansion, the ice crystals are distinguished 

from other particles based upon the measured diameter (Benz et al., 2005) since ice 

crystals grow at a faster rate than water droplets. The large size of the AIDA chamber 

allows measurements to be conducted over several days due to the long residence time of 

particles in the chamber (Saathoff et al., 2003). This capability for longer measurements 

allows for processes such as the atmospheric aging of aerosols to be measured with the 

AIDA. The downside of the large size of the AIDA chamber is that it is fixed in place, 
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therefore it cannot make online measurements of ambient aerosol at any location other 

than Karlsruhe, Germany. 

1.5.2 Continuous flow diffusion chambers 

Continuous Flow Diffusion Chambers (CFDCs) (Castarède et al., 2023; Chou, 2011; 

Friedman et al., 2011; Garimella et al., 2016; Jones et al., 2011; Kanji and Abbatt, 2009; 

Lacher et al., 2017; Rogers, 1988; Stetzer et al., 2008) are instruments which measure the 

ice-nucleating ability of aerosol samples by flowing the sample between two ice-covered 

walls which are cooled to different temperatures, a schematic of the Zurich ice nucleation 

chamber CFDC (Stetzer et al., 2008) is shown in Figure 1.9. The temperature difference 

between the two walls results in a linear temperature and vapour pressure gradient, but 

due to the exponential relationship between temperature and the saturation vapour 

pressure of water and ice (Murphy and Koop, 2005), the region in between the two walls 

is supersaturated with respect to ice. The greater the temperature difference between the 

two walls, the greater the supersaturation, and supersaturation with respect to water can 

be achieved with a large enough temperature gradient. By independently controlling the 

temperatures of the two walls, the temperature and RH conditions experienced by the 

sample aerosol can be accurately tuned, allowing for ice nucleation measurements to be 

made at conditions both subsaturated and supersaturated with respect to water. Alongside 

Figure 1.8: Schematic showing the AIDA facility. Figure 1 from Wagner et al. (2009). 
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the sample flow, a sheath flow of particle-free air is used to keep the sample in a narrow 

area with well-defined conditions. In most cases, an OPC is used at the outlet of a CFDC 

to measure the particles exiting the chamber, ice crystals are distinguished from liquid 

droplets and aerosol particles based upon their measured diameters due to the faster 

growth of ice crystals at temperatures below 0 oC (Rogers, 1988). To further increase the 

size difference between ice crystals and liquid droplets, and therefore improve the 

accuracy of ice crystal determination, most CFDC include an evaporation section towards 

the end of the chamber in which the RH is set to below water saturation so that unfrozen 

droplets will evaporate and decrease in size. Other methods for distinguishing between 

ice crystals and liquid droplets, such as depolarization detectors, are also sometimes 

incorporated (Castarède et al., 2023; Zenker et al., 2017). 

CFDCs are designed to be portable so that they can be used to make online field 

measurements. There have been many different CFDCs designed, with the main 

differences being the geometry of the ice-covered walls and the orientation at which the 

instrument is designed to be operated. Wall geometries of concentric cylinders (Jones et 

al., 2011; Rogers, 1988) and flat parallel plates (Castarède et al., 2023; Chou, 2011; 

Figure 1.9: Schematic of the Zurich ice nucleation chamber, a CFDC instrument. Figure 

2 from Stetzer et al. (2008). 
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Friedman et al., 2011; Garimella et al., 2016; Kanji and Abbatt, 2009; Lacher et al., 2017; 

Stetzer et al., 2008) have been used, with the flat plate design being more common due 

to having the advantage of being easier to manufacture and effectively cool (Stetzer et al., 

2008). CFDCs can be operated either vertically (Castarède et al., 2023; Chou, 2011; 

Friedman et al., 2011; Garimella et al., 2016; Jones et al., 2011; Rogers, 1988; Stetzer et 

al., 2008), where the airflow is downwards, or horizontally (Kanji and Abbatt, 2009; 

Lacher et al., 2017), where the airflow is horizontal. The advantage of a vertical 

orientation is that particles are not lost by gravitational settling, but the disadvantage is 

that the horizontal temperature gradient between the walls results in an uneven buoyancy 

between the warmer and colder walls which can induce air circulation and shift the flow 

of the sample (Rogers, 1988). Horizontally oriented CFDCs minimise this buoyant 

circulation by having the warmer wall above the colder wall (Kanji and Abbatt, 2009). 

Different CFDCs also have different lengths, typically between 50 and 150 cm, with 

longer instruments having the advantage of longer particle residence times and therefore 

greater ice crystal growth while shorter instruments are more easily transported. Further 

additions and modifications to CFDCs include conditioning chambers in which aerosols 

are activated to droplets prior to being subjected to ice-nucleating conditions so that 

immersion nucleation can be exclusively measured without other nucleation modes 

(Kohn et al., 2016; Kulkarni et al., 2020).  

The need for the walls of CFDCs to be coated in ice can result in background 

concentrations of ice crystals from the walls to be measured (Chou, 2011) which limits 

the lower detection limit of ice crystals in CFDCs. Also the ice layers can build up over 

the course of measurements which can increase background concentrations and so the ice 

walls need to be melted and reapplied after a few hours of measurements (Chou, 2011), 

limiting the capability of CDFCs to be used for continuous long-term measurements. 
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1.5.3 Cold stages 

Cold stage instruments are used to measure the temperatures at which an array of droplets 

containing a sample undergo ice nucleation, a diagram of the microliter Nucleation by 

Immersed Particle Instrument (µL-NIPI) (Whale et al., 2015) is shown in Figure 1.10. A 

typical cold stage experiment involves generating an array of droplets from a solution or 

suspension of the sample being investigated onto a hydrophobic slide, often by either 

nebulising (Murray et al., 2011) or pipetting (Budke and Koop, 2015; Tobo, 2016; Whale 

et al., 2015) the stock solution/suspension. The droplets are then cooled at a controlled 

rate on a cold stage and observed using a camera and in some cases a microscope, the 

time and temperature at which each droplet freezes is recorded based upon a change in 

appearance of the droplet which occurs when it freezes (Murray et al., 2010b; Whale et 

al., 2015). Different cold stage instruments are designed for different volume droplets 

ranging from pico- and nanolitre scale (Murray et al., 2011; O’Sullivan et al., 2014; 

Peckhaus et al., 2016; Wright and Petters, 2013) to microlitre scale (Budke and Koop, 

2015; Tobo, 2016; Whale et al., 2015) droplets. The advantage of using larger droplets is 

that, for a given sample concentration, each droplet will contain more sample surface area 

and therefore will be more likely to contain a rare active site capable of ice nucleation at 

higher temperatures. This higher probability of nucleation at higher temperatures allows 

Figure 1.10: Diagram showing the µL-NIPI cold stage instrument. Figure 1 from Whale 

et al. (2015). 
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for measurements of a sample’s INA to be made at these higher temperatures (Whale et 

al., 2015). Conversely, using smaller droplets allows for the INA at lower temperatures 

down to the homogeneous freezing range of pure water to be measured due to the lower 

probability of droplets containing active sites (O’Sullivan et al., 2014). Microfluidic 

techniques have been used to autonomously generate arrays of monodisperse picolitre 

volume droplets (Reicher et al., 2018) and further autonomize the droplet freezing process 

by passing the generated droplets over a cold stage held at a set temperature and observing 

the fraction of droplets that freeze (Tarn et al., 2020). 

1.5.4 Comparing the results of different ice nucleation measurement methods 

Since different instruments use different methods to measure ice nucleation, comparisons 

between the results of different instruments are useful for assessing the accuracy and 

limitations of different measurement methods. There have been several studies which 

have focused on the intercomparison of results from different ice nucleation measurement 

methods using specific control samples (DeMott et al., 2018; Hiranuma et al., 2015, 2019; 

Wex et al., 2015). During these intercomparison studies, the different methods are 

typically split into two different groups: methods that measure the sample in the aerosol 

phase (a.k.a. dry dispersion) and methods which measure the sample in an aqueous 

suspension (a.k.a. wet suspension). These two groups are analogous to online and offline 

instruments respectively, since online instruments typically directly sample an aerosol 

while offline techniques need to first collect a sample on a substrate and then remove the 

collected sample, typically by suspending it into water. The intercomparison studies have 

shown that the agreement of results from different measurement methods is dependent on 

the test material used. For Snomax® (a source of biological INPs) (DeMott et al., 2018; 

Wex et al., 2015) and soil dusts (DeMott et al., 2018) the different instruments’ results 

agreed closely with one another but for mineral dusts (DeMott et al., 2018; Hiranuma et 

al., 2015) and cellulose (Hiranuma et al., 2019) the instruments’ results showed more 

variation. In the cases where the variation between instruments was greater than 2 orders 

of magnitude, the dry dispersion methods consistently gave higher INA results than the 

wet suspension methods at a given temperature (DeMott et al., 2018; Hiranuma et al., 

2015, 2019), which is potentially due to modification of the sample particles’ surface 

when in suspension leading to a reduction in INA. An intercomparison of different 

instruments measuring ambient INP concentrations at Puy de Dôme, France by Lacher et 

al. (2024) also showed that the method of sample collection can lead to differences in 

measurement results, for example using impactors to prevent the sampling of larger 
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aerosol particles can result in a lower INP concentration measurement. The results from 

these various intercomparison studies shows that different measurement methods may not 

always give similar results, particularly when the sample is treated in different ways prior 

to measurements. Therefore, care should be taken when comparing INA results of 

different samples measured using different methods. 

 

1.6 The portable ice nucleation experiment chamber 

The Portable Ice Nucleation Experiment (PINE) (Möhler et al., 2021) is a portable cloud 

expansion chamber which operates using similar principles to the AIDA chamber. A 

schematic of the PINE-1B, a prototype version used for measurements in this thesis, is 

shown in Figure 2.1. The PINE can repeatedly perform autonomous expansions by 

cycling through three modes of operation known respectively as the flush, expansion and 

refill modes. First, the sample is pumped into a 7 to 10 L (depending on the version of 

PINE) chamber. Second, the chamber inlet is sealed, and air is pumped out of the chamber 

via the outlet which causes an expansion to occur in the chamber, as the pressure and 

temperature inside the chamber decrease, the RH inside the chamber increases and aerosol 

particles inside the chamber can activate to liquid droplets which can potentially freeze. 

An OPC at the chamber outlet measures any particles exiting the chamber and ice crystals 

can be distinguished from liquid droplets and aerosol particles based upon their size, the 

same method of ice detection as is commonly used in CFDCs. After the expansion ends, 

the third mode begins in which the chamber is refilled to ambient pressure using a flow 

of filtered air, once the chamber is repressurised the cycle repeats. The temperature of the 

chamber walls is controlled by a cooling system, which is typically a chilled fluid flowing 

through pipes wrapped around the outside of the chamber, and the chamber wall 

temperature controls the temperature of the gas inside the chamber before the start of an 

expansion. Thermocouples are positioned along the vertical length of both the chamber 

wall and the centre of the chamber to respectively measure the wall and internal gas 

temperature throughout the chamber. During operation, there is a temperature gradient 

through the vertical length of the chamber due to the incoming air from the inlet not being 

cooled, this can result in a measured temperature difference of up to 5 oC between top and 

bottom gas thermocouples at a chiller temperature of approximately -30 oC (Möhler et al., 

2021). In previous studies, the lowest measured gas temperature has been used as the 

representative temperature of the measurements (Adams, 2020; Brasseur et al., 2022; 
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Lacher et al., 2024), based upon the assumption that the lowest temperature in the 

chamber is controlling the ice nucleation inside the chamber (Möhler et al., 2021). 

The first fully operational PINE instruments were the PINE-1A and -1B, which have a 

7 L chamber volume and an approximate temperature measurement range of -10 to -40 oC. 

Subsequently, a commercial version of PINE (shown in Figure 1.11), with a 10 L chamber 

volume and temperature measurement range of -10 to -60 oC, was developed, and 

continuous development is ongoing to further improve the instrument. The PINE has 

several advantages as an instrument for measuring ice nucleation. It is portable and so 

can be transported to field locations to make measurements of ambient INP concentrations 

around the world, provided there is a suitable power source. It is an online instrument 

capable of making measurements with a ~10-minute time resolution, allowing it to 

capture short term changes in INP concentrations such as diurnal cycles. It can be 

operated autonomously for long periods, with field studies demonstrating its capability to 

run continuously for up to 60 days (Brasseur et al., 2022; Lacher et al., 2024; Möhler et 

Figure 1.11: Photograph of a commercial PINE instrument making continuous INP 

measurements in Oklahoma. Side panels are removed to show the internal workings of 

the PINE. Figure A7 from Möhler et al. (2021). 
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al., 2021) with minimal manpower needed, making it a simple and easy to use instrument. 

Unlike CFCDs, the PINE does not need to be preconditioned to achieve the temperature 

and RH conditions needed for ice nucleation and can be operated without background ice 

concentrations, furthering the ease of use of the PINE.  

 

1.7 Thesis objectives and outline 

The overarching goal of the research detailed in this thesis is to improve our 

understanding of high-latitude dusts and volcanic ashes as ice-nucleating particles 

through laboratory experiments. To achieve this, the following three objectives are 

addressed: 

1. The use and development of tools and methods for measuring ice nucleation. 

The PINE is a relatively new instrument with many advantages, but the 

temperature gradient across the chamber leads to an uncertainty in its 

measurements. To improve the accuracy of measurements made with PINE, the 

temperature inside the PINE-1B is characterised based upon phase changes that 

can be observed with the OPC during expansions. A new method for determining 

the temperature representative of measurements made with the PINE-1B is 

developed and used to help achieve the two subsequent objectives. 

 

2. Use PINE to characterise the ice-nucleating activity of high-latitude mineral dusts 

across a range of temperatures relevant for mixed-phase clouds.  

High-latitude mineral dusts are thought to be an important INP source for global 

climate (Murray et al., 2021), but most measurements of the INAs of high-latitude 

dusts (HLDs) have used methods which only characterise the activity down to 

~-25 oC. By using the PINE, the INAs of HLD samples from two contrasting 

locations are measured at temperatures down to -35 oC and these measurements 

are combined with results from previous studies to produce a parameterisation 

that represents the INA of HLDs across the temperature range relevant for 

mixed-phase clouds. 
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3. Use PINE to characterise the ice-nucleating activity of volcanic ash and the effect 

of aging processes. 

Previous studies measuring the INA of volcanic ash and the effects of ageing have 

used cold stage methods to make measurements down to ~-25 oC. By using the 

PINE, the INA of these ash samples can be measured at lower temperatures down 

to ~-35 oC and can be compared to the results from the previous studies to extend 

the temperature range of measurements of the INA of volcanic ash. 

 

1.8 Publication strategy 

The results reported in this thesis could be published in two different scientific 

publications. The results in chapters 2 and 3 of this thesis would each be reported in 

individual publications and the results in chapter 4 could be reported in another 

publication if more supporting measurements are made. 

The results in chapter 2 of this thesis would be published as methods paper in a journal 

such as Atmospheric Measurement Techniques. This publication would allow for the 

knowledge of the PINE instrument’s temperature measurement weaknesses and the 

alternative method of calculating the adiabatic temperature to become more widespread 

and other PINE users could use the publication as a reference point to test the temperature 

measurements of their own PINE instruments. This publication could also be used as a 

reference in future papers which report PINE measurements using the adiabatic 

temperature. 

The results in chapter 3 of this thesis would be published as a results paper in a journal 

such as Atmospheric Chemistry and Physics. This publication would enhance the existing 

knowledge of the INA of HLD and the parameterisation provided may be used or 

modified by those doing modelling studies. 

The results in chapter 4 of this thesis could be published in a results paper if more PINE 

measurements of volcanic ashes are made. In particular, measurements of the INA of 

unaged and aged volcanic ashes across the full temperature measurement range of the 

PINE would help improve the knowledge of the effects of ageing on the INA of volcanic 

ashes across the full range of temperatures relevant for mixed-phase clouds. 
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1.9 Other work – Ponsonby oil paper 

Aside from the work covered in this thesis, throughout my PhD I also contributed to other 

pieces of work. Of particular note is the study by Ponsonby et al. (2024) which used the 

PINE-1B to measure the temperature and RH conditions under which aerosolised jet 

aircraft lubrication oil droplets could activate to cloud droplets and subsequently freeze. 

The study was led by Joel Ponsonby to whom I provided training for use of the PINE-1B, 

I also provided support and advice on the experimental work, data analysis and 

interpretation throughout the study. The PINE-1B measurement and data analysis 

methods used by Ponsonby et al. (2024) were those developed as part of the first objective 

in this thesis, and so my work developing these methods allowed the study by Ponsonby 

et al. (2024) to take place and the results be published. 

To summarise the study, Ponsonby et al. (2024) used the PINE-1B to measure the 

temperature and RH conditions under which ~100 nm diameter droplets of an oil 

representative of oils used for lubrication in jet aircrafts could activate to cloud droplets 

and freeze. The formation and properties of contrail clouds from aircraft emissions is 

generally controlled by the soot particles emitted from the burning of fuel (Kärcher and 

Yu, 2009), but as aircrafts transition to cleaner fuels in the future, the relative impact of 

soot on contrails may decrease and other particles emitted from aircraft, such as oil 

particles used in the engines, may become more important. Before the study by Ponsonby 

et al. (2024), the impact of jet lubrication oils on contrail formation had not been 

investigated. The measurements by Ponsonby et al. (2024) found that the oil droplets 

activated to cloud droplets at RH ~10 % higher than water saturation (shown in Figure 

1.12), which was consistent with what would be expected for a wettable, insoluble aerosol 

(Petters and Kreidenweis, 2007), and the activated droplets homogeneously froze at 

temperatures below ~-38 oC. The results from these measurements demonstrated the 

capability of these oil droplets to act as condensation nuclei in contrail conditions and 

therefore highlighted the need to characterise and account for these droplets when 

considering contrail formation in soot-poor conditions.  
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Figure 1.12: Plot showing the temperature and relative humidity with respect to ice 

conditions under which ~100 nm diameter jet lubrication oil droplets activated to cloud 

droplets measured using the PINE-1B. Tin is the average initial temperature at the start of 

expansions for each set of measurements. Adapted from Figure 4 (a) from Ponsonby et 

al. (2024). 
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2 Characterising temperature in a portable cloud expansion chamber 

designed for counting ice-nucleating particles 

2.1 Background 

There are different pathways via which an INP can nucleate ice and various different INP 

types that can carry out these processes. Immersion nucleation is when the INP is first 

immersed in a liquid droplet, usually by acting as a cloud condensation nuclei, and then 

the droplet freezes upon cooling to a temperature at which the INP is active (Murray et 

al., 2012). Aerosol types known to be important for immersion nucleation include mineral 

dusts, particularly K-feldspar (Atkinson et al., 2013), sea spray (Vergara-Temprado et al., 

2017; Wilson et al., 2015) and bioaerosols (Adams et al., 2021; Christner et al., 2008; 

Morris et al., 2004). PCF nucleation is the formation of an ice crystal without a liquid 

droplet, water condenses into pores on the INP’s surface and when it freezes the ice grows 

out of the pore to form an ice crystal, this can occur below water saturation via the reverse 

Kelvin effect. Mineral dusts and BC aerosols have been shown to have ice-nucleating 

activities below water saturation related to their porosities (David et al., 2019; Mahrt et 

al., 2018; Marcolli et al., 2021). The key difference between immersion freezing of cloud 

droplets and PCF nucleation is the RH at which the ice crystal forms; for immersion 

freezing of cloud droplets to occur it must be at or above water saturation in order for the 

liquid droplet to form, whilst PCF can occur below water saturation, without the 

formation of a liquid droplet. 

The PINE is a new instrument for measuring INP concentrations (Möhler et al., 2021). 

PINE is a portable cloud expansion chamber capable of running autonomously over long 

periods of time; this along with its low backgrounds and high time resolution (5 to 10 

minutes per measurement) make it a useful instrument for measuring ambient INP 

concentrations across the globe. PINE has been used in several field campaigns (Brasseur 

et al., 2022; Lacher et al., 2024; Möhler et al., 2021), in which it has successfully made 

continuous measurements of INP concentrations. A PINE has also been used to 

investigate the contrail particle forming potential of hydrophobic jet lubrication oils 

(Ponsonby et al., 2024). There are multiple different models of PINE, the PINE-1A 

and -1B are prototypes, and subsequent models have been developed and are sold 

commercially, but the key operating principles are the same between different models. 

To quantify the INA of an aerosol, an accurate measure of the temperature that the aerosol 

and hydrometeors experience is needed. Temperature measurements inside the PINE 
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chamber are made by multiple thermocouples through the length of the chamber, these 

thermocouples show a strong temperature gradient across the chamber, with the top of the 

chamber being the warmest and the bottom of the chamber being the coldest. This 

temperature gradient results in the measurement being sensitive to the exact position of 

the thermocouple in the chamber and so introduces an uncertainty in the measurement of 

the temperature that is experienced by the particles in the PINE chamber (Texp). An 

uncertainty of ± 1 oC in temperature results in an uncertainty of approximately ± 10 % 

relative humidity with respect to ice (RHi) at an expansion starting temperature of -10 oC 

and ± 15 % RHi at an expansion starting temperature of -30 oC. This shows that even a 

small uncertainty in temperature can produce a large uncertainty in derived values. Given 

that altering the thermocouple position to iteratively find the coldest region of the 

chamber is impractical due to the design of the chamber, and that the thermocouple may 

move with repeated expansions and transport of the chamber, we set about finding an 

alternative way of determining temperature in the chamber. 

In this study we explore a way of quantifying the temperature in the chamber that does 

not rely on accurate thermocouple measurements. This involves using the measured 

pressure during expansion to derive temperature according to the first law of 

thermodynamics, assuming adiabatic conditions (i.e. that the heat influx from the walls 

can be neglected). We present evidence that shows that if the cooling rate is sufficiently 

rapid then the adiabatic temperature is consistent with well-defined phase changes in the 

chamber.  These phase changes include the activation of cloud condensation nuclei to 

cloud droplets and the homogeneous freezing of cloud droplets as well as the 

heterogeneous nucleation and freezing of droplets containing K-feldspar. 

 

2.2 Methods 

In this study we measured the ice nucleation of test aerosols in a controlled laboratory 

setting. The test material was aerosolised into an aerosol chamber from which aerosol 

was sampled, size distribution instruments were used in parallel to the PINE, which 

measures the nucleation of ice. Further detail on each part of the methodology follows. 
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2.2.1 Test aerosol preparation and size distributions 

Test aerosols were aerosolised into a container, labelled “Sample Input” in Figure 2.1, 

and fed into a 0.73 m3 (90 x 90 x 90 cm) aerosol chamber by a flow of air from an air 

compressor (Titan Precision, model TT-25L-SILENT) which was first filtered using a 

carbon capsule filter (PALL Life Sciences) and HEPA-CAP filter (Whatman). Citric acid 

aerosol was produced from a 0.01 weight % solution of citric acid in milli-Q water 

(18.2 MΩ) and aerosolised using a pocket nebuliser (Omron MicroAir U22). Smoke 

aerosol was produced by lighting a Swan Vesta safety match and extinguishing so that it 

smouldered and produced smoke. K-feldspar aerosol was produced from a milled sample 

of BSC 376 K-feldspar (Bureau of Analysed Samples Ltd) and aerosolised using a 

GRIMM X78502 Dust Tower. The flow rate of test aerosol into the aerosol chamber was 

controlled using Sierra mass flow controllers (C100L-DD-3-OV1-SV1-PV2-V1-S0) 

(MFCs). For citric acid and smoke aerosols, the flow rate was 2 slpm (standard litres per 

minute) and a second MFC was used to balance the input flow into the aerosol chamber 

Figure 2.1: Schematic of the experimental setup used for measurements in this study. 

Compressed air was used to fill a 0.73 m3 aerosol chamber with sample. The size 

distribution of the aerosol sample in the chamber from 0.01 to 20 µm was measured by 

combining measurements from a TSI model 3938 SMPS and a TSI model 3321 APS. The 

PINE-1B system measured INP concentrations in the chamber as described in the text. 

Valves and MFCs were used to control the direction and rate of the various flows through 

the system. 
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with the output flow to the aerosol size distribution instruments and the PINE-1B (as 

detailed later). For K-feldspar aerosol the flow rate through the “Sample Input” was set 

to be equal to the output flow from the aerosol chamber, so no flow was passed through 

the second MFC. 

The size distribution and concentration of test aerosol in the aerosol chamber was 

continuously measured using a TSI model 3938 Scanning Mobility Particle Sizer (SMPS) 

measuring 0.01 – 0.6 µm diameter particles and a TSI model 3321 Aerodynamic Particle 

Sizer (APS) measuring 0.5 – 20 µm diameter particles. The SMPS measures 

mobility-equivalent particle diameter and the APS measures aerodynamic diameter, to 

compare and combine their measurements into a full aerosol size distribution their 

measured diameters were converted into volume-equivalent sphere diameters (Möhler et 

al., 2008b). Figure 2.2 shows example size distributions of the citric acid and K-feldspar 

aerosols, the size distribution of the smoke aerosol was not measured due to the APS and 

SMPS instruments being unavailable during the experiments using the smoke test aerosol. 

For the diameter conversion calculations, the citric acid particles were assumed to have a 

density of 1.0 g cm-3 and a shape factor of 1.0 due to the particles being 0.01 weight % 

concentration solution droplets. The K-feldspar particles were assumed to have a density 

of 2.6 g cm-3 due to that being the typical density of mineral dusts (Wagner et al., 2009a) 

and the shape factor was assumed to be 1.1 (Möhler et al., 2008b). In the size range over 

which the distribution measurements overlap, the smallest two APS size bins were 

discounted from further analysis due to inefficiencies in the lower size bins of the APS as 

stated by TSI literature (TSI, 2011). The SMPS measurements at sizes greater than the 3rd 

smallest APS size bin were then also discounted from further analysis, resulting in a 

diameter of ~0.6 µm for the citric acid aerosol and ~0.4 µm for the K-feldspar aerosol 

below which the SMPS measurements were used, and above which the APS 

measurements were used. 
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Figure 2.2: Examples of aerosol size distributions measured by APS and SMPS of citric 

acid and K-feldspar test aerosols. APS and SMPS measured diameters were converted 

into volume equivalent sphere diameters as in Möhler et al, (2008) in order to compare 

the two different instruments. Grey points show the measurements which were not used 

in further analysis due to the overlap between the APS and SMPS size ranges. 
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2.2.2 Portable Ice Nucleation Experiment (PINE) 

This study uses PINE-1B, a prototype version of the commercially available PINE 

instrument, a basic schematic is shown in Figure 2.1 and further details about the 

development and operation of the PINE are given in Möhler et al. (2021). Below is a 

description of the aspects of the PINE most relevant for this study. 

The PINE is a portable cloud expansion chamber that can measure the concentration of 

INPs in a sample by simulating the formation of a cloud via the principle of adiabatic 

expansion. The expansion chamber of PINE-1B has a volume of 7 L. Experiments are 

carried out by cycling through three distinct modes of operation, which are achieved by 

opening and closing the various valves and altering flow rates through the system using 

MFCs. First, in the flush mode air from the aerosol chamber is passed through the 

chamber to fill the chamber with the test aerosol, this is done for 5 minutes at a rate of 4 

slpm to replace the volume in the chamber several times over. Next, in the expansion 

mode the chamber inlet is sealed but a flow is maintained through the outlet, resulting in 

a decrease in pressure in the chamber, and therefore a decrease in temperature due to the 

expansion of the gas. During this expansion mode, liquid droplets and ice crystals are 

produced in the chamber as it undergoes an expansion. After the expansion, the refill 

mode begins, during which the chamber is slowly refilled with filtered air, once the 

chamber is close to the sample pressure, the system returns to flush mode and a new cycle 

begins.  

A Palas Welas 2500 OPC at the chamber outlet along with a Promo 2000 control unit are 

used to count and measure the size of particles exiting the chamber. During an expansion, 

ice crystals can be distinguished from non-ice particles by their larger size, and the INP 

concentration is calculated from the number of ice crystals detected by the OPC. The OPC 

was set to measure different nominal particle size ranges for different experiments; a 0.6 

to 40 µm range was used to measure the smallest particles forming at the start of 

expansions while a 2 to 105 µm range was used to measure the larger ice crystals that 

formed throughout the expansion. Although the OPC output gives a size for each 

measured particle in micrometres, the absolute size measurements may be inaccurate 

because the different particle types that are simultaneously measured interact with light 

in different ways. Therefore, the OPC size measurements are instead used qualitatively 

where relative shifts in size distribution indicate a phase change. 
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The temperature of the chamber walls is controlled by an external flow of chilled liquid 

ethanol from a refrigerated circulator (LAUDA-Brinkmann, Proline RP 890) and 

continuous temperature measurements are made by three pairs of thermocouples that 

record the chamber wall and gas temperatures at the top, middle and bottom of the 

chamber. The chiller can cool the chamber walls down to approximately -50 oC. During 

the flush mode the temperature of gas inside the chamber equilibrates to the same 

temperature as the chamber walls, meaning the temperature of the walls is the temperature 

at which the expansions start. Two parallel gas drying columns (Perma Pure, 

MD-700-24S-1) reduce the humidity of the air that enters the chamber which, along with 

the deposition of water vapour onto the inner chamber walls as ice, allows the RHi within 

the chamber to equilibrate to 100 % during the flush phase. 

The flow rates through the MFCs can be changed to control the rate of pressure and 

temperature decrease during an expansion; the duration of expansions can also be 

changed by changing the pressure at which the expansion mode ends. The flow through 

the driers must be between 2 and 5 slpm to maintain drying efficiency whilst minimising 

particle losses; based upon this, a flush and expansion flow rate of 4 slpm is used for all 

experiments performed for this study unless otherwise stated. Similarly, a minimum 

expansion pressure of 800 mbar was used unless otherwise stated, this was chosen 

because when going to lower minimum pressures the concentration of liquid droplets and 

ice crystals produced during the expansion becomes higher than the detector’s maximum 

detection limit which results in the OPC undercounting particles. 

2.2.3 Adiabatic temperature calculation 

In previous studies using PINE instruments, the coldest measuring thermocouple was 

used to represent the temperature measurement within the chamber, this is based upon the 

assumption that the nucleation processes in the chamber are primarily driven by the 

coldest temperature in the chamber (Möhler et al., 2021). The coldest thermocouple is 

always the one closest to the chamber outlet and therefore the OPC, which is also 

indicative of it being the thermocouple most representative of what is being measured by 

the OPC. 
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Here, we explore the conditions under which it is appropriate to assume that the expansion 

in some volume of the centre of the PINE chamber is adiabatic. When the RH in the 

chamber (calculation detailed in next subsection) was below water saturation, the dry 

adiabatic temperature was calculated using the following equation: 

𝑇 = 𝑇0 × (
𝑃

𝑃0
)

𝑅𝑑
𝑐𝑝

 

(Eq. 2.1) 

Where T is the adiabatic temperature, T0 is the temperature at the start of the expansion 

as measured by the thermocouple, P is the pressure measured in the PINE and P0 is the 

pressure measurement at the start of the expansion. Rd is the gas constant for dry air 

(= 287 J K-1 kg-1) and cp is the specific heat capacity of dry air in J K-1 kg-1. 

Once the RH in the chamber reached and increased beyond water saturation during each 

expansion, the wet adiabatic temperature was calculated using the MetPy python function 

“moist_lapse” which uses equation 8 from Bakhshaii and Stull (2013), shown below as 

equation 2.2. The inputs for this function are pressure, for which the pressure 

measurement was used, a starting temperature, for which the dry adiabatic temperature at 

water saturation was used, and a starting pressure, for which the pressure measurement at 

water saturation was used. 

𝜕𝑇

𝜕𝑃
= (

𝑏

𝑃
)
𝑅𝑑𝑇 + 𝐿𝜈𝑟𝑠

𝐶pd +
𝐿𝜈2𝑟𝑠𝜀𝑏
𝑅𝑑𝑇2

 

(Eq. 2.2) 

Where Lν is the latent heat of vaporization of water, Cpd is the specific heat for dry air at 

constant pressure, rs is the saturated water vapor mixing ratio,  ε is the ratio of the ideal 

gas constants of dry air and water vapor (Rd/Rν = 0.622 kgwatervapor kg-1
dryair) and b is a 

dimensionless factor which describes how the specific heat and gas constant change with 

humidity (Bakhshaii and Stull, 2013). 
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2.2.4 Relative humidity calculation 

Due to the lack of a direct measurement of water vapour within the PINE chamber, the 

RH in the chamber must be inferred. RHi can be calculated from the temperature and 

pressure measurements in the PINE using the following equation: 

RHi =
𝑝ice(𝑇0) ×

𝑃
𝑃0

𝑝ice(𝑇)
× 100 

(Eq. 2.3) 

Where RHi is the relative humidity with respect to ice inside the PINE chamber, pice(T) is 

the saturation vapour pressure of ice and is calculated based upon the temperature, T, in 

the chamber using equation 7 from Murphy and Koop (2005) and pice(T0) is the saturation 

vapour pressure of ice at the start of the expansion. The RHi in the chamber is assumed 

to come to 100 % during the flush phase via the deposition of excess water vapour onto 

the internal walls of the PINE as ice, therefore pice(T0) is assumed to be equal to the vapour 

pressure of ice in the chamber at the start of an expansion. 
𝑃

𝑃0
 is the ratio of the pressure 

in the chamber, P, to the pressure at the start of the expansions, P0, which accounts for 

the removal of water vapour via the pumping out of air during an expansion. The use of 

Equation 2.3 to calculate RHi in the PINE chamber is only valid up until the onset of 

liquid droplet or ice crystal formation, at which point the formation and growth of these 

hydrometeors will begin to take up water vapour from the air in the PINE chamber. 

2.2.5 Active site density 

The temperature dependant active site density (ns(T)) of a material is a measure of the 

number of active sites capable of triggering heterogeneous ice nucleation per unit surface 

area at temperature T. ns(T) is a commonly used quantity for comparing the INA of 

different materials between different studies since it is independent of the sample 

concentrations used for different measurement techniques (Murray et al., 2012). 

The quantity of ns(T) to represent immersion mode INA was first used by Connolly et al. 

(2009), they used modelling to calculate the surface area of mineral dusts in contact with 

water droplets during AIDA measurements which allowed for the change in aerosol 

particle and droplet number concentration over the course of a measurement to be 

accounted for. Niemand et al. (2012) used a simplified method of calculating ns(T), which 

was to divide the concentration of ice crystals measured during an AIDA experiment by 
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the surface area concentration of the sample calculated from the size distribution 

measurements. To avoid significantly increased complications, both of these formulations 

assumed that for a given sample ns(T) did not vary with particle size. 

In this study, ns(T) is calculated using a similar method to Niemand et al. (2012) with the 

following equation: 

𝑛𝑠(𝑇) =
𝑁ice
𝑠

 

(Eq. 2.4) 

Where Nice is the number concentration of ice crystals measured by the PINE per cm3 and 

s is the surface area of sample per cm3, measured by the SMPS and APS. This equation 

assumes that each ice crystal measured by the PINE-1B contains a single sample particle 

which has a single site active at the measured temperature. 

For the calculation of the surface area concentrations from the SMPS and APS 

measurements of aerosol number concentration, the particles were assumed to be spheres 

and the surface area concentrations (ds) calculated for each size bin were summed to give 

a total surface area concentration of the test aerosol. Measurements of the transmission 

efficiency of particles from the aerosol chamber to the PINE were made by using the APS 

to measure the size distribution of K-feldspar aerosol in the aerosol chamber and then 

moving the APS to measure the aerosol size distribution after the diffusion dryers in the 

PINE-1B system. These measurements showed that the transmissions efficiency was 

approximately 100 % for particles with volume equivalent diameters of up to 

approximately 3.5 µm, a plot of the measured transmission efficiency as a function of 

volume equivalent diameter is shown in Figure 2.10 in the appendix. For calculations of 

ns(T), it was assumed that the concentration and size distribution of the aerosol sample in 

the PINE chamber was equivalent to the aerosol size distribution measured in the aerosol 

chamber. To test the accuracy of this assumption and determine the potential impact of 

the loss of particles larger than 3.5 µm in diameter, the surface area concentration of 

K-feldspar aerosol was calculated without any of the particles larger than 3.5 µm in 

diameter. The result of this calculation was a decrease in the surface area concentration 

of approximately 0.7 % at most, which in turn would lead to an increase in ns(T) of 0.7 %. 

The typical uncertainty calculated for ns(T) of K-feldspar was on the order of ~7 % (as 

shown in Figure 2.9), an order of magnitude greater than the uncertainty caused by 

potential particle losses. Based upon this small change in the values of ns(T) compared to 
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the uncertainty, the assumption that the aerosol sample size distribution in PINE was 

equivalent to that measured in the aerosol chamber was considered appropriate. 

 

2.3 Results & Discussion 

To test the assumption that a portion of the PINE chamber experiences adiabatic 

conditions, we use well-defined phase transformations where the temperature and RH 

conditions are known. In the first set of experiments, we use soluble aerosol particles 

where the activation of cloud droplets at water saturation and the homogeneous freezing 

of haze droplets below ~-35 oC are both well defined. In the second set of experiments, 

we examine the homogeneous freezing of cloud droplets, the rate of which has been 

extensively characterised in laboratory studies. In addition, we explore the heterogeneous 

nucleation of K-feldspar, quantifying the active site density and compare this to literature 

data. But first we illustrate the challenge of accurately measuring the temperature in the 

chamber. 

2.3.1 Comparison of the measured and dry adiabatic temperatures 

In Figure 2.3 we present the thermocouple temperature measurements alongside the 

temperature derived according to the adiabatic assumption during a typical expansion 

with K-feldspar aerosol. This figure shows that there is a large difference between the 

temperatures measured in the chamber (solid red, orange and yellow lines) and the 

theoretical adiabatic temperature (dashed red line). At cloud droplet onset, we see that the 

coldest thermocouple in this case is about 3 oC warmer than that derived assuming 

adiabatic expansion. We also show the derived RHi according to both the measured and 

the adiabatic temperatures. We see that when calculating RHi using the coldest 

thermocouple measurement the droplet onset is barely above 100 % RHi, whereas with 

the adiabatic assumption the onset is well above 100 % (we come back to the absolute 

determination of onset RHi below). 

There are multiple factors that may cause this discrepancy between measured and 

adiabatic temperature, including heat influx from the chamber walls heating the gas 

during expansions, the thermocouples responding too slowly to measure the true 

temperature change during expansions, and our assumptions about RH at the start of each 

expansion being incorrect. 
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To test the response rate of the PINE thermocouples, we performed experiments in which 

an additional faster-response thermocouple, one with a thinner wire (0.5 mm diameter) 

than those used in the PINE-1B, was inserted into the PINE chamber to compare the 

response rate of the two different thermocouples to temperature changes during 

expansions (see Figure 2.11 and associated text). The PINE-1B thermocouple had a 

maximum temperature change rate of -0.09 ± 0.01 oC s-1 at an expansion rate of 2.0 slpm 

and -0.16 ± 0.01 oC s-1 at an expansion rate of 4.0 slpm. The thinner thermocouple had a 

maximum temperature change rate of -0.08 ± 0.01 oC s-1 at an expansion rate of 2.0 slpm 

and -0.17 ± 0.02 oC s-1 at an expansion rate of 4.0 slpm. The PINE thermocouple 

responded to temperature changes at rates consistent with the thinner wire thermocouple, 

Figure 2.3: Plot of an expansion using K-Feldspar aerosol to illustrate the operation of 

PINE and show the difference between the measured and calculated adiabatic 

temperatures. Dashed lines show the conditions calculated according to an adiabatic 

expansion while solid lines show the conditions measured in the case of temperature and 

pressure and calculated from these measurements in the case of RHi. Top, middle and 

bottom temperature lines refer to the positions of the thermocouples inside the PINE 

chamber. Blue points represent individual particles measured by the OPC. Vertical dotted 

line indicates the time at which cloud particles are first measured by the OPC, referred to 

as the onset. 
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and therefore we concluded that the PINE-1B thermocouples were able to respond fast 

enough to accurately measure temperature changes in the PINE chamber during 

expansions. 

To test the validity of our assumption that the PINE chamber equilibrates to 100 % RHi 

during the flush phase, we performed experiments in which we added a “pause phase” 

between the flush and expansion phases to give more time for water vapour to diffuse 

from the centre of the PINE chamber to the walls and therefore the chamber to come to 

equilibrium before expansions. We used a range of pause times from 1 to 60 minutes, 

however our experiments showed no systematic effect when including a pause phase (see 

Figure 2.12 and associated text). Therefore, we concluded that our assumption of reaching 

100 % RHi during the flush phase is accurate. 

As well as the discrepancy between the adiabatic and measured temperatures, there is a 

temperature gradient from the top to the bottom of the chamber, with the bottom 

thermocouple measuring roughly 3 oC colder than the top thermocouple, and the gradient 

increasing during expansions. This temperature gradient highlights that the temperature 

measurement of each thermocouple is sensitive to its position inside the chamber. Based 

upon experimental evidence using different PINE models, the coldest measuring 

thermocouple has previously been assumed to be representing the coldest temperature 

inside the chamber (Möhler et al., 2021), however it is possible that there are areas inside 

the chamber that are at colder temperatures than those being measured.  

Considering that different PINE models may have their thermocouples positioned in 

slightly different places, there is uncertainty associated comparing thermocouple 

measurement between different PINEs. Moving the thermocouples inside an already built 

PINE would be a long and difficult process involving removing the detector assembly, 

removing insulation, taking apart the sealed PINE chamber, moving the thermocouples 

and testing for leaks on rebuilding it before testing the temperature measurements. This 

would likely need to be done many times and is therefore impractical, so having an 

alternative method for accurately determining the temperature in the PINE chamber that 

could be used with consistency between different PINE models is preferable. Hence, we 

set out a series of test to determine whether the derived adiabatic temperature can be used 

as an accurate alternative to the thermocouple measured temperature for representing Texp. 
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2.3.2 Onset of cloud particle formation using non-ice-nucleating aerosol 

To test the accuracy of the adiabatic and measured temperatures in the PINE during 

expansions, we used the activation of cloud droplets and the homogeneous freezing of 

haze droplets as observable phase transitions. These phase transitions occur at 

well-defined conditions and so allow for the adiabatic and measured temperatures (and 

RHi calculated from them) to be compared to theoretically expected values. 

Citric acid and soot were used as test aerosols to observe these phase transitions. Citric 

acid is known to not nucleate ice heterogeneously when in the liquid solution state 

(Murray et al., 2010a; Wilson et al., 2012) and soot aerosol has been shown to be 

non-ice-nucleating at temperatures warmer than ~-38 oC (Kanji et al., 2020; Mahrt et al., 

2018). In addition, citric acid is known to form a very viscous or glassy solution at low 

humidity, rather than effloresce (Murray, 2008). Efflorescence would be a problem for 

these experiments because the crystalline citric acid may nucleate heterogeneously. 

Therefore, at temperatures above -38 oC, the first phase transition expected to be seen in 

the PINE during expansions using citric acid and soot aerosols is the activation of liquid 

cloud droplets at water saturation. At temperatures below ~-38 oC, soot has been shown 

to be capable of nucleating ice via PCF (Mahrt et al., 2018; Marcolli et al., 2021; Nichman 

et al., 2019), therefore expansions using soot aerosol were limited to > -35 oC in order to 

avoid PCF from occurring. Citric acid has only been shown to be capable of 

heterogeneously nucleating ice when in the glassy state, which only occurs at much lower 

temperatures (Murray et al., 2010a; Wilson et al., 2012). Therefore expansions using citric 

acid aerosol at temperatures lower than –35 oC were performed to observe the 

homogeneous freezing of haze droplets, the conditions for which are defined in Koop et 

al. (2000). 

To observe these phase transitions in the PINE-1B and quantitatively compare the 

measured and adiabatic conditions with those theoretically expected, the experiments 

were specifically tailored to capture the onset of the phase transition, referred to herein 

simply as the “onset”. The OPC size range was set to measure particles 0.6 – 40 µm in 

diameter (rather than the typical 2 – 105 µm, used in Figure 2.3) so as to measure the 

cloud droplets as early as possible while they were growing, expansion flow rate was set 

to 4.0 slpm. The onset was defined as the earliest point in the expansion at which the 

measured particle concentration in the PINE chamber reached a factor of 10 above the 

background concentration of test aerosol, the adiabatic and measured temperature and 

RHi conditions were defined at this point of onset. 
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Figure 2.4 shows the RHi and temperature conditions at which the onsets were observed 

in the PINE-1B. Each point represents a single expansion, and the error bars cover the 

conditions at ± 0.5 seconds from the onset time, which was used to represent the 

uncertainty of the onset conditions due to the measurement of the onset occurring over 

roughly a 1 second period rather than it being instantaneous. The citric acid measurements 

shown here have been published by Ponsonby et al. (2024) as part of the first publication 

using the experimental methods described in this chapter. The citric acid measurements 

were included in Ponsonby et al. (2024) to support the use of the method, but the citric 

Figure 2.4: Plot showing the RHi and temperature conditions under which cloud particle 

formation onset is observed. Each individual point represents a single expansion at 

4.0 slpm such as the one shown in Figure 2.3. Solid circles represent conditions calculated 

according to a dry adiabatic expansion while crossed squares represents conditions 

calculated from temperature and pressure measurements in the chamber. Red points 

represent citric acid aerosol while black points represent smoke aerosol, green points 

represent ambient aerosol measured by the PINE-04-03. Solid blue line represents water 

saturation (100 % RHw) conditions, dashed green line represents parameterisation of 

homogeneous ice nucleation according to Koop et al. (2000). Error bars represent 

conditions at ± 0.5 seconds from the time at which onset is observed. Grey dotted lines 

represent calculated dry adiabatic conditions through expansions. 
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acid measurements were performed by myself. At temperatures above -35 oC, the onsets 

according to the measured temperature occurred at RHi just above 100 %, which is far 

below water saturation (shown by the solid blue line) where the onset is expected to occur. 

Conversely, the adiabatic onset conditions were close to water saturation, with most 

expansion onsets overlapping with water saturation conditions within their uncertainty. 

The same pattern was seen at temperatures approximately -35 oC and below, at which the 

first phase transition for citric acid solution droplets is expected to be homogeneous 

freezing according to the parameterisation from Koop et al. (2000) (shown by the dashed 

green line in Figure 2.4). Again, the onsets according to measured temperature occurred 

at RHi just above 100 %, well below expected conditions, while the adiabatic onsets 

occurred at the expected conditions within uncertainty. 

The fact that the onset RHi calculated from the thermocouple-measured temperature was 

always far below water saturation indicates that this temperature measurement is warmer 

than Texp in the PINE-1B chamber. On the other hand, the fact that the onset RHi 

calculated from the adiabatic temperature was consistent with the expected conditions 

indicates that the adiabatic temperature is an accurate representation of Texp up until at 

least the onset and when using an expansion flow rate of 4.0 slpm. The accuracy of the 

adiabatic temperature along with the poor representativity of the thermocouple-measured 

temperature suggests that there is a volume within the chamber where there is minimal 

heat influx from the chamber walls such that this region can undergo a temperature 

decrease approximated by adiabatic expansion up until at least the onset. 

To test whether the poor representativity of the thermocouples was a potential issue for 

other PINE instruments, onset conditions in the PINE-04-03, a more recently developed 

model than the PINE-1B, were investigated. The onset conditions for ambient aerosol 

measured in the PINE-04-03 are shown as green points in Figure 2.4, these points show 

that, similar to the PINE-1B, the coldest measuring thermocouple in the PINE-04-03 does 

not accurately represent the conditions of water droplet formation. Adiabatic conditions 

for the PINE-04-03 have not been calculated for this study, but the poor representativity 

of the measured thermocouple highlights that this issue may be present in other PINE 

models. Similarly, Vogel et al. (2022) also observed evidence of Texp being colder than 

their measured temperature in the AIDAm, an expansion chamber similar to the PINE in 

size and functionality. When comparing homogeneous freezing onsets between the 

AIDAm to the 84 m3 AIDA expansion chamber, they find that the AIDAm onsets occurred 

at approximately 1.5 oC warmer than those in the AIDA. 
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2.3.3 The optimal expansion flow rate 

While it is shown above that the adiabatic temperature is an accurate representation of 

Texp when performing expansions at 4.0 slpm, we anticipate that heat influx from the walls 

will become increasingly important for slower expansions. Therefore, we performed 

further onset measurements of cloud droplet activation using citric acid at different 

expansion flow rates to determine at what flow rates the adiabatic temperature remains 

accurate. 

Figure 2.5 shows the results of these measurements at two different expansion starting 

temperatures in the form of the ratio of the adiabatic onset RHi to the RHi of water 

saturation calculated according to an adiabatic expansion. A ratio of 1 indicates the onset 

occurred at adiabatic water saturation and therefore that the expansion was adiabatic. 

Expansions at flow rates between 1 and 2 slpm had their onsets at RHi above what would 

Figure 2.5: Plot showing the adiabatic RHi at the onset of cloud droplet activation of 

citric acid aerosol relative to water saturation RHi for different expansion flow rates. The 

black dotted line represents a ratio of 1.0. Coloured points represent individual 

expansions. Box and whisker plots include all expansions at a given flow rate, grey 

shaded box area represents 25 to 75 %, horizontal black line represents mean value, and 

whiskers span 5 to 95 %. 
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be expected as water saturation for an adiabatic expansion, at flow rates between 2 and 3 

slpm, the onsets mostly occur close to water saturation, at flow rates between 3 and 5 

slpm, the onsets occur either close to or below water saturation. The expansions with 

starting temperatures of -30 oC generally had onsets at higher relative RHi than their 

same-flow-rate counterparts at expansion starting temperatures of -20 oC. 

The low bias in RHi at expansion flow rates greater than 3 slpm was also seen in Figure 

2.4, particularly for the citric acid measurements. It is not clear why there was a low bias 

at these flow rates, but one possibility is that hygroscopic growth below water saturation 

was misinterpreted as the droplet onset. In Figure 2.4 the onsets for soot particles 

generally occurred at slightly higher RH than citric acid particles, which supports the 

hygroscopic growth explanation since soot is less hygroscopic than citric acid. 

Nevertheless, even with this low bias, the measured onsets are generally consistent with 

expected onsets within uncertainty. 

The results in Figure 2.5 indicate that at expansion flow rates of 2 slpm and lower, the 

expansions occurred too slowly to conform to adiabatic conditions. This was most likely 

caused by heat influx from the PINE chamber walls during these expansions increasing 

the temperature inside the chamber relative to the theoretical adiabatic expansion, causing 

cloud droplet onset to occur later into the expansion. At expansion flow rates above 2 

slpm, the heat influx from the walls does not affect the expansions, at least up until water 

saturation since the onsets consistently occur near water saturation. 

Based upon these measurements using different expansion flow rates, when using the 

adiabatic temperature to represent Texp, it is best to use flow rates between 2.5 and 4.0 

slpm to ensure the expansion is meeting adiabatic conditions up until water saturation is 

reached. However, when using PINE to measure immersion mode INPs, expansions must 

go beyond water saturation to produce and measure ice crystals. Therefore, we 

recommend an expansion flow rate of 4.0 slpm to maintain adiabatic expansion 

conditions beyond water saturation. Flow rates higher than 4.0 slpm were not used 

because the ice crystals also needed time to grow to be detected during expansions. At 

faster flow rates there would be less time for crystal growth and therefore greater risk of 

undercounting ice concentration due to the crystals not being large enough to be detected 

as ice. 
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2.3.4 Homogeneous ice nucleation in cloud droplets 

We used the homogeneous freezing of cloud droplets as another phase change observable 

in the PINE chamber to test the accuracy of the adiabatic and measured temperatures in 

the PINE-1B during expansions. There are several parameterisations that have been 

derived from model calculations and experimental measurements to represent this process 

(Espinosa et al., 2016; Koop and Murray, 2016; Tarn et al., 2021). An advantage of 

looking at homogeneous freezing of cloud droplets is that this phase transformation 

occurs much deeper into an expansion and therefore provided a test of the adiabatic 

assumption at greater differences between the initial and adiabatic temperatures. 

To observe the onset of homogeneous freezing in the PINE chamber, the OPC was set to 

measure 2 to 105 µm diameter particles, this meant that the liquid droplets were too small 

to be measured until they froze and grew into the detectable range as ice crystals, allowing 

the onset of particle observation with the OPC to be identified as homogeneous ice 

nucleation (defined in the same way as the previous liquid droplet activation experiments). 

We know that the liquid droplets formed first because we observe them when the OPC 

size range is set at 0.6 to 40 µm, as shown in Figure 2.4 in separate experiments (it is not 

possible to change the size range settings of the Welas OPC part way through an 

expansion). Expansion starting temperatures of -30.0 to -31.5 oC were used to ensure that, 

during expansions, the citric acid aerosol first activated to cloud droplets at water 

saturation that then homogeneously froze when reaching a cold enough temperature, as 

illustrated in Figure 2.6. An expansion flow rate of 4.0 slpm was used to match the 

previous liquid droplet activation experiments. 

Figure 2.7 shows the homogeneous ice nucleation onset temperatures for citric acid 

aerosol, the expected temperature range of homogeneous ice nucleation onset (shaded 

coloured areas) was calculated from three different parameterisations for homogeneous 

ice nucleation (Espinosa et al., 2016; Koop and Murray, 2016; Tarn et al., 2021), the 

ranges cover 0.1 to 50 % of the total population of liquid droplets undergoing 

homogeneous ice nucleation and assume a cloud droplet diameter of 2 µm since this was 

the lower size measurement limit the OPC was set to for these experiments. The onsets 

according to the thermocouple measured temperature occur at roughly 5 oC warmer than 

the expected temperature range for homogeneous nucleation. On the other hand, when 

using the adiabatic temperature, the onsets occur mostly within the expected range, with 

only 2 expansions occurring roughly 1 oC warmer than expected. 
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These results show that the thermocouple temperature measurement is warmer than Texp 

at the point of homogeneous ice nucleation in PINE-1B, and that the calculated adiabatic 

temperature provides a more accurate representation of Texp at this point in expansions.  

As with the onsets for liquid droplets in Figure 2.4, this indicates that the adiabatic 

temperature is a more appropriate representation of Texp in the PINE-1B chamber during 

expansions under the conditions used for these measurements than the temperatures 

measured by the thermocouples. 

Figure 2.6: Illustration showing the conditions in the PINE chamber during the 

expansions measuring the homogeneous ice nucleation of citric acid aerosol. Solid blue 

line represents water saturation (100 % RHw) conditions, dashed red line represents the 

trajectory of the conditions through the expansion, with arrows indicating the direction 

with time. Blue shaded area represents the temperature range in which homogeneous ice 

nucleation is expected (defined as 0.1 to 50 % of droplets frozen) to occur based upon the 

parameterisation from Tarn et al. (2021), assuming liquid particles with a diameter of 2 

μm. Blue circle represents expected conditions for the formation of liquid droplets and 

grey hexagon for homogeneous ice nucleation. 
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Figure 2.7: Plot showing the homogeneous ice nucleation onset temperatures for citric 

acid aerosol. Solid circle points represent conditions calculated according to an adiabatic 

expansion while crossed square points represents conditions calculated from temperature 

and pressure measurements in the chamber. Coloured shaded areas represent the 

temperature range in which homogeneous ice nucleation is expected to occur (defined as 

0.1 to 50 % of droplets frozen) based upon three different parameterisations for 

homogeneous ice nucleation (Espinosa et al., 2016; Koop and Murray, 2016; Tarn et al., 

2021), assuming liquid particles with a diameter of 2 μm. 
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2.3.5 Heterogeneous ice nucleation of K-feldspar 

The PINE is an instrument primarily designed for measuring INP concentrations, 

therefore, we used K-feldspar dust to test the accuracy of the adiabatic temperature when 

measuring INP concentrations during expansions. K-feldspar is a mineral dust known for 

its high INA (Atkinson et al., 2013) and has been used as a material for comparing 

different INP measurement methods (DeMott et al., 2018). 

A sample of BSC 376 K-feldspar was aerosolised using a GRIMM X78502 Dust Tower 

to produce different test aerosol concentrations in the aerosol chamber. The different 

concentrations allowed measurements to be made across a range of temperatures between 

-15 and -35 oC since at warmer temperatures a higher concentration of test aerosol was 

needed to observe enough ice crystals while at colder temperatures a lower concentration 

of test aerosol was needed to avoid producing too many ice crystals that the OPC went 

above the upper limit of detection. Expansions were performed at a flow rate of 4.0 slpm 

to match the other work in this study and were stopped at a pressure of 800 mbar inside 

the PINE chamber. For the calculation of ice crystal concentration, only the first 100 mbar 

was used to ensure that the use of adiabatic temperature was accurate. Ice crystals were 

defined as particles measured by the OPC with a diameter larger than 10 µm, this was 

based upon the cloud size distributions measured by the OPC during expansions, which 

showed a peak of liquid cloud droplets at 5 µm which ended at 10 µm as shown in Figure 

2.8. This assumption that only particles larger than 10 µm in diameter were ice crystals 

may have resulted in an undercounting of ice crystals, therefore the INP concentrations 

from this study and the active site density calculated may be biased low. 

Figure 2.9 shows the active site density as a function of temperature, a measure of INA, 

for K-feldspar measured by the PINE-1B during this study using the calculated adiabatic 

temperature. A parameterisation from Harrison et al. (2019) is plotted to compare to 

previous studies of K-feldspar. The parameterisation from Harrison et al. (2019) is 

derived from multiple different K-feldspar samples from different studies using different 

measurement techniques, therefore the range in the parameterisation represents the 

variability found between different samples and instruments. The INA of K-feldspar 

measured in this study compared well with previous studies when using the adiabatic 

temperature with most points overlapping with the parameterisation range. There is 

variability in the derived INA values, particularly at temperatures between -26 and -28 oC, 

and there is a low bias at temperatures warmer than -28 oC. This low bias is similar to that 

seen in Figure 2.4 and Figure 2.5, however unlike that case, the low bias seen in Figure 
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2.9 cannot be due to hygroscopic growth since that would not affect the INA. Instead, the 

low bias seen in the INAs at temperatures warmer than -28 oC may be due to an 

undercounting of ice crystals, at warmer temperatures ice crystal growth will be slower 

due to a lower RHi and therefore there may be a higher fraction of the total ice crystal 

population that is smaller than the ice threshold and therefore not counted as ice. However, 

despite this low bias in INA at warmer temperatures, there is generally overlap between 

our measurements and the range in literature values. This agreement is further evidence 

in favour of the accuracy of the adiabatic temperature as a representation of Texp during 

the first 100 mbar of expansions. 

  

Figure 2.8: Size distribution of particles measured by the Welas OPC during an expansion 

using K-feldspar test aerosol at expansion starting temperature of -13 oC and flow rate of 

4.0 slpm. Black dashed line indicates the ice diameter threshold; all particles larger than 

this threshold were considered ice crystals and all particles smaller than this threshold 

were considered not ice crystals. 
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Figure 2.9: Plot showing the surface area density of active sites as a function of adiabatic 

temperature for K-Feldspar aerosol. Each point represensents a measurement from a 

single expansion. The different shapes for the red points represent different surface area 

concentrations of K-Feldspar aerosol in the aerosol chamber during measurements. 

Purple line represents a parameterisation for K-feldspar by Harrison et al. (2019) and 

purple shaded area represents standard deviation of the parameterisation. The temperature 

(x-axis) uncertainty for adiabatic points represents adiabatic temperatures at ± 0.5 seconds 

from the minimum expansion temperature. Uncertainty for active site density (y-axis) is 

calculated from the uncertainty associated with the counting statistics of ice particles 

during expansions. 
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2.4 Conclusions 

In this study we have tested using the adiabatic-derived temperature as a way of 

quantifying temperature in the PINE-1B chamber during expansions via three different 

experiments. We show that the adiabatic temperature can be used to accurately represent 

the conditions of liquid droplet formation as well as homogeneous freezing of 

supercooled water droplets. We also demonstrate that the ice-nucleating ability of 

K-feldspar measured by the PINE-1B compares well with previous studies when using 

the adiabatic temperature. The use of the adiabatic temperature to represent the 

temperature inside the PINE-1B chamber during expansions allows for an accurate 

measure of temperature without relying on the thermocouples, which can be sensitive to 

their positioning within the chamber. 

However, the accuracy of the adiabatic temperature is dependent on the conditions of the 

expansion, at an expansion flow rate of 2.0 slpm and below the adiabatic temperature is 

no longer an accurate representation of Texp for the activation of cloud droplets. Also, 

when deriving ice particle concentration and active site density for K-feldspar in this study, 

we only quantitatively used measurements from the first 100 mbar into expansions. When 

expanding to lower pressures the adiabatic temperature is expected to become less 

accurate as the influx of heat from the walls becomes a greater factor. Nevertheless, we 

showed that the first 100 mbar of expansions is enough to measure the INP concentration 

of a known active INP across a temperature range of -15 to -35 oC whilst the adiabatic 

temperature was still accurate. 

The method outlined in this study of using the adiabatic-derived temperature was used by 

Ponsonby et al. (2024) in their study investigating the viability of jet engine lubrication 

oil droplets at nucleating ice in contrail clouds. The study used the PINE-1B and the 

analytical methods detailed in this study to show that the oil droplets activated to form 

water droplets at conditions ~10 % RHi above water saturation, consistent with what 

would be expected for a wettable, insoluble aerosol (Petters and Kreidenweis, 2007). 

These droplets then froze homogeneously below -38 oC. The study by Ponsonby et al. 

(2024) is a successful case of the adiabatic temperature in PINE being used to measure 

the ice nucleation of material not previously studied. 

Like in the PINE-1B, we show that the newer PINE model PINE-04-03 also poorly 

represents the conditions of liquid droplet formation with its thermocouple measurements. 

This highlights a need for other PINE models to be tested using methods similar to those 
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in this study to characterise their temperature measurements. In the longer term, improved 

temperature measurements within future PINE models should be implemented, for 

example, a continuous measurement of temperature across the full vertical length of the 

chamber would allow the coldest temperature to always be measured during an expansion. 

In this study we also show that the RH calculated from the adiabatic temperature provides 

a good approximation for the RH at which liquid droplets form in the PINE chamber. This 

knowledge can be used in future studies to investigate the temperature and RH conditions 

of liquid droplet or ice crystal formation in the PINE using different aerosols. It would be 

particularly interesting to try and observe heterogeneous ice nucleation below water 

saturation, potentially through the mechanism of PCF. A limitation of the calculated RH 

value is that it will only be accurate up until the formation of liquid droplets or ice crystals 

in the chamber; after this these hydrometeors will uptake the water vapour to grow, adding 

significant complexity and uncertainty to the calculation of RH. An independent measure 

of water vapour content in future PINE models would allow RH to be calculated 

throughout the whole expansion and with less uncertainty, allowing RH to be known 

during phase changes that occur after the initial onset. 

The ability to accurately quantify the temperature and RH conditions at onset and further 

into the expansion using the PINE would allow PINE to be used to characterise the INA 

of different materials using an experimental method similar to what occurs within clouds. 

This can be used in both a controlled laboratory setting to improve the understanding of 

how different materials nucleate ice and also in field measurements looking at the aerosol 

naturally found in different areas around the world. 

 

2.5 Appendix 

2.5.1 Aerosol particle transmission efficiency 

To test the transmission efficiency of particles from the aerosol chamber to the PINE, the 

APS was used to measure the size distribution of K-feldspar aerosol both in the aerosol 

chamber and in the PINE-1B system line between the diffusion driers and the inlet to the 

PINE chamber. Figure 2.10 shows the measured particle concentrations as a function of 

volume equivalent diameter in panel a, and the calculated transmission efficiencies as a 

function of volume equivalent diameter in panel b. The values shown in panel b are the 

mean of multiple measurements in which the APS sampling location was repeatedly 
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Figure 2.10: Plot showing a) aerosol size distribution of K-feldspar aerosol measured by 

the APS from the aerosol chamber and between the diffusion driers and the PINE chamber 

inlet. b) Transmission efficiency of particles from the aerosol chamber to the PINE 

chamber as a function of the volume equivalent diameter, measured using the APS. 

Horizontal dashed line shows a 100 % transmission efficiency where no particles are lost.  
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swapped between the aerosol chamber and after the diffusion driers, the error bars in panel 

b are the standard deviation of the multiple measurements. At diameters up to 

approximately 2 µm the transmission efficiency is consistent with 100 % within the 

uncertainty, but at diameters greater than 2 µm the uncertainty increases and there is more 

variability in the transmission efficiency values due to the aerosol concentrations 

decreasing at these sizes and approaching the lower limit of detection for the APS. At 

diameters greater than 3.5 µm the transmission efficiency values are consistently below 

100 %, but the low concentrations result in large uncertainties which cover a range of 

over 100 % in some cases. The measurements shown in Figure 2.10 indicate that particle 

losses from the aerosol chamber to the PINE chamber are close to 0 at particle diameters 

smaller than ~3.5 µm. 

2.5.2 Thermocouple response time 

A potential reason for the PINE-1B’s measured temperature not being an accurate 

representation of Texp is due to the response time of the thermocouples used to measure 

the temperature. The thermocouples in the PINE-1B may be too thick so that the time 

required for the thermocouple itself to change temperature could be greater than the 

timescale of temperature change of the gas in the PINE chamber during expansion. This 

hypothesis was tested by comparing the change in temperature of the coldest PINE-1B 

thermocouple with a thinner wire thermocouple; if the PINE-1B thermocouple was not 

able to keep up with temperature changes it would be expected that the thinner 

thermocouple would be faster to respond since it has less thermal mass needed to undergo 

temperature change.  

Figure 2.11 panel a shows a comparison between the temperatures measured during a 

sequence of expansions by the PINE-1B’s bottom gas thermocouple, the thermocouple 

used to represent the temperature measured in the PINE chamber, and an additional 

thermocouple inserted into the bottom of the PINE chamber as close to the PINE-1B’s 

bottom gas thermocouple as possible so that they are both measuring similar areas in the 

chamber. The first two expansions were done at a flow rate of 2.0 slpm and the second 

two at 4.0 slpm. Panel b shows the rate of temperature change for each thermocouple 

averaged over 10 seconds. 

There is a consistent offset between the two thermocouples, with the thinner 

thermocouple measuring approximately 1 oC colder than the PINE, this is because the 

thermocouples were not in exactly the same position due to the difficulty of precisely 



114 

 

placing the extra thermocouple at a specific location. During the 2.0 slpm expansions, the 

PINE thermocouple reached a maximum temperature change rate of -0.09 ± 0.01 oC s-1 

and the thinner wire thermocouple -0.08 ± 0.01 oC s-1. During the 4.0 slpm expansions, 

the PINE thermocouple reached a maximum temperature change rate 

of -0.16 ± 0.01 oC s-1 and the thinner wire thermocouple -0.17 ± 0.02 oC s-1. The 

temperature change rates for both thermocouples during expansion cooling are consistent 

with each other at the same expansion flow rates. The warming that occurs after each 

expansion during the refill phase occurs at a faster rate than the cooling during expansions, 

0.25 to 0.50 oC s-1 depending on expansion flow rate, but the temperature measurements 

during this refill phase are not used for any quantitative analysis and therefore do not need 

to be accurate. The fact that both thermocouples cool at close to identical rates to one 

another during expansions indicates that the PINE thermocouple is not struggling to 

measure rapid changes in temperature during expansions, and therefore thermocouple 

response is not a factor in the inaccuracy of the thermocouple measurements. 

Figure 2.11: a) Comparison between the temperature measurements from the bottom 

PINE-1B gas thermocouple and an additional wire thermocouple inserted into the bottom 

of the PINE chamber during 4 expansions. The first two expansions were performed at a 

flow rate of 2.0 slpm and the second two at 4.0 slpm. b) Rate of temperature change for 

the two thermocouples averaged over 10 seconds. 
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2.5.3 Relative humidity at the start of expansions 

One of the key assumptions made when calculating the RHi in the PINE chamber is that 

the chamber is at 100 % RHi at the start of the expansion, this assumes that during the 

flush phase the RHi in the chamber reaches equilibrium by depositing excess water vapour 

onto the inner walls of the chamber as ice. To test this assumption, a series of expansions 

were performed in which a pause period was introduced in between the flush and the 

expansion phases, during this pause the top of the chamber was sealed and all flows were 

set to zero to allow the air in the chamber to hold steady and be given more time to come 

to equilibrium with the chamber walls. 

Expansions using citric acid test aerosol were performed with a range of pause lengths up 

to 60 minutes to investigate the potential relationship between the pause length and the 

RHi at which the onset is observed. If it were the case that the chamber does not come to 

equilibrium without a pause, the calculated onset RHi would be too low, and increasing 

pause length would increase onset RHi until equilibrium is reached. An expansion starting 

temperature of -40 oC was used as at colder temperatures more water vapour is required 

to deposit as ice to reach 100 % RHi. An expansion flow rate of 2.0 slpm was used.  

Figure 2.12 shows the relationship between the pause length and the RHi, calculated from 

the measured temperature, at which the onset of homogeneous freezing of citric acid haze 

droplets (see section 2.3.2 for details). The standard deviation of the onset RH values 

from the measurements with a 0-minute pause length is equal to 0.75 %, which indicates 

the natural variability in the measurements and is shown by the error bars. The majority 

of the expansions with >0 pause length had onsets within the range of values at 0 minutes, 

with one expansion with a 1.5-minute pause length being at lower RHi and one with a 

60-minute pause length being at higher RHi, but even for these two measurements the 

uncertainties overlap with those at 0 minutes. The fact that there was no clear correlation 

between the pause length and the onset RHi indicates that the chamber was already at 

equilibrium before a pause, and therefore the assumption that the chamber is at 100 % 

RHi at the start of an expansion is accurate. 
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Figure 2.12: Plot showing the effect of introducing a pause before expansions has on the 

onset RHi of homogeneous freezing of citric acid haze droplets, calculated from 

temperature and pressure measurements in the PINE-1B chamber. Each point represents 

a single expansion with a starting temperature of -40 oC and an expansion flow rate of 

2.0 slpm. Error bars represent the standard deviation of the results at 0 minutes, equal to 

± 0.75% RH. 
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3 Using a small cloud expansion chamber to characterise the ice-nucleating 

activity of northern high-latitude mineral dusts 

3.1 Background 

HLD refers to dust emitted from locations ≥50°N and ≥40°S on the globe. It is estimated 

that approximately 1 % to 5 % of the Earth’s total dust emissions are from high-latitude 

sources (Bullard et al., 2016; Meinander et al., 2022). Much of the HLD emitted into the 

atmosphere is thought to be from glacial outwash plains (Bullard et al., 2016); as glaciers 

melt during warmer months the meltwater carries with it fine sediment which is deposited 

onto floodplains, this sediment can then be exposed once the water level drops and 

entrained into the atmosphere by winds. Since this source of HLD is dependent on the 

regional temperature, the emission of HLD in the atmosphere is strongly seasonal and 

depends on local environmental conditions such as river discharge and snow and ice cover 

(Bullard and Mockford, 2018; Crusius et al., 2011). HLD emissions can occur all 

year-round, but the highest concentrations are typically seen in spring, summer or autumn 

months when temperatures are highest (Groot Zwaaftink et al., 2017; Meinander et al., 

2022; Prospero et al., 2012; Shi et al., 2022; Wex et al., 2019). This temperature 

dependence also means that in a warming climate, HLD emissions can be expected to 

increase due to glacial retreat exposing more sediment (Amino et al., 2021). 

The capability of HLD to nucleate ice at conditions relevant for mixed-phase clouds has 

been demonstrated by measurement studies of dusts from northern high-latitude sources 

including Alaska (Barr et al., 2023), Canada (Xi et al., 2022), Greenland (Wyld et al., in 

prep), Iceland (Paramonov et al., 2018; Sanchez-Marroquin et al., 2020) and Svalbard 

(Porter et al., 2020; Tobo et al., 2019). A map of locations known to be sources of HLD 

is shown in Figure 3.1 (Meinander et al., 2022). At low- and mid-latitudes, mineral dusts 

from arid regions such as central Asia and the Sahara are known to be a major source of 

INPs in the ambient atmosphere (DeMott et al., 2003; Sassen et al., 2003), with 

measurements of ice crystal residuals over land typically showing mineral dust to be the 

most common type of INP (Cziczo et al., 2004; Pratt et al., 2009). Of the various minerals 

present in these dusts, K-feldspar is thought to have the highest INA and the INA of 

mineral dusts from arid regions can often be attributed primarily to the K-feldspar content 

(Atkinson et al., 2013; Harrison et al., 2019). For high-latitude dusts, the INA has been 

indicated to also be influenced by biological material, particularly at temperatures higher 
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than -15 oC, based upon a decrease in activity after heat or chemical treatment of the 

samples (Barr et al., 2023; Tobo et al., 2019; Xi et al., 2022). 

In the atmosphere of the Arctic, approximately 30 % of the total dust concentration is 

estimated to be from local, high-latitude sources, with the rest being transported from 

low-latitude sources, however these relative abundances have a strong altitude and 

seasonal dependence (Groot Zwaaftink et al., 2016; Shi et al., 2022). Locally emitted dust 

is generally the highest contributor to Arctic dust concentrations in the lower troposphere 

(> 800 hPa) but its contribution rapidly decreases at higher altitudes due to limited vertical 

transport (Sanchez-Marroquin et al., 2020; Shi et al., 2022). On the other hand, dust 

concentrations in the middle and upper troposphere are often dominated by low-latitude 

dust (LLD) due to the it being uplifted as it travels to the Arctic (Stohl, 2006). In summer 

months, when HLD emissions are at their highest, the HLD is generally too low in altitude 

to reach temperatures low enough to cause immersion nucleation (Shi et al., 2022). The 

strongest effect of HLD on mixed-phase clouds is seen in autumn, when local emissions 

are still high but temperatures are lower, at this time HLD is thought to contribute >20 % 

to the immersion freezing rate below 500 hPa based upon a modelling study by Shi et al. 

(2022) who quantified the activity of HLD using parameterisations from 

Sanchez-Marroquin et al. (2020). Studies focusing specifically on dust from Iceland 

(Sanchez-Marroquin et al., 2020) and Alaska (Barr et al., 2023) have shown that for a few 

days after dust events, the contribution of local HLD to ambient INP concentrations can 

outcompete LLD at altitudes up to ~500 hPa. It is at these altitudes that supercooled 

Figure 3.1: Map showing locations of known high-latitude dust sources. Brown and 

green stars highlight the Copper River Valley, Alaska, and Kangerlussuaq, Greenland, 

respectively. Adapted from figure 1 from Meinander et al. (2022) 
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shallow clouds can form from cold-air outbreaks, the properties of these clouds are 

particularly sensitive to INP concentrations (Murray et al., 2021) and so HLD INPs can 

influence the global climate via these clouds. 

There are many locations in the Arctic that have been identified as HLD sources 

(Meinander et al., 2022) (Figure 3.1), in this study we focus on the Copper River valley 

in Alaska and the Kangerlussuaq valley in Greenland. These two sources were chosen 

based upon the following combination of factors: they are both known sources of HLD 

(Meinander et al., 2022); samples from both have previously been measured in terms of 

their INA and shown to be active at temperatures above -25 oC which allows for 

comparisons with our measurements (Barr et al., 2023; Wyld et al., in prep); the two 

environments are different from one another in that much of the Copper River is in the 

vicinity of vegetation such as forests (Barr et al., 2023) while Kangerlussuaq has much 

less vegetation in comparison; samples from both sources were readily accessible for 

PINE-1B measurements to be made. 

The Copper River, highlighted by the brown star in Figure 3.1, is a river in south-central 

Alaska which drains into the Gulf of Alaska. The coastline along the Gulf of Alaska is 

thought to be one of the largest sinks of sediments into the marine environment in North 

America (Jaeger et al., 1998). The Copper River transports roughly 69 million tons of 

sediment per year (Brabets, 1997), and is one of the main sources of sediment into the 

Gulf of Alaska (Jaeger et al., 1998). The sediment from the Copper River can be 

resuspended into the atmosphere by northerly/north-easterly winds in autumn and winter 

when river discharge is low so that there is dry, exposed sediment at the surface (Crusius 

et al., 2011; Schroth et al., 2017). When conditions are favourable, large dust events can 

occur, with single events being known to transport up to 80 kilotons of dust away from 

the Copper River and over the Gulf of Alaska (Crusius et al., 2011). The INA of ambient 

aerosol at the surface near the Copper River has been measured by Barr et al. (2023) using 

µL-NIPI droplet freezing assays of size-resolved aerosol collected using a cascade 

impactor. Their results showed that the dust from the Copper River was able to nucleate 

ice at temperatures between -10 and -25 oC and a decrease in activity seen after heat 

treatment indicated the presence of biological material influencing the INA. Barr et al. 

(2023) also used FLEXPART modelling to show that the Copper River dust could be 

transported to altitudes at which it could contribute to glaciation of mixed-phase clouds 

and potentially outcompete the contribution from low-latitude sources. 
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Kangerlussuaq is a settlement located at the head of a fjord of the same name in western 

Greenland, highlighted by the green star in Figure 3.1. Dust storms have been long known 

to occur in the ice-free areas of Greenland (Hobbs, 1931), and dust events at 

Kangerlussuaq have been recorded since 1942 using qualitative dust codes (Bullard and 

Mockford, 2018). Since approximately the year 2000, the magnitude of Greenland dust 

emissions has increased according to both dust code records (Bullard and Mockford, 

2018) and ice/firn core measurements (Amino et al., 2021; Kjær et al., 2022), most likely 

as a result of decreasing ice cover over Greenland resulting in more exposed sediment. 

Similar to the Copper River, dust emissions from Kangerlussuaq are highest in autumn 

and spring when conditions are dry and river levels are low (Bullard and Mockford, 2018). 

The wind direction also needs to be in-line with the valley for dust to be resuspended into 

the atmosphere (Bullard et al., 2023), resulting in most of the emissions being transported 

southwest over the ocean, but sometimes winds in the opposite direction can transport 

dust onto the ice sheet which could reduce its albedo and increase melt rate (Bullard and 

Mockford, 2018). The INA of dust from Kangerlussuaq has been measured by Wyld et al. 

(in prep) using µL-NIPI droplet freezing assays of surface sediment filtered to particles 

<10 µm in diameter. Their results were similar to those for the Copper River dust from 

Barr et al. (2023) in that the Kangerlussuaq dust showed heterogeneous activity at 

temperatures from -5 to -25 oC and this activity decreased upon heat treatment, indicating 

the presence of biological material influencing the INA  at these temperatures. 

Figure 3.2: a) MODIS Aqua satellite image of dust plume from the Copper River valley 

on 04/10/2012, taken from figure 8 from Bullard et al. (2016). b) Photograph showing 

airborne dust at the surface at Kangerlussuaq, photograph taken by Bethany Wyld. 
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The µL-NIPI droplet freezing assay method used to previously measure these HLDs from 

the Copper River valley (Barr et al., 2023) and the Kangerlussuaq valley (Wyld et al., in 

prep) has a lower temperature measurement range of ~-25 oC. Also, previous 

intercomparison studies of different ice nucleation measurement techniques have showed 

that the results from cold stage methods often give lower INA values than those from 

online aerosol sampling methods when measuring mineral dusts (DeMott et al., 2018; 

Hiranuma et al., 2015). Therefore, in this study we use the PINE-1B to measure the INA 

of high-latitude mineral dust samples from the Copper River valley, Alaska, and 

Kangerlussuaq valley, Greenland, at temperatures between ~-15 and -36 oC to extend the 

measurement range of the INAs of samples from these sources down to homogeneous 

freezing temperatures. The results from the PINE-1B agree closely to those from the 

µL-NIPI in their overlapping temperature measurement range of -15 to -25 oC. By 

combining the results from the PINE and the µL-NIPI, a parameterisation is developed to 

represent the INA of HLDs between -3.5 and -37.5 oC. 

3.2 Materials and methods 

3.2.1 High-latitude dust sample collection 

Surface sediment samples were collected from two high-latitude locations shown in 

Figure 3.3. Sediment from the Copper River valley on the south coast of Alaska (Figure 

3.3 panel a) was collected by Sarah Barr in October 2019, this sample was the same 

surface sediment sample used for X-ray diffraction (XRD) measurements by Barr et al. 

(2023). The sample was collected using a stainless-steel scoop from the driest area of the 

floodplain to obtain a dry sample containing a fraction of fine dust, which was then sieved 

to 45 µm and stored frozen in prerinsed containers (Barr et al., 2023).  

Surface sediment from a glacial outwash plain in Kangerlussuaq on the east coast of 

Greenland (Figure 3.3 panel b) was collected by Sarah Barr on 24th August 2022. The 

sample was collected using a stainless-steel scoop from the driest area of the floodplain 

to obtain a dry sample containing a fraction of fine dust, which was stored in sealed sterile 

bags and frozen within 48 hours of collection. The sample was defrosted and vacuum 

dried in May 2023 prior to measurements.  

3.2.2 Mineral composition of samples 

The mineral components of the HLD samples were measured using quantitative X-ray 

diffraction (QXRD) using a Bruker D8 X-ray diffractometer with a Cu Kα X-ray emission 
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Figure 3.3: Sampling locations of the a) Copper River (60°27'43"N 145°02'26"W) and 

b) Kangerlussuaq (67°00'26"N 50°40'53"W) surface sediments used in this study. 

Satellite images taken from Google Earth on 26/02/2024, maps include data from 

CNES/Airbus, Landsat/Copernicus, Maxar Technologies, TerraMetrics, IBCAO, Airbus 

and U.S. Geological Survey. 
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tube (1.5418 Å wavelength). The Kangerlussuaq dust was sieved to 45 µm for the QXRD 

measurements to match the size of the Copper River dust. The compositions of the 

samples were quantified using a relative intensity ratio method with 20 % corundum as 

the internal standard to which other components were compared in order to calculate their 

percentage composition (Zhou et al., 2018). The QXRD measurements and analysis were 

performed by Lesley Neve. 

3.2.3 Ice nucleation measurements 

Ice nucleation measurements were made using the PINE-1B expansion chamber, the 

measurement and analysis methods for the determination of HLD samples’ ice-nucleating 

activities were the same as those detailed in chapter 2. An overview of the experimental 

methods is given here, see chapter 2 for further details and the development of these 

methods. A schematic of the experimental setup used for ice nucleation measurements is 

shown in Figure 2.1. The dust samples were aerosolised into a 0.73 m3 (90 x 90 x 90 cm) 

aerosol chamber using a GRIMM X78502 Dust Tower, a TSI model 3938 SMPS and a 

TSI model 3321 APS were used to measure the size distribution of the aerosol in the 

aerosol chamber. In parallel to the SMPS and APS, the PINE-1B system also 

simultaneously sampled from the aerosol chamber. For the PINE-1B measurements, the 

sample was first dried using two parallel diffusion driers before entering the PINE 

chamber, the temperature of the PINE chamber was controlled using an external flow of 

chilled liquid ethanol from a refrigerated circulator (LAUDA-Brinkmann, Proline RP 

890). The chamber then underwent an expansion by decreasing internal pressure and 

therefore temperature, the liquid droplets and ice crystals produced by this expansion 

were counted using a Palas Welas 2500 OPC at the PINE chamber outlet. This expansion 

process was repeated multiple times at different temperatures to measure the sample INA 

at a range of temperatures. 

 

3.3 Sample characterisation 

3.3.1 Sample mineralogy 

The mineralogical compositions of the HLD samples as determined by QXRD are shown 

in Table 3.1. Both samples contained components which were not quantifiable due to 

analysis database not having calculation factors for the specific components, these 

components include amphiboles for both samples and other unidentified components in 
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the Kangerlussuaq sample. Both samples primarily consist of quartz and albite, but the 

Copper River dust has more variety in its composition than the Kangerlussuaq dust, 

including notable amounts of mica and chlorite. K-feldspar is expected to be a key factor 

in the INA of the dust samples due to the high INA of K-feldspar compared to other 

minerals (Atkinson et al., 2013). The K-feldspar content of the Kangerlussuaq dust 

(6.4 %) is roughly 50 % greater than that of the Copper River (4.2 %) dust, based upon 

this the Kangerlussuaq could be expected to have the higher INA of the two samples. 

 

Table 3.1: Mineral composition of high-latitude dust samples from Copper River, Alaska 

and Kangerlussuaq, Greenland. Quantified using QRXD with relative intensity ratio using 

corundum reference. Samples were sieved to 45 µm prior to analysis. The unknown % 

composition includes the minerals which were not able to be quantified, these 

unquantified minerals include amphiboles in both samples. 

Sample 

% Composition 

Quartz Albite K-feldspar Calcite Dolomite Mica 
Illite-

smectite 
Chlorite Unknown 

Copper River 18.0 25.8 4.2 8.4 3.8 12.0 2.1 8.3 17.4 

Kangerlussuaq 22.7 33.9 6.4 0.5 2.3 0.0 4.3 0.0 29.9 

 

3.3.2 Aerosol size distributions 

Different size fractions of ambient dust aerosol have been found to have different INAs, 

with larger sized aerosol generally having higher activity (Barr et al., 2023; Reicher et al., 

2018), therefore knowledge of the aerosol size distribution of a sample is important when 

studying its INA. Examples of aerosol size distributions of the samples used for the PINE 

measurements of INA are shown in Figure 3.4, the mobility-equivalent particle diameters 

measured by the SMPS and the aerodynamic particle diameters measured by the APS 

were both converted into volume-equivalent sphere diameters using equations 1 and 2 

from Möhler et al. (2008). For the diameter conversion calculations, the density of the 

particles was assumed to be 2.6 g cm-3 and the shape factor was assumed to be 1.1, the 

same as for the K-feldspar particles used in chapter 2. The SMPS and APS had 

overlapping measurements between 0.3 and 0.6 µm, so when using these aerosol size 

distribution measurements in further analysis the SMPS measurements were used in 

favour of the APS, as recommended by the manufacturer of the instruments due to 

counting inefficiencies in the lower size bins of the APS (TSI, 2011). The Copper River 
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Figure 3.4: Example aerosol size distribution measurements of the Copper River and 

Kangerlussuaq dust samples in the aerosol chamber. The diameters measured by the 

SMPS and APS were converted to a volume-equivalent diameter to be merged (Möhler 

et al., 2008). Grey APS points are measurements which were not used in further analysis. 
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and Kangerlussuaq aerosols had similar aerosol size distributions, with peaks at around 

0.2 µm and an upper limit of around 5 µm volume equivalent diameter. The mineralogical 

compositions given in Table 3.1 were for particles up to 45 µm in diameter, and so the 

compositions of the aerosolised samples used for ice nucleation measurements may be 

different from those reported in Table 3.1. 

 

3.4 Results & Discussion 

3.4.1 High-latitude dust ice-nucleating activities 

To obtain quantifiable information about the INA of a sample, a quantitative measure of 

ice crystal concentration is needed. For the PINE-1B, this measure of ice crystals is 

obtained by Welas OPC measurements of the particles exiting the PINE chamber during 

expansions, these OPC measurements include dust particles and liquid droplets which 

need to be distinguished from the ice crystals. The distinction between ice crystals and 

non-ice particles measured by the OPC is done based upon the diameter of the measured 

particles, as shown in Figure 2.8. To quantify the number of ice crystals in an expansion 

with confidence, there needs to be a clear distinction between the ice crystals and other 

particles, which requires the temperature and sample concentration to be within certain 

limits. Examples of different cloud size distribution scenarios measured by the Welas 

OPC during PINE-1B expansions using the HLD samples in this study are shown in 

Figure 3.5. Panel a shows an example in which the end of the liquid droplet distribution 

can be clearly seen at 10 µm but very few ice crystals above this size are measured, 

resulting in a high error associated with the counting statistics of the crystals. This case 

occurs when the temperature in the PINE chamber is too high to produce a statistically 

significant number of detected ice crystals, which for the samples and aerosol 

concentrations used in this study was usually when the minimum adiabatic temperature 

reached during the expansion was >-20 oC. To reduce the uncertainty of measurements at 

these temperatures, many repeated expansions can be done at the same temperature and 

the results can be averaged to give a result with lower uncertainty. Panel b shows an 

example in which the ice crystals can clearly be distinguished from the other particles, 

with the peak centred at 2 to 4 µm being primarily liquid droplets and the smaller peak at 

>10 µm being ice crystals. Panel c shows an example in which a high ice crystal 

concentration results in the merging of the two peaks and so the ice crystals become 

difficult to unambiguously distinguish from droplets. This typically occurs when the 
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Figure 3.5: Cloud size distributions measured by the Welas OPC during PINE expansions 

with a) too few ice crystals, b) a balance of ice crystals and liquid droplets, c) too many 

ice crystals. Dashed black line indicates size threshold above which all particles are 

counted as ice crystals. a) and b) are from expansions using the Kangerlussuaq sample 

and c) is from an expansion using the Copper River sample. 
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adiabatic temperature is below -36 oC, likely due to the liquid droplets beginning to freeze 

homogeneously at this temperature (Herbert et al., 2015; Rosenfeld and Woodley, 2000; 

Westbrook and Illingworth, 2011), and in extreme cases, all the liquid droplets would 

freeze and there would no longer be a preferential growth of ice crystals over liquid 

droplets. The cloud size distributions shown in Figure 3.5 highlight the temperature 

limitations of INP concentration measurements using the PINE with a Welas OPC, 

with -10 to -36 oC being the typical range in which accurate measurements can be made. 

For some expansions, the cloud size distribution consisted of two distinct peaks as in 

panel b despite the adiabatic temperature going below -36 oC during the expansion. 

Although these cases could be interpreted as a liquid peak and an ice peak, it is also 

possible that both peaks are ice crystals and that during the expansion heterogeneous 

nucleation occurred first to produce the larger ice crystals and then once the temperature 

was low enough the remaining liquid droplets froze homogeneously and remained at their 

smaller size. Measurements of the homogeneous nucleation of citric acid droplets detailed 

in chapter 2 showed that homogeneous nucleation in the PINE-1B occurred at adiabatic 

temperatures between -36 and -38 oC (see Figure 2.7). Also, measurements of jet aircraft 

lubrication oil droplets using the PINE-1B by Ponsonby et al. (2024) showed that that 

homogeneous nucleation of liquid water droplets of ~3.4 µm occurred at an adiabatic 

temperature of ~-38 oC. Based upon these previous results for homogeneous freezing in 

the PINE-1B, any expansions in which the minimum adiabatic temperature was 

below -36 oC were not included in further analysis to avoid the misinterpretation of 

homogeneous nucleation as heterogeneous nucleation. 

A time series showing the key measurements made during a series of expansions of the 

Copper River sample is shown in Figure 3.6. The grey points indicate the expansions 

which were not included in further analysis due to the number concentration of ice 

crystals being too high or too low and therefore the number of ice crystals was not able 

to be determined with confidence. The trend in the concentration of ice crystals measured 

by PINE (Nice) (panel b) closely follows the adiabatic temperature in the PINE chamber 

(panel a), with lower temperatures resulting in higher Nice. The sample aerosol surface 

area concentration measured by the SMPS and APS (panel c) varies by approximately 

1 order of magnitude over the duration of measurements, which is small compared to the 

~3 orders of magnitude range in Nice. Although a higher aerosol surface area concentration 

of a given sample would be expected to lead to a higher concentration of ice crystals, in 

Figure 3.6 the changes in aerosol surface area concentration are too small to result in 
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noticeable changes in Nice when compared to the changes in temperature. The ice active 

site density (ns) (panel d) of the sample is a measure of the concentration of ice-nucleating 

active sites, which trigger heterogeneous ice nucleation, at the given temperature. ns is 

calculated by dividing Nice by the aerosol surface area, assuming that each ice crystal 

contains a single active site. Since ns is normalised to the surface area concentration of 

the sample used, it can be used to compare the INAs of different samples and of 

Figure 3.6: Time series of PINE expansion measurements of Copper River aerosol 

sample. Each point represents a single expansion. a) Minimum adiabatic temperature 

inside PINE chamber during expansion, b) concentration of ice particles measured by 

PINE during expansion, c) surface area concentration of sample in aerosol chamber 

measured by SMPS and APS, d) active site density, calculated by dividing Nice by the 

aerosol surface area. Grey points indicate expansions which were not included in further 

analysis due to a lack of confidence in the measured number of ice crystals, explained 

further in main text. 
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measurements using different experimental methods. A table containing the key values 

for all expansions of HLD samples used in this study is given in the appendix (Table 3.3). 

The INA of the Copper River and Kangerlussuaq aerosols measured by PINE are shown 

in Figure 3.7 alongside the K-feldspar measurements from chapter 2 and K-feldspar 

parameterisation from Harrison et al. (2019) for comparison. Each of the Copper River 

and K-feldspar points represent a single expansion, whereas some of the Kangerlussuaq 

points are an average of multiple expansions at similar temperatures. Averaging was done 

Figure 3.7: INAs of Copper River and Kangerlussuaq HLD samples as measured by the 

PINE-1B. K-feldspar measurements from chapter 2 and parameterisation from Harrison 

et al. (2019) are shown for comparison. Each point represents a single expansion, apart 

from Kangerlussuaq points above -20 oC and at -33, -29 and -28 oC which are averages 

of multiple expansions. Error bars represent the estimated value uncertainties. For 

individual expansions, the adiabatic temperature uncertainty is calculated by combining 

the fractional thermocouple measurements uncertainty (± 0.1 oC) with the fractional 

pressure measurement uncertainty (± 0.5 %). The active site density uncertainty is 

calculated from the Poisson error of the number of ice crystals measured. For averaged 

points, the adiabatic temperature uncertainty is calculated using the same method as for 

individual expansions and the active site density uncertainty is the standard deviation of 

the averaged values. 
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for the Kangerlussuaq measurements above -20 oC to obtain INA values of higher 

confidence since the individual expansions at these temperatures produced low ice crystal 

numbers (~0 to 5) and therefore had high uncertainty. Averaging was also done for 

Kangerlussuaq expansions with temperatures that rounded to -33, -29 and -28 oC to 

improve the readability of Figure 3.7 due to a high number of individual expansions at 

these temperatures. A version of Figure 3.7 without any averaging of datapoints is shown 

in Figure 3.15 in the appendix. Between -20 and -25 oC the two HLD samples have similar 

INAs to one another, they are also similar to some of the K-feldspar measurements in this 

range and lie roughly along the lower band of the K-feldspar parameterisation. 

Below -25 oC the INAs begin to deviate from one another, with Kangerlussuaq mostly 

being slightly below the K-feldspar band and Copper River being 1 to 2 orders of 

magnitude lower than Kangerlussuaq. 

Figure 3.8 shows the HLD INA measurements in comparison to parameterisations for 

K-feldspar, albite and quartz from Harrison et al. (2019) and NX-illite from Hiranuma et 

al. (2015), the parameterisations are scaled to the quantities of each mineral in the samples 

as determined by QXRD. The NX-illite parameterisation is not for pure illite, but for a 

sample containing 69 % illite and smaller quantities of feldspar, kaolinite, quartz and 

calcite/carbonate. Measurements of mica, calcite and chlorite made by Atkinson et al. 

(2013) showed that the INA of these materials is substantially lower than that of 

K-feldspar and quartz and so they are not expected to notably contribute to the INA of the 

samples. For the Copper River sample (panel a), the activity is most similar to that of 

albite at temperatures below -25 oC but increases relative to albite above -25 oC and is 

more active than all the minerals at temperatures above -22 oC. For the Kangerlussuaq 

sample (panel b), the activity is most similar to K-feldspar at temperatures below -22 oC 

and is more active than all the minerals at temperatures above -22 oC. The fact that the 

Copper River sample’s INA below -22 oC is lower than expected based  upon its most 

active mineral component (K-feldspar) may be due to the K-feldspar present in the 

Copper River sample being lower in activity than what is represented in the 

parameterisation, since different K-feldspar samples can have different INAs ranging 

over orders of magnitude (Harrison et al., 2019). Alternatively, the quantity of K-feldspar 

in the measured aerosol sample may be lower than what was quantified by QXRD, since 

the sample used for QXRD was sieved to 45 µm whereas the sample for PINE 

measurements was aerosolised and consisted of particles between ~0.02 and 5.0 µm in 

diameter (Figure 3.4). These different sample size distributions may have different 
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Figure 3.8: INAs of a) Copper River and b) Kangerlussuaq samples in comparison to 

parameterisations of the activities of the mineral components of the samples (Harrison et 

al., 2019; Hiranuma et al., 2015). Parameterisations are scaled according to the 

compositions determined by QXRD. 
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mineral compositions, and so the values in Table 3.1 may not be fully representative of 

the aerosolised compositions. The measurements shown in Figure 3.8 indicate that the 

INAs of the samples at temperatures below -22 oC is primarily controlled by the mineral 

components, but above -22 oC there is something else in the samples controlling the 

activity.  

3.4.2 Comparison to cold stage measurements 

The Copper River dust sample used in this study is the same surface sample used by Barr 

et al. (2023) for XRD measurements, it is different from the size-segregated aerosol 

samples used by Barr et al. (2023) for ice nucleation measurements. In the study by Barr 

et al. (2023), INA measurements of size segregated filters collected in the Copper River 

valley were made using the µL-NIPI cold stage instrument. Although the surface sample 

and filter samples may be different from one another, the samples were both taken from 

the same time and place and so are likely comparable to one another. The typical 

measurement range for the µL-NIPI is -5 to -25 oC and so it complements the PINE-1B 

by measuring at the higher temperatures, where the PINE-1B struggles with low ice 

production, while overlapping between ~-15 and -25 oC to allow for comparison. 

Figure 3.9 shows the INA measurements of Copper River dust using the PINE-1B from 

this study and the µL-NIPI from Barr et al. (2023). Panel a shows the µL-NIPI 

measurements for the individual size fractions while panel b shows the average across the 

size fractions, weighted to the surface area of sample in each size fraction. In both panels 

the µL-NIPI measurements are averaged across all measurement days and available 

measurements of heat-treated samples are shown. The PINE-1B and µL-NIPI 

measurements in Figure 3.9 agree with one another in the temperature range which they 

overlap. Overall, the INA of the Copper River samples is below that of 4.2 % K-feldspar 

at temperatures below -22 oC but above that of 4.2 % K-feldspar at temperatures 

above -22 oC. Again, this suggests that there is a component other than mineral dust 

controlling the INA at these higher temperatures. The decrease in INA after heat treatment 

is also indicative of the presence of biogenic components influencing the INA of the 

sample at the temperatures measured by the µL-NIPI (Barr et al., 2023). 

The INA of HLD samples from Kangerlussuaq have also been measured using the 

µL-NIPI by Wyld et al. (in prep) and are shown alongside the PINE measurements of 

Kangerlussuaq dust from this study in Figure 3.10. The µL-NIPI data is split into 3 

different samples, A, B and C, which were collected as surface sediment samples from 
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Figure 3.9: Comparison of the INA of Copper River dust measured in this study using 

the PINE and by Barr et al. (2023) using the µL-NIPI, including heat treated samples. a) 

µL-NIPI data separated into size segregated filter samples, b) average of all size fractions. 
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different locations along the Kangerlussuaq valley in August 2018. These dust samples 

were sieved to 50 µm and the < 10 µm fraction was collected using Stokes’ settling and 

used for INA measurements. Like the Copper River dust, the PINE and µL-NIPI 

measurements of the Kangerlussuaq dust INA are consistent with one another in the 

overlapping temperature range, with the best agreement being for samples B and C, and 

the INA goes above the K-feldspar parameterisation at temperatures above -22 oC. This 

along with the decrease in INA after heat-treatment indicates a biogenic component also 

being present in the Kangerlussuaq dust samples. 

Figure 3.11 shows the Copper River and Kangerlussuaq INA measurements together 

along with the scaled K-feldspar parameterisation for each sample. The Copper River and 

Kangerlussuaq dusts have similar INAs to one another at temperatures above to -25 oC, 

but at temperatures below than -25 oC they begin to deviate with Copper River being 

lower in activity. The INA spectra of the Kangerlussuaq sample below -25 oC closely 

follows the 6.4 % K-feldspar parametrisation, while the Copper River sample is lower 

than 4.2 % K-feldspar but is approximately parallel below -25 oC. This shows that a scaled 

Harrison et al. (2019) could be used to represent the INA of these dusts at these 

Figure 3.10: Comparison of the INA of Kangerlussuaq dust measured in this study using 

the PINE and by Wyld et al. (preprint) using the µL-NIPI, including heated samples. 
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temperatures. However, at temperatures above -22 oC the HLD spectra are above the 

K-feldspar parameterisation and so a different parameterisation would be needed to 

represent the activity at these higher temperatures. 

3.4.3 High-latitude dust ice-nucleating activity parameterisation 

Ice nucleation parameterisations are used as a tool for representing ice nucleation in 

atmospheric models based upon conditions such as temperature and pressure and aerosol 

properties such as surface area. These parameterisations are built upon measurements of 

INPs in a laboratory or field setting and a single parameterisation will typically represent 

a specific type of INP or the ambient INPs found at a specific location (Burrows et al., 

2022). Notable examples of parameterisations of mineral dusts include Niemand et al. 

(2012) who produced a parameterisation from AIDA measurements of arid desert dusts 

and Atkinson et al. (2013) who produced a parameterisation for K-feldspar from cold 

stage measurements. Parameterisations of biological INPs have also been developed, but 

these typically required additional measurements to quantify the biological aerosol such 

as fluorescence detection (Tobo et al., 2013). 

To better represent the INAs of HLDs in atmospheric models, a parameterisation can be 

developed which captures both the mineral component influence at temperatures below -

25 oC as well as the contribution of other, likely biogenic components at temperatures 

above -25 oC. The gradient in the data shown in Figure 3.11 decreases as the temperature 

decreases from -5 to -20 oC, this pattern can be described simply using a power law 

function (Equation 3.1). A power law function also fits with the expectation, based upon 

CNT, that the number of ice-nucleating active sites become increasingly rare as the 

temperature approaches 0 oC (Murray et al., 2012). Since a scaled form of the Harrison et 

al. (2019) K-feldspar parameterisation can be used to represent the INA of the mineral 

dust component, this can be added to the power law function to produce a 

parameterisation for HLD as given in Equation 3.2: 

𝑛s = −𝑇
𝛼𝑘 

(Eq. 3.1) 

𝑛s = −𝑇
𝛼𝑘 + 𝑛s,Kf𝐹Kf 

(Eq. 3.2) 
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log(𝑛s,Kf) = −3.25 + (−0.793𝑇) + (−6.91 × 10
−2𝑇2) + (−4.17 × 10−3𝑇3) +

(−1.05 × 10−4𝑇4) + (−9.08 × 10−7𝑇5)  

(Eq. 3.3) 

Where ns,Kf is the active site density of K-feldspar in cm-2, k is a constant, α is the power 

law exponent, T is the temperature in oC and FKf is the fraction of K-feldspar, which is 

equal to the % composition of K-feldspar divided by 100. Since the Harrison et al. (2019) 

parameterisation is only valid between -3.5 and -37.5 oC, this new HLD parametrisation 

is also only valid between -3.5 and -37.5 oC. 

 As shown in Figure 3.11, HLDs can have a range of INAs at a given temperature, 

therefore the best fit of Equation 3.2 could be different for different samples. This is 

demonstrated in Figure 3.12, which shows the HLD parameterisation fit to only the 

Copper River data (panel a) and the Kangerlussuaq data (panel b). The individual power 

law and scaled K-feldspar parameterisation functions are also shown as dashed lines and 

Figure 3.11: INAs of Copper River and Kangerlussuaq dusts measured by the PINE-1B 

and µL-NIPI (Barr et al., 2023; Wyld et al., preprint). Parameterisations of K-feldspar 

from Harrison et al. (2019) are scaled according to the quantities in each sample as 

determined by QXRD. 
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Figure 3.12: Best fits of Equation 3.2 to the data from a) Copper River, b) Kangerlussuaq. 

Red line shows the parameterisation which represents the INA of the HLD, and black and 

blue dashed lines show the two individual components which are added together produce 

the parameterisation. 
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the k, α and FKf values used for each fit are given in Table 3.2. The Kangerlussuaq 

parameterisation uses a FKf of 0.068 which is similar to the composition measured by 

QXRD, while the Copper River parameterisation uses 0.002 which is a factor of 20 lower 

than the measured composition. These FKf values do not necessarily represent the true 

quantity of K-feldspar in the samples but might reflect the INA of the mineral dust 

component of the aerosol in relation to K-feldspar. This order of magnitude difference 

between the two HLD samples highlights that there is a potentially large range of INAs 

for different HLD sources at temperatures below -25 oC. The difference in the power law 

component of the parameterisation fits shown in Figure 3.12 is less pronounced than that 

of the FKf since the INAs are much more similar at temperatures above -20 oC. Since the 

values of k and α are not linked to any physical properties of the samples, they are simply 

empirical measures of the activity of the sample at these higher temperatures which 

quantify the importance of the INPs active at these temperatures. 

 

Figure 3.13: Parameterisation of the INA of HLDs (Equation 3.2) fit to the data shown. 

Black and blue dashed lines show the two individual components which are added 

together produce the parameterisation. 
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Table 3.2: Values used in Equation 3.2 to produce the parameterisation fits shown in 

Figure 3.12 and Figure 3.13. 

Sample FKf k α 

Copper River 0.002057 1.907 x 10-4 5.659 

Kangerlussuaq 0.06840 3.195 x 10-3 4.500 

Copper River & Kangerlussuaq 0.02575 1.200 x 10-3 4.914 

 

The fit of Equation 3.2 to both the Copper River and Kangerlussuaq measurements is 

shown in Figure 3.13, with the fitted values also given in Table 3.2. The combined fit is 

between the two individual fits, with a FKf value of 0.026. Figure 3.14 shows further HLD 

INA measurements made in previous studies including Portable Ice Nucleation Chamber 

CFDC measurements of surface dust from the glacial river Múlakvísl in Iceland by 

Paramonov et al. (2018), droplet freezing measurements of ambient aerosol collected in 

an aircraft over Iceland by Sanchez-Marroquin et al. (2020) and droplet freezing 

measurements of size resolved ambient aerosol from Longyearbyen, Svalbard by Porter 

et al. (2020). Panel a shows this data in comparison to the Kangerlussuaq and Copper 

River data used to produce the HLD parameterisation. The additional data from previous 

studies is within 1 to 2 orders of magnitude of that from Copper River and Kangerlussuaq, 

with the measurements from Svalbard being slightly higher in activity at temperatures 

above -20 oC but become closer to the other measurements at lower temperatures. The 

INA measurements from Iceland mostly overlap with all the other measurements at 

temperatures above -25 oC and are slightly lower INA than other measurements at -30 

and -35 oC. The Iceland and Svalbard measurements show a variability of roughly 1 order 

of magnitude, which is similar to the variance seen in measurements of Copper River and 

Kangerlussuaq dust shown in Figure 3.9 and Figure 3.10. Panel b shows the 

parameterisation from this study alongside parameterisations for low-latitude desert dusts 

from Ullrich et al. (2017) and for Icelandic dust from Sanchez-Marroquin et al. (2020). 

These two parameterisations have previously been used in an INP modelling study to 

represent LLD and HLD respectively (Shi et al., 2022). The  Sanchez-Marroquin et al. 

(2020) parameterisation is of similar magnitude to that from this study at temperatures of 

-15 and -25 oC but does not show the dip in INA seen in the parameterisation from this 

study, which may indicate that our parameterisation underestimates the INA of HLDs at 

temperatures between -15 and -25 oC. The Ullrich et al. (2017) parameterisation for LLDs 

is approximately 1 order of magnitude higher than the HLD parameterisations, which may 
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Figure 3.14: a) Comparison of HLD INA measurements from multiple locations 

(Paramonov et al., 2018; Porter et al., 2020; Sanchez-Marroquin et al., 2020). b) 

Comparison of data from panel a to the HLD parameterisation from this study (Equation 

3.2) and previous parameterisations of HLD (Sanchez-Marroquin et al., 2020) and LLD 

(Ullrich et al., 2017). 
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indicate that LLDs are typically more active as INPs than HLDs. However the Ullrich et 

al. (2017) parameterisation still overlaps with some of the HLD measurements, 

suggesting that at the higher end some HLDs can have similar INA to LLDs. 

The use of different fits for the HLD parameterisation (Equation 3.2) highlights that, in 

its current state, the parameterisation is meant to be used as a flexible tool to aid with the 

representation of the INA of HLDs. It can be fit to measurements from a single source 

region to capture the INA of the dust from that region or fit to data from many source 

regions to give a more average representation of HLDs. In this initial state, the power law 

function was chosen to represent the activity of the samples at temperatures above -20 oC 

because it represents the trend in INA that is seen for these HLDs as well as fitting with 

the expected behaviour at higher temperatures from CNT that the INA should be equal to 

0 at a temperature of 0 oC (Murray et al., 2012). For future developments of the 

parameterisation, functions other than a power law should be explored to see if they can 

be used to provide a better representation of the INA at these higher temperatures. 

 

3.5 Conclusions 

In this study the PINE-1B was used to make measurements of the INA of northern 

high-latitude dusts from the Copper River valley in Alaska and Kangerlussuaq valley in 

Greenland. The INAs of the two samples were similar to one another at temperatures 

above -25 oC but deviated below -25 oC, where the Kangerlussuaq dust was more active 

by 1 to 2 orders of magnitude. These INA measurements from the PINE-1B compared 

well with µL-NIPI measurements of dust samples from the same regions, these two 

techniques have different temperature ranges over which they can make accurate 

measurements, and so combining results from the two instruments can produce broader 

spectra of INP measurements. The close agreement between the PINE-1B and µL-NIPI 

measurements highlights the strength of using different instruments and methods to 

compare and expand upon one another.  When comparing this data to measurements of 

other HLDs from Svalbard and Iceland, the INAs of the various dusts are all similar at 

temperatures above -25 oC, but below this temperature there is more variation. This 

variation in INA at lower temperatures is most likely due to variations in the mineralogical 

compositions of HLDs from different sources. Since K-feldspar is thought to be the 

dominant mineral in control of the INA at these temperatures, differences in either 

K-feldspar content or the types of K-feldspar present in each sample could lead to large 
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differences in INA between the samples. It is also possible that there are other minerals 

influencing the INA at temperatures below -25 oC since not all the minerals known to be 

present in HLDs have been quantitatively measured for their INAs using modern 

experimental methods. For example, amphiboles are potentially a major component in 

both HLD samples investigated in this study, but the INA of amphiboles has not been 

quantitatively measured in recent years. A study by Hama and Itoo (1956) showed that 

droplets containing amphibole suspended in silicon oil froze at -9.7 oC, roughly 5 oC 

warmer than for distilled water droplets. While this indicates that amphiboles may be 

capable of acting as heterogeneous INPs, the freezing temperature for 

amphibole-containing droplets was lower than that for quartz-containing droplets, and so 

based upon the relative activity of the different minerals shown in Figure 3.8, the 

amphibole component of the HLD samples would not be expected to have a notable 

influence on the INA of the samples. The lack of any quantitative measurements of the 

INA of amphiboles over a range of temperatures using modern experimental methods 

highlights that more experiments are needed to characterise the INAs of all the different 

minerals commonly found in HLDs. By having quantifications of the INAs of these 

different minerals at temperatures from the melting point of ice to the homogeneous 

freezing temperature of cloud droplets, our understanding of the components controlling 

the INA of HLDs and our capability to predict the INA of these dusts from other 

measurable quantities would be improved. 

The results from the PINE-1B and µL-NIPI measurements of the Copper River and 

Kangerlussuaq samples were used to produce a parameterisation to represent the INA of 

HLDs. The use of data from the two instruments in this case allowed a parameterisation 

to be produced from data over a wide range of temperatures (-6 to -37.5 oC). This initial 

iteration of the parameterisation combines a power law function with the Harrison et al. 

(2019) K-feldspar parameterisation, the variables in the power law and the scale of the 

K-feldspar parameterisation can be changed to fit the parameterisation to different 

datasets. This allows the parameterisation to be used as a tool to explore the INA of HLDs 

from different regions and potentially give an average representation for all HLDs. 

Further developments of this parameterisation could include developing a function which 

represents the INA at temperatures above -20 oC using physically measurable properties 

of a sample rather than using the purely empirical power law function. Since the INA of 

the samples measured in this study at temperatures above -20 oC appears to be controlled 
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by biogenic material, the physical properties would likely be related to this biogenic 

component such as total organic carbon content in the sample. 

Future studies could use a version of the parameterisation developed in this study in 

atmospheric models to investigate the influence HLDs may have on mixed-phase clouds 

both regionally at the sources and globally. Since the INA of HLDs at temperatures below 

-20 oC is controlled primarily by the mineral dust components, its INA at these 

temperatures is similar to that of low-latitude desert dusts and so HLDs could have a 

comparable impact to LLDs if it is able to reach locations in the atmosphere where there 

are mixed-phase clouds. In a warming environment, HLD emissions are expected to 

increase (Amino et al., 2021), and so an understanding of the INAs and emissions of 

HLDs is needed to be able to accurately predict the cloud radiative effect in a future 

climate. 

 

3.6 Appendix 

Table 3.3: Key results for each expansion used in this study, each line represents a single 

expansion (a.k.a. run). Runs are not included if there was no distinguishable ice threshold 

or if the minimum adiabatic expansion temperature was below -36 oC since the number 

of ice crystals could not be accurately determined (see Figure 3.5 and related text). 

Kan = Kangerlussuaq, CR = Copper River.  

Experiment Run 

Expansion 

Start 

Temp. / oC 

Minimum 

Adiabatic 

Temp. / oC 

No ice crystals 

measured 
Nice / cm-3 

Aerosol 

Surface 

Area / cm2 

cm-3 

ns / cm-2 

Kan_1 1 -21.2 -28.1 3318 9.070 3.59E-07 2.53E+07 

Kan_1 2 -21.2 -28.1 4230 11.968 3.47E-07 3.45E+07 

Kan_1 3 -21.3 -28.3 3045 8.572 3.15E-07 2.72E+07 

Kan_1 4 -21.2 -28.2 3694 9.935 2.60E-07 3.82E+07 

Kan_1 5 -21.3 -28.2 3495 9.338 2.18E-07 4.28E+07 

Kan_1 6 -21.3 -28.3 1889 5.272 2.13E-07 2.48E+07 

Kan_1 7 -21.3 -28.3 2679 7.102 1.62E-07 4.38E+07 

Kan_1 8 -21.3 -28.3 1054 2.811 1.50E-07 1.88E+07 

Kan_1 9 -21.3 -28.2 3607 9.762 2.39E-07 4.08E+07 

Kan_1 10 -21.3 -28.2 7796 21.095 8.39E-07 2.51E+07 

Kan_1 11 -21.3 -28.2 8440 23.858 1.08E-06 2.22E+07 
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Kan_1 12 -21.2 -28.2 8155 22.677 1.03E-06 2.21E+07 

Kan_1 13 -21.3 -28.2 7580 20.433 9.43E-07 2.17E+07 

Kan_1 14 -21.2 -28.2 6493 17.270 9.29E-07 1.86E+07 

Kan_1 15 -21.2 -28.2 7660 21.990 8.55E-07 2.57E+07 

Kan_1 16 -23.9 -30.8 11484 30.847 7.56E-07 4.08E+07 

Kan_1 40 -22.0 -29.0 11405 31.059 2.04E-06 1.52E+07 

Kan_1 41 -21.6 -28.6 9118 25.683 2.40E-06 1.07E+07 

Kan_2 2 -5.5 -11.7 0 0.000 7.30E-07 0.00E+00 

Kan_2 3 -14.9 -21.7 4 0.010 1.19E-06 8.50E+03 

Kan_2 4 -18.1 -25.1 16 0.039 1.74E-06 2.25E+04 

Kan_2 5 -19.7 -26.7 159 0.411 1.76E-06 2.34E+05 

Kan_2 6 -20.4 -27.4 702 1.912 1.61E-06 1.19E+06 

Kan_2 7 -20.9 -27.9 1208 3.200 1.57E-06 2.04E+06 

Kan_2 8 -21.2 -28.2 2386 6.636 1.49E-06 4.44E+06 

Kan_2 9 -19.7 -26.7 412 1.137 1.40E-06 8.13E+05 

Kan_2 10 -18.0 -24.9 47 0.131 1.32E-06 9.96E+04 

Kan_2 11 -17.5 -24.5 11 0.029 1.34E-06 2.18E+04 

Kan_2 12 -17.4 -24.3 27 0.086 1.31E-06 6.57E+04 

Kan_2 13 -14.4 -21.2 7 0.023 1.36E-06 1.69E+04 

Kan_2 14 -13.4 -20.2 6 0.016 1.40E-06 1.15E+04 

Kan_2 15 -13.0 -19.8 1 0.003 1.48E-06 1.98E+03 

Kan_2 16 -12.8 -19.6 2 0.005 1.76E-06 3.09E+03 

Kan_2 17 -12.7 -19.5 4 0.010 2.05E-06 4.96E+03 

Kan_2 18 -12.7 -19.4 4 0.011 2.24E-06 4.89E+03 

Kan_2 19 -12.6 -19.3 1 0.003 2.28E-06 1.10E+03 

Kan_2 20 -12.6 -19.3 2 0.005 2.26E-06 2.04E+03 

Kan_2 21 -12.6 -19.2 2 0.005 2.31E-06 2.20E+03 

Kan_2 22 -10.9 -17.6 3 0.008 2.59E-06 3.07E+03 

Kan_2 23 -9.1 -15.8 0 0.000 2.89E-06 0.00E+00 

Kan_2 24 -8.5 -15.0 1 0.003 2.93E-06 9.03E+02 

Kan_2 25 -8.2 -14.7 1 0.003 2.84E-06 8.89E+02 

Kan_2 26 -8.0 -14.5 3 0.008 2.65E-06 3.12E+03 

Kan_2 27 -8.0 -14.4 1 0.003 2.69E-06 9.53E+02 

Kan_2 28 -7.9 -14.5 1 0.004 2.64E-06 1.37E+03 

Kan_2 29 -7.9 -14.4 2 0.008 3.02E-06 2.65E+03 

Kan_2 30 -7.9 -14.4 0 0.000 3.14E-06 0.00E+00 
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Kan_2 31 -7.9 -14.4 0 0.000 3.18E-06 0.00E+00 

Kan_2 32 -7.9 -14.4 1 0.003 3.49E-06 8.39E+02 

Kan_2 33 -7.9 -14.4 0 0.000 3.56E-06 0.00E+00 

Kan_2 34 -7.9 -14.4 2 0.005 3.66E-06 1.48E+03 

Kan_2 35 -7.9 -14.3 2 0.005 4.33E-06 1.18E+03 

Kan_2 36 -7.9 -14.3 2 0.005 4.14E-06 1.23E+03 

Kan_2 37 -7.9 -14.2 1 0.002 3.66E-06 6.71E+02 

Kan_2 38 -7.9 -14.3 0 0.000 3.26E-06 0.00E+00 

Kan_2 39 -7.9 -14.3 1 0.003 2.93E-06 9.15E+02 

Kan_2 40 -7.8 -14.3 2 0.005 2.81E-06 1.87E+03 

Kan_2 41 -10.0 -16.7 1 0.003 2.93E-06 8.98E+02 

Kan_2 42 -11.3 -18.1 1 0.003 3.30E-06 7.97E+02 

Kan_2 43 -11.9 -18.6 1 0.003 4.17E-06 6.46E+02 

Kan_2 44 -12.2 -18.8 2 0.006 4.63E-06 1.28E+03 

Kan_2 45 -14.3 -21.2 8 0.022 5.00E-06 4.32E+03 

Kan_2 46 -15.9 -22.8 13 0.032 5.25E-06 6.17E+03 

Kan_2 47 -16.6 -23.5 19 0.048 4.96E-06 9.68E+03 

Kan_2 48 -11.7 -18.4 2 0.004 4.37E-06 9.94E+02 

Kan_2 49 -9.5 -16.2 0 0.000 3.81E-06 0.00E+00 

Kan_2 50 -8.6 -15.1 1 0.002 3.54E-06 6.88E+02 

Kan_2 51 -8.2 -14.8 2 0.007 3.43E-06 1.93E+03 

Kan_2 52 -6.3 -12.6 0 0.000 3.28E-06 0.00E+00 

Kan_3 2 -19.9 -26.9 31 0.080 6.92E-08 1.16E+06 

Kan_3 15 -28.5 -35.5 448 1.125 6.78E-08 1.66E+07 

Kan_3 16 -26.9 -33.9 531 1.390 5.93E-08 2.34E+07 

Kan_3 17 -26.5 -33.4 373 0.948 5.56E-08 1.71E+07 

Kan_3 18 -26.2 -33.1 373 0.920 4.91E-08 1.87E+07 

Kan_3 19 -26.2 -33.1 383 1.000 5.12E-08 1.95E+07 

Kan_3 20 -26.0 -33.0 225 0.563 4.25E-08 1.33E+07 

Kan_3 21 -26.1 -33.1 310 0.774 3.79E-08 2.04E+07 

Kan_3 22 -26.0 -33.0 298 0.783 3.10E-08 2.53E+07 

Kan_3 23 -24.8 -31.8 207 0.520 3.31E-08 1.57E+07 

Kan_3 24 -22.8 -29.8 112 0.293 2.88E-08 1.01E+07 

Kan_3 25 -22.0 -29.0 88 0.229 2.55E-08 8.98E+06 

Kan_3 26 -21.9 -28.8 82 0.212 3.12E-08 6.78E+06 

Kan_3 27 -21.8 -28.7 45 0.114 3.08E-08 3.70E+06 
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Kan_3 28 -21.7 -28.7 48 0.125 2.47E-08 5.05E+06 

Kan_3 29 -21.7 -28.6 30 0.079 2.99E-08 2.63E+06 

Kan_3 30 -21.7 -28.8 34 0.089 2.34E-08 3.83E+06 

Kan_3 31 -21.7 -28.7 31 0.081 1.69E-08 4.78E+06 

Kan_3 32 -21.7 -28.7 41 0.106 1.87E-08 5.69E+06 

Kan_3 33 -21.7 -28.7 34 0.085 3.21E-08 2.65E+06 

Kan_3 34 -21.7 -28.7 48 0.127 3.73E-08 3.40E+06 

Kan_3 35 -23.2 -30.2 97 0.254 2.93E-08 8.67E+06 

Kan_3 36 -25.2 -32.1 181 0.470 4.44E-08 1.06E+07 

Kan_3 37 -25.9 -32.9 114 0.281 5.34E-08 5.27E+06 

Kan_3 38 -26.2 -33.1 135 0.340 5.75E-08 5.91E+06 

Kan_3 39 -26.3 -33.2 100 0.250 5.28E-08 4.74E+06 

Kan_3 40 -26.3 -33.3 129 0.323 6.37E-08 5.06E+06 

Kan_3 41 -27.0 -34.0 92 0.231 5.82E-08 3.98E+06 

Kan_4 29 -12.4 -19.9 4 0.011 5.59E-06 1.90E+03 

Kan_4 30 -12.3 -19.9 5 0.014 5.46E-06 2.48E+03 

CR_1 1 -16.4 -23.4 4 0.010 1.25E-06 8.35E+03 

CR_1 2 -16.4 -23.3 7 0.018 1.78E-06 1.03E+04 

CR_1 3 -16.3 -23.2 4 0.010 1.73E-06 5.85E+03 

CR_1 4 -16.4 -23.3 5 0.014 1.59E-06 8.55E+03 

CR_1 5 -19.0 -25.9 14 0.036 1.44E-06 2.49E+04 

CR_1 6 -20.3 -27.3 48 0.126 1.36E-06 9.27E+04 

CR_1 7 -20.8 -27.8 54 0.139 1.22E-06 1.14E+05 

CR_1 8 -21.9 -28.8 88 0.223 1.12E-06 1.98E+05 

CR_1 9 -24.6 -31.6 216 0.523 1.07E-06 4.88E+05 

CR_1 10 -25.2 -32.2 179 0.423 1.04E-06 4.07E+05 

CR_1 11 -25.6 -32.6 525 1.296 1.06E-06 1.22E+06 

CR_1 12 -28.0 -35.0 594 1.426 1.10E-06 1.29E+06 

CR_1 18 -22.1 -29.1 188 0.479 1.36E-06 3.53E+05 

CR_1 19 -14.6 -21.4 33 0.089 1.20E-06 7.44E+04 

CR_2 1 -14.2 -21.0 0 0.000 1.30E-06 0.00E+00 

CR_2 2 -15.2 -22.1 5 0.013 2.58E-06 5.12E+03 

CR_2 3 -15.8 -22.7 2 0.005 2.36E-06 2.12E+03 

CR_2 4 -18.7 -25.6 10 0.026 1.94E-06 1.35E+04 

CR_2 5 -20.3 -27.2 17 0.040 1.70E-06 2.38E+04 

CR_2 6 -20.8 -27.8 33 0.085 1.44E-06 5.86E+04 
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CR_2 7 -21.2 -28.2 45 0.113 1.24E-06 9.09E+04 

CR_2 8 -21.3 -28.3 19 0.045 1.11E-06 4.02E+04 

CR_2 9 -21.4 -28.4 44 0.110 9.91E-07 1.11E+05 

CR_2 10 -21.5 -28.6 33 0.081 8.76E-07 9.20E+04 

CR_2 11 -21.6 -28.5 37 0.093 7.29E-07 1.28E+05 

CR_2 12 -21.6 -28.6 36 0.088 6.48E-07 1.35E+05 

CR_2 13 -21.6 -28.6 36 0.091 6.00E-07 1.51E+05 

CR_2 14 -23.2 -30.2 113 0.278 6.51E-07 4.28E+05 

CR_2 15 -25.1 -32.0 220 0.535 8.68E-07 6.16E+05 

CR_2 16 -25.6 -32.6 319 0.750 1.00E-06 7.50E+05 

CR_2 17 -25.8 -32.6 204 0.477 1.04E-06 4.56E+05 

CR_2 18 -27.7 -34.6 865 2.034 1.18E-06 1.72E+06 

CR_2 28 -27.2 -34.1 430 0.983 1.25E-06 7.88E+05 

CR_2 29 -26.6 -33.5 611 1.464 1.20E-06 1.22E+06 

CR_2 30 -26.2 -33.2 324 0.747 1.25E-06 5.98E+05 

CR_2 31 -26.0 -32.9 333 0.771 1.42E-06 5.42E+05 

CR_2 32 -23.4 -30.4 170 0.434 1.65E-06 2.63E+05 

CR_2 33 -19.2 -26.1 41 0.103 1.68E-06 6.12E+04 

CR_2 34 -17.8 -24.8 18 0.051 1.72E-06 2.95E+04 

CR_2 35 -17.3 -24.2 19 0.058 1.82E-06 3.16E+04 

CR_2 36 -15.3 -22.2 11 0.033 2.70E-06 1.23E+04 

CR_2 37 -13.4 -20.1 21 0.063 4.25E-06 1.48E+04 

CR_2 38 -12.7 -19.5 10 0.034 4.27E-06 8.05E+03 

 

  



154 

 

  

Figure 3.15: Duplicate of Figure 3.7 but without any averaging of data points. 
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4 Characterising the ice-nucleating activity of volcanic ash and the effects of 

water and acid aging 

4.1 Contributions statement 

The laboratory work in this chapter, specifically the volcanic ash sample collection, 

milling and ageing as well as the measurements using the SMPS, APS and PINE were 

done by William D. Fahy, Elena C. Maters, Michael P. Adams and Rona Giese Miranda. 

This was done in the summer of 2019, before I began my PhD. When the University of 

Leeds laboratories closed for several months during 2020, I took on the analysis of this 

dataset. The data processing, analysis, plotting, interpretation and write up for this chapter 

are all my own work. 

 

4.2 Background 

Volcanic eruptions can release substantial quantities of ash into the atmosphere during a 

single event, for example it is thought that >20,000 Tg of ash was emitted from the 1902 

eruption of Santa María, Guatemala (Williams and Self, 1983). As an eruption plume rises, 

it expands, causing the temperature to decrease, and the surrounding ambient air is 

entrained into the eruption column. If there is sufficient thermal energy from the eruption, 

the plume can rise to altitudes at which the water vapour in the entrained ambient air 

becomes saturated and so condensation of liquid water onto aerosol particles will occur 

(Woods, 1993). This water condensation then releases latent heat into the plume which 

increases the thermal energy and causes further convection in the plume of up to several 

kilometres (Herzog et al., 1998; Woods, 1993). The convection in an eruption plume can 

redistribute water vapour from the troposphere to the stratosphere (Glaze et al., 1997) and 

volcanic gases such as HCl and SO2 can be scavenged by ash particles, liquid droplets 

and ice crystals in the plume which can also enter the stratosphere (Textor et al., 2003). 

When the eruption plume reaches a height at which it is no longer buoyant compared to 

the surrounding atmosphere, it begins to spread outwards to form an umbrella cloud 

(Sparks, 1986). A portion of the volcanic ash from eruptions can persist in the atmosphere 

for weeks or months and can be transported tens of thousands of kilometres from the 

source, potentially affecting regional and global climate (Durant et al., 2010; Engwell and 

Eychenne, 2016; Vernier et al., 2016). 
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Volcanic eruptions have historically been associated an increase in local INP 

concentrations (Hobbs et al., 1971; Isono et al., 1959), and previous laboratory studies 

have generally found that the immersion mode INA of volcanic ashes is comparable to 

other active mineral dusts (Durant et al., 2008; Jahn et al., 2019; Mangan et al., 2017; 

Steinke et al., 2011). Remote sensing measurements of the effect of volcanic ash from the 

2010 eruption of Eyjafjallajkull by Seifert et al. (2011) showed that clouds over Europe 

influenced by the volcanic ash all contained ice at temperatures of -15 oC and below, 

whereas under typical non-volcanic conditions this quantity of ice in clouds would only 

be seen at temperatures below -25 oC, indicating that aerosol from the volcanic eruption 

caused heterogeneous ice nucleation in clouds at warmer temperatures than typical. 

Volcanic ash consists primarily of silicate material, the composition of the ash is a 

reflection of the composition of its source magma and so ashes from different volcanoes 

are often distinguishable by their compositions (Nakagawa and Ohba, 2003). Volcanic 

Figure 4.1: Schematic showing the presence of volcanic ash particles in the eruption 

plume, eruption cloud and meteorological clouds following a volcanic eruption. From 

Maters et al. (2020). 
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ashes can be categorised based upon their silica and alkali content, as shown in Figure 

4.2. Studies comparing the INA of volcanic ashes from different sources have shown that 

mineralogical differences may lead to different INAs, however, studies attempting to find 

correlations between the mineralogy of volcanic ashes and their INAs have shown 

inconsistent results (Genareau et al., 2018; Schill et al., 2015). The crystallinity of 

volcanic ash also affects its INA, with glassy material having much lower activity than 

crystalline (Maters et al., 2019), most likely due to a link between crystallinity and active 

sites. 

Ash from the 1974 eruption of Volcán de Fuego, Guatemala was studied for its immersion 

mode INA by Schill et al. (2015) using 1.3 pL – 0.7 nL droplets of 0.5, 1.0 and 2.0 wt% 

ash concentration. They found that the largest droplets with the highest concentration 

Fuego ash began freezing at -30 oC, but most did not nucleate ice above -35 oC, the 

temperature at which homogeneous freezing begins to be seen. A study by Jahn et al. 

(2019) also studied ash from Volcán de Fuego but from a later 2015 eruption, they found 

that 0.1 µL droplets of 0.1 wt% Fuego ash nucleated ice between -12 and -25 oC and that 

its INA was generally comparable to other volcanic ashes from previous studies. This 

Figure 4.2: Diagram showing the different classifications of volcanic rock based upon 

their silica and alkali content. From Le Maitre et al. (1989) 
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difference between the two results may be due to the different sized droplets, but could 

also highlight that even ash from the same source volcano can have different INA between 

different eruptions, since it is known that different types of eruption can lead to 

differences in ash minerology and crystallinity (Wright et al., 2012). The immersion mode 

INA of ash from a 3.8 to 4.4 ka eruption of Astroni volcano, Italy was found to have high 

activity compared to other volcanic ashes in a study by Maters et al. (2019), with 1 µL 

droplets of 1 wt% Astroni ash concentration nucleating ice between -3 and -13 oC. This 

high activity was attributed to its high alkali feldspar content compared to other ashes. 

Ash from the 2010 eruption of Eyjafjallajökull was studied by Hoyle et al. (2011) and 

Steinke et al. (2011), the immersion mode INA of the volcanic ash was measured by 

different techniques between the two studies. Hoyle et al. (2011) used the Zurich ice 

nucleation chamber CFDC and found the ash to only nucleate ice at temperatures below 

-33 oC, very close to homogeneous nucleation of liquid droplets. On the other hand, 

Steinke et al. (2011) used the AIDA cloud expansion chamber and found the ash to be 

immersion active at temperatures below -21 oC and have INA similar to other natural 

mineral dusts. When the results from these two studies of Eyjafjallajökull ash are 

normalised to the surface area of the particles used by each experimental method, the 

results are consistent with one another in terms of the INA of the Eyjafjallajökull ash 

(Herbert et al., 2014). 

Alongside the solid ash particles, gases are also emitted during volcanic eruptions, 

including H2O, SO2 and HCl, which can interact with and alter the surface properties of 

the ash particles in the eruption plume (Delmelle et al., 2007). Maters et al. (2020) tested 

the effect of this interaction with volcanic gases on the INA of volcanic ashes by 

simulating the interaction in a gas reactor and measuring immersion nucleation using the 

µL-NIPI cold stage instrument. They found that in most cases, the INA of the ashes was 

decreased after treatment with gases, however certain volcanic ashes were found to 

increase in activity after treatment with a H2O and SO2 gas mixture. The decreases in INA 

after treatment with volcanic gases were attributed to the destruction of active sites on the 

surface of the volcanic ash particles via chemical processing. The increase in INA was 

suggested to be due to the formation of anhydrous CaSO4 (anhydrite) deposits on the 

surface of the ash particles; anhydrite has also been shown to enhance the INA of coal fly 

ash (Grawe et al., 2018). 

A study by Fahy et al. (2022) also investigated the effects of water and acid on the INA 

of volcanic ashes, but in the solution phase in order to simulate the ageing of coated 
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volcanic ash particles in the atmosphere. To measure INA, they used the µL-NIPI 

instrument, which has a lower temperature measurement limit of roughly -25 oC due to 

background measurements of pure water droplets beginning to freeze at this temperature. 

Also, since the cold stage method involves suspending the sample in water and pipetting 

droplets onto the stage, there can be many particles per droplet and an uneven number of 

particles across each droplet, resulting in uncertainty in INA measurements. This lower 

experimental measurement limit of -25 oC does not cover the full range of temperatures 

relevant for mixed phase clouds, which can persist down to homogeneous freezing 

temperatures of -33 and below (Herbert et al., 2014). 

To extend the temperature range of measurements of aged volcanic ash samples, we use 

the PINE-1B cloud expansion chamber to measure the INA of the same samples as 

measured by Fahy et al. (2022). Three volcanic ashes from the previously mentioned 

Fuego (FUE), Astroni (AST) and Eyjafjallajökull (EYJ) eruptions were measured both 

unaged and aged in acid or water. The PINE-1B measures ice nucleation directly in the 

aerosol phase and can make immersion nucleation measurements down to -35 oC, 

providing a different method of ice-nucleation measurement than the µL-NIPI as well as 

being able to extend those measurements to lower temperatures. The results from the 

PINE-1B measurements are consistent with those from Fahy et al. (2022) in that the 

different ashes have different INAs pre-ageing, and that the effect of ageing depends on 

the ash, the ageing solution and the length of ageing. 

 

4.3 Methods 

4.3.1 Volcanic ash samples and ageing process 

Ash samples from three different volcanic eruptions were used, the 3.8 – 4.4 ka eruption 

of Astroni (AST), Italy, the February 2015 eruption of Volcán de Fuego (FUE), Guatemala 

and the 2010 eruption of Eyjafjallajökull (EYJ), Iceland. The ash samples were milled 

using a zirconia ceramic ball mill to expose fresh surfaces which are more representative 

of the ash particle surfaces which would be emitted during volcanic eruptions (Fahy et 

al., 2022). Subsamples of each ash were taken and aged in MilliQ H2O (18.2 MΩ) or 

H2SO4 (0.01 M) to simulate the effects of atmospheric ageing that the ashes may 

experience in volcanic plumes. This was done by suspending a 1 wt% concentration of 
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the ash in the respective ageing solution at room temperature with a constant 1 rpm 

rotation for 10 minutes, 1 hour, 4 hours or 24 hours (Fahy et al., 2022). 

4.3.2 PINE-1B ice nucleation measurements 

The volcanic ash samples were aerosolised into a 0.73 m3 (90 x 90 x 90 cm) aerosol 

chamber. The INA of the aerosols was measured using the PINE-1B cloud expansion 

chamber for the measurement of ice crystals alongside a TSI model 3938 SMPS and a 

TSI model 3321 APS for the measurement of the aerosol size distribution.  

This experimental setup was mostly the same as that used in chapters 2 and 3, however 

these measurements of volcanic ashes were performed prior to those in chapters 2 and 3 

and so there were two notable differences to the setup. First, the volcanic ash samples 

were aerosolised into the aerosol chamber by putting the sample into a wash bottle, 

shaking the bottle, and then squeezing the resulting aerosol into one of the aerosol 

chamber inlets. This resulted in a single loading of the sample into the aerosol chamber 

which depleted over the course of a series of measurements, as can be seen in Figure 4.7 

panel b. Second, the PINE-1B only had one diffusion drier in the line between the aerosol 

chamber and the PINE chamber. However, the drier was specifically tuned to allow water 

saturation to be reached, and therefore immersion freezing to occur, during expansions.  

The PINE-1B is a 7 L volume cloud expansion chamber which measures INP 

concentrations by undergoing expansion cooling whilst containing sample aerosol. The 

aerosol is first flowed from the aerosol chamber into the PINE chamber, the pressure in 

the PINE chamber is then decreased to decrease the temperature and the formation of 

liquid droplets and ice crystals is measured by a Palas Welas 2500 OPC. Ice crystals are 

distinguished from liquid droplets and aerosol particles based upon their size as measured 

by the OPC. The adiabatic temperature inside the PINE chamber during expansions, 

calculated using thermocouple temperature measurements at the start of expansions and 

pressure measurements during expansions, was used as the representative measure of 

temperature for the PINE expansion measurements. Further details about the operating 

principles of the PINE and the data analysis methods and justifications are given in 

chapter 2. 

4.3.3 Droplet freezing assay measurements 

Results from µL-NIPI cold stage droplet freezing assay measurements of these volcanic 

ash samples from Fahy et al. (2022) are also discussed in this chapter and are compared 
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with the PINE-1B measurement results. MilliQ H2O suspensions containing 1, 0.2 and 

0.04 wt% of each of the aged and unaged volcanic ash samples were made and for each 

sample arrays of 30 to 40 1 µL droplets were pipetted onto the hydrophobic stage of the 

µL-NIPI. The freezing temperatures of the droplets were then measured by cooling the 

stage from 0 oC at a rate of -1 oC min-1 until all the droplets were frozen. 

4.4 Results & Discussion 

4.4.1 Sample aerosol and expansion cloud size distributions 

The PINE-1B measurements in this study were performed at a constant expansion starting 

temperature of -24 oC, which resulted in a minimum adiabatic temperature during 

expansions of ~-31 oC after a decrease in pressure of ~100 mbar. Since the temperature 

was not varied, the primary experimental variable over the course of the series of 

expansions of each sample was the concentration of the sample aerosol in the aerosol 

chamber. The Fuego ash aged in acid for 24 hours was the sample measured for the 

longest time, these measurements took place over ~11 hours during which the aerosol 

surface area concentration in the aerosol chamber decreased by ~5 orders of magnitude. 

The change over time of the sample aerosol size distribution in the aerosol chamber is 

shown in Figure 4.3, the mobility-equivalent particle diameters measured by the SMPS 

and the aerodynamic particle diameters measured by the APS were converted into 

volume-equivalent sphere diameters using equations 1 and 2 from Möhler et al. (2008). 

For the same reasons as for the K-feldspar mineral dust test aerosol in chapter 2, the 

density of the particles was assumed to be 2.6 g cm-3 and the shape factor was assumed 

to be 1.1. For the overlapping SMPS and APS measurements, a volume equivalent 

diameter of 0.4 µm was chosen as the point below which the SMPS measurements were 

used and above which the APS measurements were used. At the start of the measurements, 

the 24-hour acid aged Fuego sample had a broad aerosol size distribution with particles 

up to ~15 µm in diameter and a ~0.2 µm peak. At diameters of 0.02 µm and below the 

number concentration increased, indicating a possible second aerosol mode peaking at 

sizes below what was measured by the SMPS. After 4 hours, the number concentration 

of the aerosol decreased by ~2 orders of magnitude and the distribution narrowed to an 

upper size limit of 2 µm, at diameters below 0.05 µm the SMPS began to reach its lower 

limit of detection. After 7 hours, the number concentration decreased by a further ~1 order 

of magnitude and the distribution also narrowed further, however due to the SMPS being 

at its limit of detection across its full measurement range, the shape of the aerosol size 
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distribution below 0.4 µm is no longer discernible. A composite plot of aerosol size 

distributions of all the samples used in this study is shown in Figure 4.4, with each aerosol 

size distribution corresponding to a surface area concentration of approximately 

1.0 x 10-6 cm2 cm-3. The samples had similar aerosol size distributions, with peaks at 

~0.2 µm and an upper size of ~2 µm, all the samples also showed an increase in particle 

numbers at diameters below 0.02 µm as seen in Figure 4.3. For many of the aerosol size 

distributions shown in Figure 4.4, the SMPS and APS curves do not align at 0.4 µm, with 

the APS number concentration measurements being lower by up to a factor of 4. This may 

be due to counting inefficiencies in the lower size measurements of the APS, which is 

mentioned TSI literature (TSI, 2011). The uncertainty associated with the potential 

Figure 4.3: Aerosol size distribution measurements of the Fuego volcanic ash aged in 

acid for 24 hours, aerosolised in the aerosol chamber. Star points show the size 

distribution at the start of the measurements, when the sample is first aerosolised. Circle 

points show the size distribution after 4 hours of measurements. Hollow square points 

show the size distribution after 7 hours of measurements. The diameters measured by the 

SMPS and APS were converted to volume-equivalent diameters to be merged (Möhler et 

al., 2008). A diameter of 0.4 µm was used below which only SMPS measurements were 

used and above which only APS measurements were used, as illustrated by the grey points 

which are the unused measurements. 
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undercounting of lower size measurements of the APS was quantified by adjusting the 

APS values to be consistent with the SMPS measurements and calculating increase in 

total aerosol surface area that results from this adjustment. Figure 4.5 shows an example 

aerosol surface area size distribution of the unaged Astroni volcanic ash sample, which 

was the sample in Figure 4.4 with the largest discrepancy between the SMPS and APS 

values. The blue points in Figure 4.5 are the SMPS and APS measurements and the hollow 

black circles are the adjusted APS values. When calculating the total surface area 

concentration by summing each of the individual points, the adjustment of the APS values 

increases the total surface area concentration from 1.00 x 10-6 cm2 cm-3 to 

1.10 x 10-6 cm2 cm-3, resulting in a 10 % increase in the total surface area concentration 

of the sample. The significance of this 10 % uncertainty is visualised below in Figure 4.7 

panel b, which shows that the uncertainty is negligible compared to the variation in the 

aerosol surface area concentration over the course of experiments. 

The cloud size distributions measured by the PINE-1B during expansions corresponding 

to the aerosol size distributions in Figure 4.3 are shown in Figure 4.6. For the expansion 

Figure 4.4: Aerosol size distributions measured by SMPS and APS for each volcanic ash 

sample used in this study from when the surface area concentration of the sample was 

approximately 1.0 x 10-6 cm2 cm-3. Sample names in the legend indicate type of ash, type 

of ageing and length of ageing. 

0.01 0.1 1 10

0.001

0.01

0.1

1

10

100

1000

10000

d
N

/d
lo

g
D

p
 /

 c
m

-3

Volume Equivalent Diameter / mm

FUE_O

FUE_W_10min

FUE_W_24hr

FUE_A_1hr

FUE_A_4hr

FUE_A_24hr

AST_O

AST_W_10min

AST_A_10min

EYJ_O



170 

 

at the start of measurements, there was a first peak at ~0.7 to 10 µm and a second peak at 

~10 to 100 µm. Generally, for PINE measurements the first peak would be interpreted as 

being primarily liquid droplets and the second peak primarily ice crystals, however in this 

case at the start of measurements the aerosol sample had particles up to and above 10 µm 

in diameter and so the first peak may have consisted of both aerosol particles and liquid 

droplets. The concentration of particles at diameters >10 µm in the starting cloud 

distribution shown in Figure 4.6 is 17.47 cm-3 while the concentration of particles at 

volume equivalent diameters >10 µm in the starting aerosol size distribution shown in 

Figure 4.3 is 7.30 x 10-3. Assuming that the volume equivalent diameters of the aerosol 

size distributions are equivalent to the particle diameters of the cloud size distributions, 

up to 0.042 % of the particles measured at >10 µm in the cloud size distribution may be 

large aerosol particles as opposed to ice crystals. Although this is a very small fraction of 

the total number of ice crystals, it is not clear how consistent the aerosol size distribution 

volume equivalent diameters are with the cloud size distribution diameters. Since the 

cases in which the aerosol size distribution extends up to and above 10 µm make up a 

minority of the total measurements, the ice concentration values from these cases were 

Figure 4.5: Aerosol surface area size distribution of unaged Astroni volcanic ash. Blue 

points are the values measured by the SMPS and APS and hollow black circles are the 

adjusted APS values. 
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not used when determining the INAs of the volcanic ash samples. The specific method 

used to determine which measurements should be used for INA determination is discussed 

in the next section. After 4 hours, the smaller peak in the cloud size distribution shifts to 

lower concentrations at sizes below 4 µm but has a higher and more prominent peak at 

6 µm. This shift in the peak’s shape is likely due to the decreased sample aerosol 

concentration and the reduction of the sample aerosol’s upper size limit to ~2 µm resulting 

in the peak consisting primarily of liquid droplets activated from the aerosol particles. 

The second peak in the 4-hour cloud size distribution also shifted to slightly higher sizes 

compared to the start due to the increased size of the liquid droplets, but the 

concentrations decreased by ~1 order of magnitude. The cloud size distribution after 

7 hours was similar to the 4-hour cloud size distribution, but at concentrations 

approximately 1 order of magnitude lower. As time went on and the aerosol sample 

number concentration decreased, the diameter of peak of the liquid droplet distribution 
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Figure 4.6: Cloud size distributions measured by the Welas OPC during PINE-1B 

expansions using 24-hour acid-aged Fuego volcanic ash sample aerosol. Star points show 

the size distribution at the start of the measurements, when the is first aerosolised. Circle 

points show the size distribution after 4 hours of measurements. Hollow square points 

show the size distribution after 7 hours of measurements. Dashed black line indicates size 

threshold above which all particles are counted as ice crystals. 
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shifted to larger diameters due to the available water vapour during expansions being 

shared between fewer particles and therefore individual droplets could grow to larger 

sizes during the expansions, which in turn resulted in larger ice crystals when the droplets 

froze. 

4.4.2 Determination of volcanic ash ice-nucleating activity 

To be able to compare the INA of different samples measured at different concentrations, 

the concentration of ice crystals measured by the PINE-1B can be normalised to the 

surface area concentration of the aerosol sample to obtain a measure of the concentration 

of ice-nucleating active sites across the sample’s surface, known as the active site density 

(ns). Figure 4.7 shows the full series of measurements made to determine the INA of the 

24-hour acid-aged FUE ash sample, each blue point represents the data corresponding to 

a single expansion. Panel a shows the concentration of ice particles measured in the PINE 

during the expansion (Nice), panel b shows the surface area concentration of the ash 

aerosol as measured by the SMPS and APS and panel c shows the active site density (ns), 

calculated by dividing Nice by the surface area concentration. The aerosol surface area 

concentration decreases by over 5 orders of magnitude over the course of the 

measurements due to the removal of particles via both gravitational settling and their 

intake into the measurement instruments, this decrease in ash aerosol results in a decrease 

in ice concentration over time as shown in panel a. The active site density of the ash shows 

an overall increase over the experiment, although there is a roughly 5-hour period 

between 14:10 and 19:00, outlined by the vertical lines in Figure 4.7, during which the 

active site density stays constant despite a change in Nice and aerosol surface area 

concentration of over 2 orders of magnitude. Equivalent plots for the other samples are 

shown in the appendix Figure 4.11 through Figure 4.19, all the samples show the same 

trends as seen in Figure 4.7 but most are less pronounced due to having a smaller range 

of aerosol surface area concentrations. 

The overall increase in active site density seen as the aerosol surface area concentration 

decreases indicates a change in the INA of the sample as the aerosol size distribution 

changes, issues with the PINE-1B measurements of ice crystals at certain concentrations, 

or a combination of both. The decrease in aerosol surface area concentration in Figure 4.7 

occurs at a constant rate for the full length of the measurements, however the decrease in 

Nice is not consistent with this. Between 14:10 and 19:00, the decrease in Nice occurs at a 

constant rate, but before 14:10 the decrease in Nice has a shallower gradient, and after 

19:00 Nice does not decrease but has higher uncertainty and scatter between measurements. 
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The reason for the higher uncertainty in the Nice measurements after 19:00 is due to the 

increased uncertainty associated with the counting statistics of the ice crystals in the PINE 

chamber, which in turn leads to an increased uncertainty in the active site density. The 

number of ice crystals measured during these expansions after 19:00 was 0 to 10, and so 

for these measurements the sample aerosol concentration was low enough that the 

PINE-1B was effectively at its lower measurement limit, resulting in the reported Nice 

values not decreasing despite the decrease in the surface area concentration. This lack of 

change in the measured Nice values while the surface area concentration still decreased 

Figure 4.7: Series of expansion measurements of Fuego volcanic ash aged in acid for 

24 hours, each blue point represents a single expansion. a) concentration of ice crystals 

measured by the PINE-1B, b) ash aerosol surface area concentration measured by SMPS 

and APS, c) active site density of the ash calculated by dividing a by b. Vertical dashed 

lines at 14:10 and 19:00 enclose the period during which the value of ns remains constant. 

Horizontal dashed lines in panel b enclose the range of aerosol surface area concentration 

values during the constant period of ns values (2 x 10-6 to 1 x 10-8 cm2 cm-3). Error bars 

in panel a represent the uncertainty associated with the counting statistics of ice particles, 

error bars in panel b represent the 10 % uncertainty associated with the undercounting of 

particles by the APS, error bars in panel c represent the combination of the uncertainties 

in Nice and aerosol surface area concentration. 
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resulted in the increase in the calculated active site density values after 19:00, but with a 

large uncertainty. At times before 14:10, the cloud size distributions are shifted to lower 

sizes compared to measurements at later times, as shown in Figure 4.6. If the size of the 

ice crystals produced in the PINE chamber is lower during measurements before 14:10, 

then the number of ice crystals would be undercounted compared to measurements after 

14:10 due to the ice size threshold being constant at 15 µm for all measurements. 

Although the ice threshold could be decreased for the measurements before 14:10 to 

account for the shift in the cloud size distribution, the presence of aerosol particles up to 

10 µm in diameter during these early measurements adds uncertainty to the identification 

of ice crystals based upon their measured diameter. Therefore, it is better to only consider 

the measurements where the active site density is constant while maintaining a constant 

ice threshold. 

By comparing the measurements across all the volcanic ash samples, a sample aerosol 

surface area concentration range between 2 x 10-6 and 1 x 10-8 cm2 cm-3 was found to 

result in stable active site density values for each sample, illustrated by the vertical dashed 

lines in panel b of Figure 4.7. Therefore, measurements outside of this concentration 

range were removed from further analysis of the INAs of the volcanic ash samples. This 

surface area concentration range is dependent on the temperature at which measurements 

are made, since at higher temperatures less ice crystals are likely to be produced during 

expansions and therefore the lower detection limit of the PINE-1B would be reached at 

higher sample concentrations. The range could also be dependent on the INA of the 

sample, since more active samples would produce higher Nice and vice versa. The fact that 

a specific aerosol concentration range was required to produce consistent active site 

density values highlights that the PINE-1B can produce inaccurate results if sample 

concentrations are too high, due to potential interference with ice particle detection, or if 

sample concentrations are too low, due to the number of measured ice crystals being too 

low to produce a statistically accurate concentration. 

4.4.3 Effect of ageing on volcanic ash ice-nucleating ability 

A comparison of the INAs of the unaged and aged volcanic ash samples is shown in 

Figure 4.8. Each box plot includes all expansions in which the minimum adiabatic 

temperature reached -31.2 ± 0.5 oC (corresponding to an expansion starting temperature 

of -24 oC) and the surface area concentration of the sample aerosol was between 2 x 10-6 

and 1 x 10-8 cm2 cm-3. Of the unaged ashes, Fuego was the most active by over an order 

of magnitude, with a mean active site density of 2.0 x 106 cm-2. Comparatively, the INAs 
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of Astroni and Eyjafjallajökull were within uncertainty of one another. When considering 

the effects of ageing on Fuego ash, all cases of ageing decreased its INA, with water 

ageing resulting in a stronger decrease than acid ageing and longer periods of ageing 

resulted in an increase in INA compared to shorter periods. In contrast to Fuego, the INA 

of Astroni ash was not decreased by ageing but instead increased slightly, however the 

overlap between the box plots and their uncertainties may indicate that the INA did not 

change notably with ageing in the 10-minute time used for the Astroni samples. 

The high INA of Fuego ash at -31.2 oC compared to the other two indicates the presence 

of ice-active sites on the surface of Fuego ash particles that were not found on the other 

two ashes. The fact that upon ageing the INA of the Fuego ash was decreased to be closer 

Figure 4.8: Comparison of ice-nucleating ability of Fuego (FUE) (red), Astroni (AST) 

(blue) and Eyjafjallajökull (EYJ) (green) volcanic ashes and the effects of ageing in H2O 

and H2SO4. Each box plot consists of all expansions with a minimum adiabatic 

temperature of -31.2 ± 0.5 oC and ash sample surface area concentrations between 2 x 10-6 

and 1 x 10-8 cm2 cm-3. Black diamonds represent the mean active site density and 

horizontal lines represent the median active site density. Coloured boxes represent the 

interquartile range of active site density values and whiskers show the range of values 

which were within 1.5 times of the interquartile range. Sample names indicate type of 

ash, type of ageing and length of ageing. 
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to that of Astroni and Eyjafjallajökull suggests that the ageing process removed or 

decreased the efficacy these unique active sites. This decrease in active site efficacy could 

be caused by changes in the structure of the site, for example if the active site were made 

smaller by the ageing process the size of the critical ice cluster it could stabilise would be 

smaller and therefore a lower temperature would be needed for ice nucleation to occur. 

Since the greatest decrease in the INA of the Feugo ash was seen when aged in water for 

10 minutes, the removal of active sites was a fast process, and longer ageing timescales 

seemed to increase INA as opposed to decrease. This increase in INA suggests that after 

the initial removal of active sites, longer periods of ageing may result in the reformation, 

exposure or creation of new active sites, such as the formation of anhydrite deposits as 

seen by Maters et al. (2020). However, for both the water and acid-aged Fuego samples, 

the INA increased by approximately a factor of 2 when going from the shortest ageing 

time to the longest, which was much smaller than the factor of 10 decrease in INA 

compared to the unaged ash. Compared to Fuego, the INA of Astroni ash was not changed 

significantly by ageing, indicating that the active sites on the Astroni aerosol were not 

altered by the ageing process. Although the mean active site density values for both water 

and acid aged Astroni were greater than that for unaged, the general overlap of the box 

plots suggests that the INA was not notably changed. 

4.4.4 Comparison between PINE-1B and µL-NIPI measurements 

The PINE measurements of the volcanic ashes in this study were performed within 

approximately 1 month of the µL-NIPI cold stage measurements of the same samples 

reported by Fahy et al. (2022). The µL-NIPI measurements had a temperature range of -5 

to -25 oC, and so the PINE-1B measurements at ~-31 oC extend the measurement range 

of the INAs of these samples. Figure 4.9 shows the INAs of the unaged Fuego and Astroni 

ash samples measured by the PINE-1B compared to the INAs of the same samples 

measured by Fahy et al. (2022). Although the INA results from this study are too low in 

temperature to overlap with the µL-NIPI measurements shown in Figure 4.9, the results 

are consistent in that the Fuego sample had a higher INA than the Astroni ash at 

temperatures below -12 oC. The results from the µL-NIPI cannot be extrapolated to the 

PINE-1B measurement temperature because it cannot be predicted how the active site 

density will change as temperature decreases, other than that it cannot decrease since it is 

a cumulative quantity. 

The effects of water and acid ageing on the INA activity of the Fuego and Astroni volcanic 

ash samples are shown in Figure 4.10, which compares the PINE-1B measurements with 



177 

 

those from the µL-NIPI by Fahy et al. (2022). To identify possible mechanisms for the 

changes in the INAs of the volcanic ash samples upon ageing, Fahy et al. (2022) also 

measured the concentrations of various elements dissolved in the ageing solutions and 

used correlation coefficients and predictive modelling to link changes in elemental 

compositions to the changes in INA. Panel a shows the effects of ageing on the Fuego 

ash, both the PINE-1B and the µL-NIPI measurements showed that 10-minute 

water-ageing resulted in the largest decrease in INA of ~1 order of magnitude at -31 oC 

as measured by the PINE-1B and ~3 orders of magnitude as measured by the µL-NIPI. 

Fahy et al. (2022) attributed this deactivation to the leaching of cations from the 

ice-nucleating minerals at the ash’s surface, which could cause a reduction in INA since 

the exchange of surface cations with protons in solution has been suggested to be 

important for the heterogeneous ice-nucleating activity of certain minerals (Kumar et al., 

2019). The partial recovery of the INA of Fuego ash after ageing in water for 24 hours 

compared to 10 minutes is seen in the µL-NIPI measurements, with the INA increasing 

by ~1 order of magnitude. For the PINE-1B measurements, a slight increase in the mean 

INA by ~40 % is seen from the 10-minute to 24-hour water-aged samples, but the 

Figure 4.9: Comparison between the INA of unaged Fuego and Astroni volcanic ashes 

measured using the PINE-1B in this study (filled symbols) and the µL-NIPI by Fahy et 

al. (2022) (hollow symbols). 
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Figure 4.10: Comparison between the INA of unaged a) Fuego and b) Astroni volcanic 

ashes measured using the PINE-1B in this study (filled symbols) and µL-NIPI by Fahy et 

al. (2022) (hollow symbols). Sample names indicate type of ash, type of ageing and length 

of ageing.  
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uncertainties are much greater than this change in the mean value. Fahy et al. (2022) 

attributed the recovery of the INA of the Fuego ash after longer periods of water-aging to 

the precipitation of ice-nucleating secondary mineral phases from solution, since 

measurements of the concentrations of elements in the ageing solutions showed mineral 

phases such as montmorillonite, kaolinite and gibbsite to be supersaturated. For the 

acid-aged Fuego ash samples, both the PINE-1B and µL-NIPI showed a smaller decrease 

in INA compared to water-ageing, with the µL-NIPI measurements above -15 oC showing 

effectively no change in INA. In the results reported by Fahy et al. (2022), the 10-minute 

acid-aged Fuego ash did have a decrease in INA by a factor of 5 to 10, but the activity 

recovered to unaged values upon longer ageing. The PINE-1B measurements show a 

slight recovery of the INA of Fuego ash upon longer acid-ageing times, in line with the 

results from Fahy et al. (2022). The initial loss of the INA of Fuego ash after acid ageing 

was attributed by Fahy et al. (2022) to the leaching of cations as with water ageing, 

however the recovery of INA upon longer ageing was suggested to be due to the 

establishment of a steady state of active site density at the surface of the ash as a result of 

the dissolution of surface mineral layers revealing new active sites on new mineral layers. 

Panel b shows the effects of 10-minute water and acid ageing on Astroni volcanic ash, 

PINE-1B measurements were only performed on the 10-minute aged samples, so the 

effects of longer ageing on the INA at -31 oC is unknown. Water and acid ageing increased 

the INA measured by PINE-1B by factors of ~2 and ~3 respectively, however the mean 

values are all within the uncertainties of one another, so the changes are not statistically 

significant. This lack of change in the INA of Astroni ash upon water and acid ageing is 

consistent with the µL-NIPI from Fahy et al. (2022), which showed at temperatures below 

-23 oC and -17 oC respectively, water and acid ageing had little effect on the INA of 

Astroni ash. The temperature dependence of the effects of ageing on the Astroni ash was 

suggested to be due to the presence of different minerals controlling the activity at 

different temperatures, with K-feldspar controlling the activity at temperatures 

above -17 oC and pyroxene or Na/Ca-feldspar controlling the activity at temperatures 

below -17 oC. As with Figure 4.9, the results in Figure 4.10 shows that the PINE-1B and 

µL-NIPI measurements are consistent with one another and so the techniques are 

complimentary to each other, since the PINE can perform expansions at temperatures 

lower than the µL-NIPI can typically reach. Further PINE measurements at temperatures 

between -10 and -35 oC would allow for a clearer comparison with the µL-NIPI 
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measurements of volcanic ashes and would extend the temperature range of the INA 

spectra down to homogeneous freezing temperatures. 

 

4.5 Conclusions 

The results from this study highlight the complexity of volcanic ash in the atmosphere 

and its ability to nucleate ice. The different INAs of volcanic ashes from different source 

volcanoes alongside the various effects of ageing, depending on the properties of the 

unaged ash, the ageing material, and the length of ageing, demonstrates that not all 

volcanic ash in the atmosphere is the same. In particular, the use of freshly ground ash for 

laboratory measurements is unlikely to represent the properties of the ash in the 

atmosphere, since ash emitted from volcanic eruptions is expected to undergo ageing due 

to its emission alongside various volcanic gases at high temperatures. 

The need for a specific range of aerosol sample concentration to make accurate 

measurements of ice crystal number concentrations demonstrates a weakness in the 

PINE-1B detection system. Since the specific surface area concentration range needed for 

accurate measurements will depend on the INA of the measured sample and the 

temperature of measurements, when making measurements using new materials or 

conditions, the results should be checked during experiments to ensure that the limits of 

detection are not being reached. Settings in the Welas OPC can be changed to fit the aims 

of each given experiment, such as changing the size measurement range. Since this 

limitation is linked to the measurements and identification of ice crystals in the PINE 

chamber, alternative methods such as a depolarization detector (Zenker et al., 2017) could 

be used to distinguish between ice crystals, liquid droplets and aerosol particles in the 

PINE-1B. However, the addition of alternative detection methods would require a 

significant redesign of the PINE instrument. 

This study also demonstrates the use of PINE to extend the measurements of the µL-NIPI 

down to lower temperatures. The results from the PINE-1B were consistent with those 

from the µL-NIPI cold stage measurements of the same samples by Fahy et al. (2022) in 

terms of the changes in INA seen upon ageing of the Fuego and Astroni volcanic ash 

samples. As shown here, the PINE and µL-NIPI can be used as complimentary 

instruments to one another, since the PINE can make measurements at lower temperatures 

than typically possible with the µL-NIPI (< -25 oC) while the µL-NIPI can make accurate 

measurements at higher temperatures (> -10 oC) where the PINE measurements are often 
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inaccurate due to the low number of ice crystals produced. To allow for the results from 

different instruments to be clearly compared to one another, future studies using different 

measurement techniques to measure the same samples should make sure to have 

measurements at overlapping temperatures. A strength of the PINE is in its ability to make 

ice nucleation measurements across a wide range of temperatures (~-10 to -35 oC) and 

future measurements using the PINE should endeavour to make full use of this 

temperature range to characterise INAs across a wide range of temperatures and allow for 

the best comparisons with measurements from other instruments, like the results for 

high-latitude mineral dusts shown in chapter 3 of this thesis. 
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Figure 4.11: Same as Figure 4.7 but for unaged Fuego volcanic ash. 
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Figure 4.12: Same as Figure 4.7 but for 10-minuite water-aged volcanic ash. 
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Figure 4.13: Same as Figure 4.7 but for 24-hour water-aged Fuego volcanic ash. 
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Figure 4.14: Same as Figure 4.7 but for 1-hour acid-aged Fuego volcanic ash. 
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Figure 4.15: Same as Figure 4.7 but for 4-hour acid-aged Fuego volcanic ash. 
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Figure 4.16: Same as Figure 4.7 but for unaged Astroni volcanic ash. 
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Figure 4.17: Same as Figure 4.7 but for 10-minute water-aged Astroni volcanic ash. 
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Figure 4.18: Same as Figure 4.7 but for 10-minute acid-aged volcanic ash. 
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Figure 4.19: Same as Figure 4.7 but for unaged Eyjafjallajökull volcanic ash. 
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5 Conclusions 

5.1 Overview 

INPs can affect the optical properties and lifetime of clouds (Lohmann and Feichter, 

2005) by causing cloud droplets to heterogeneously freeze at warmer temperatures than 

they otherwise would, so an understanding of the sources and concentrations of INPs as 

well as the temperatures at which they are active is needed to accurately model the CRE. 

There are many different types and sources of INPs which can be active at different 

temperatures (Kanji et al., 2017; Murray et al., 2012), so we need to characterise the INAs 

of these different INP types to know which may be capable of heterogeneously nucleating 

ice in the atmosphere. The overarching aim of this thesis was to improve our 

understanding of specific types of ice-nucleating particles through laboratory experiments. 

To achieve this aim, three key objectives were outlined: 1) use and develop tools 

(PINE-1B) for measuring ice nucleation; 2) use these tools to characterise the 

ice-nucleating activity of high-latitude mineral dusts across a range of temperatures 

relevant for mixed-phase clouds; 3) use these tools to characterise the ice-nucleating 

activity of volcanic ash and the effect of aging processes. These objectives were met in 

chapters 2, 3 and 4 respectively. 

5.1.1 Objective 1: The use and development of tools and methods for measuring 

ice nucleation – the PINE-1B instrument 

There are many different instruments and methods used to measure ice nucleation, with 

each method having advantages and disadvantages. The PINE is one of the newer 

instruments in this space (Möhler et al., 2021), and as such its development is still ongoing 

and new methods for using it are still being explored. The PINE offers advantages over 

other instruments used to measure ice nucleation, in particular its portability and 

capability to autonomously and continuously measure INP concentrations for periods of 

weeks to months (Brasseur et al., 2022; Lacher et al., 2024) make it an ideal instrument 

for measuring ambient INP concentrations around the world. However, the temperature 

gradient across the vertical length of the PINE’s expansion chamber leads to an 

uncertainty in identifying the temperature relevant for the ice nucleation processes which 

occur in the chamber during expansions. To improve the accuracy of the measurements 

made with PINE, in chapter 2 of this thesis the PINE-1B, a prototype model of the PINE 

instrument, was characterised in terms of its temperature during expansions by observing 

well-defined phase changes which occur inside the PINE-1B chamber during expansions. 
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The first phase change explored was the activation of aerosol particles to cloud droplets 

or the homogeneous freezing of haze droplets if the temperature was cold enough, which 

were measured using smoke and citric acid as test aerosols. The time at which cloud 

particles began to form during expansions was determined based upon the size and 

concentration of particles measured by the PINE’s OPC, and the RHi in the chamber at 

that time was calculated using the pressure measurement. Previous studies using PINE 

have assumed the coldest thermocouple to be representative of the nucleation processes 

occurring in the PINE chamber during expansions (Möhler et al., 2021). However, the 

results from the measurements of cloud droplet activation (shown in Figure 2.4) showed 

that, when using the coldest thermocouple measurement to represent the temperature, the 

calculated RHi was far below water saturation, where cloud droplet activation would be 

expected to occur. Instead, it was found that using the adiabatic temperature, calculated 

using the coldest thermocouple measurement at the start of each expansion and the 

pressure measurement, resulted in RHi values consistent with water saturation at the time 

of cloud droplet activation at temperatures between -5 and -35 oC. Similarly, the 

homogeneous freezing of haze droplets, which is expected to occur at conditions 

according to Koop et al. (2000), was found to be best represented by calculating the 

adiabatic temperature during PINE-1B expansions. The use of adiabatic temperature to 

represent the temperature inside the PINE chamber assumes that there is negligible heat 

influx from the chamber walls, however it is expected that after enough time this heat 

influx would begin to have a noticeable effect and so the accuracy of using the adiabatic 

temperature is likely dependent on the speed and length of expansions. Test measurements 

were done to investigate this dependence by measuring the cloud droplet activation of 

citric acid aerosol at different expansion flow rates. The results of these tests showed that 

at expansion flow rates of 2 slpm and slower the adiabatic temperature was no longer 

consistent with the expected conditions of water saturation and therefore no longer 

accurate. Based upon these tests, an expansion flow rate of 4 slpm was decided as the best 

flow rate to use to ensure that the adiabatic assumption remained accurate up to and 

beyond water saturation conditions. 

The second phase change explored was the homogeneous freezing of cloud droplets, 

which was measured using citric acid test aerosol. Again, the time at which homogeneous 

nucleation began to occur was determined based upon the size of the particles measured 

by the OPC. As with the results from the cloud droplet activation measurements, when 

using the thermocouple temperature measurement, homogeneous nucleation occurred at 
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temperatures ~5 oC higher than would be expected based upon parameterisations and 

model calculations from previous studies (Espinosa et al., 2016; Koop and Murray, 2016; 

Tarn et al., 2021) (shown in Figure 2.7). Again, the calculated adiabatic temperature was 

consistent with the temperatures expected for homogeneous nucleation to occur. 

The results from the measurements of the phase changes that occur in the PINE chamber 

during expansions showed that, for the PINE-1B model, the coldest thermocouple 

measurement was too warm to accurately represent Texp. The results also showed that the 

calculated adiabatic temperature was an accurate representation of Texp under certain 

experimental conditions, which allows for the temperature inside the PINE chamber 

relevant for expansion measurements to be determined without having to rely on the 

thermocouple measurements. To further test the use of the adiabatic temperature as a 

measure of Texp during expansions, the INA of K-feldspar, a mineral known for its high 

ice-nucleating ability, was measured. When using the adiabatic temperature, most 

measurements of the INA of K-feldspar were consistent with the parameterisation from 

Harrison et al. (2019) across a temperature range of ~-18 to -33 oC, further supporting the 

accuracy of the adiabatic temperature. 

The results of these temperature characterisation tests are specific to the PINE-1B, since 

the positions of the thermocouples in other PINE models may be in slightly different 

positions than in the PINE-1B, so the accuracy of the temperature measurements in other 

PINE models may be better or worse than in the PINE-1B. Therefore, it is recommended 

that all other PINE models be tested using similar methods to determine the accuracy of 

their temperature measurements. Also, it is not guaranteed that the adiabatic temperature 

would be an accurate representation of Texp, especially in the commercial PINE models 

which have a different chamber volume and shape to the PINE-1B, so the characterisation 

tests would also allow for the accuracy of using the adiabatic temperature in other PINE 

models to be determined. For future PINE models, improvements should be made to the 

temperature measurements, for example a measure of temperature across the full vertical 

length of the chamber would allow for the temperature gradient to be fully measured and 

the coldest temperature in the chamber during expansions would be more likely to be 

observed by measurements. Other developments such as cooling the air before it enters 

the main PINE expansion chamber would reduce the temperature gradient and therefore 

reduce the temperature uncertainty caused by thermocouple positioning. 

The objective of developing tools and methods of measuring ice nucleation was achieved 

by characterising the temperature in the PINE-1B chamber during expansions and 
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showing through measurements that the adiabatic temperature can be used to accurately 

represent the temperature controlling nucleation processes during expansions under 

certain experimental conditions. The techniques and knowledge developed while 

achieving this objective were then used to help achieve the remaining two objectives. 

5.1.2 Objective 2: Use PINE to characterise the ice-nucleating activity of high-

latitude mineral dusts across a range of temperatures relevant for mixed-

phase clouds 

Many high-latitude locations have been identified as sources of atmospheric mineral dust 

(Meinander et al., 2022) and it is estimated that high-latitude sources account for 1 % to 

5 % of the total dust emissions on Earth (Bullard et al., 2016; Meinander et al., 2022). In 

recent years, several measurement studies have shown dust from northern high-latitude 

sources to be capable of heterogeneous ice nucleation (Barr et al., 2023; Paramonov et 

al., 2018; Porter et al., 2020; Sanchez-Marroquin et al., 2020; Tobo et al., 2019; Xi et al., 

2022) and modelling studies have shown that these dusts may contribute to the immersion 

ice nucleation of mixed phase clouds at locations close to the emission sources and under 

certain conditions (Barr et al., 2023; Sanchez-Marroquin et al., 2020; Shi et al., 2022). 

HLDs from the Copper River valley, Alaska, and the Kangerlussuaq valley, Greenland, 

have previously had their INAs measured using the µL-NIPI cold stage method at 

temperatures above -25 oC by Barr et al. (2023) and Wyld et al. (in prep), respectively. To 

expand upon the characterisation of the INA of HLDs, in chapter 3 of this thesis the PINE-

1B was used to measure the INA of HLD samples from the Copper River valley and the 

Kangerlussuaq valley at temperatures between ~-15 and -36 oC to extend the 

measurement range of HLDs from these sources to homogeneous freezing temperatures 

while also providing a ~10 oC overlap between the PINE and previous µL-NIPI 

measurements to compare the results from the two different methods.  

The INAs of the HLD samples measured by the PINE-1B were similar to one another at 

temperatures between -20 and -25 oC but at temperatures below -25 oC the Kangerlussuaq 

sample had a higher INA by approximately 1 order of magnitude (shown in Figure 3.7). 

The INA of the Kangerlussuaq sample at temperatures below -22 oC was similar to that 

of the Harrison et al. (2019) parameterisation of K-feldspar scaled to the composition of 

K-feldspar in the Kangerlussuaq sample as measured by QXRD. However, at 

temperatures above -22 oC the INA of the Kangerlussuaq sample was higher than of any 

of the mineral components in the sample with characterised INAs, indicating the presence 

of another type of material in the sample controlling its INA at these temperatures (shown 
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in Figure 3.8). A similar pattern was seen with the Copper River sample where the INA 

at temperatures below -22 oC was consistent with the mineral components, but at 

temperatures above -22 oC the INA was higher than the mineral components. The INA 

results from the PINE-1B compared well with the µL-NIPI measurements of samples 

from the same locations, with the two methods having overlapping measurements at 

temperatures between ~-15 and -25 oC (shown in Figure 3.9 and Figure 3.10). 

A parameterisation for the INA of HLDs at temperatures between -6 and -37.5 oC was 

produced by combining the PINE-1B and µL-NIPI measurements. It was assumed that 

the INAs of the samples were controlled by a combination of a mineral component, which 

controlled the INA at temperatures below ~-25 oC, and a biogenic component, which 

controlled the INA at temperatures above ~-25 oC. To describe this behaviour, a scaled 

version of the Harrison et al. (2019) K-feldspar parameterisation was used to represent 

the mineral component and a power law function was used to represent the biogenic 

component. The new parameterisation was fitted individually to the Copper River data 

and the Kangerlussuaq data (shown in Figure 3.12) and both datasets combined (shown 

in Figure 3.13) to demonstrate that the parameterisation can be used as a tool to describe 

the INA of individual HLD sample or an average of multiple different HLDs. 

The objective of using PINE to characterise the ice-nucleating activity of high-latitude 

mineral dusts across a range of temperatures relevant for mixed-phase clouds was met 

through the PINE-1B measurements of the Copper River and Kangerlussuaq dusts at 

temperatures between -15 and -36 oC. By comparing the PINE-1B results with those from 

the µL-NIPI, the temperature range of measurements of the INA of these HLDs was 

extended to lower temperatures and allowed for a parameterisation to be produced which 

describes the INA of these HLD samples at temperatures from -6 to -37.5 oC. In future 

work, more HLD samples from different sources such as Antarctica should be measured 

using both the PINE and µL-NIPI to characterise their INAs across a wide range of 

temperatures. The results from these measurements could then be used to fit the 

parameterisation developed in this study to produce a parameterisation which represents 

the INA of HLD samples from several locations across the globe. This parametrisation 

could then be used in climate modelling studies to better represent the impact that HLD 

may have on clouds and climate, which may become increasingly important as the Earth 

warms and HLD emissions likely increase (Amino et al., 2021). 
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5.1.3 Objective 3: Use PINE to characterise the ice-nucleating activity of volcanic 

ash and the effect of aging processes 

Volcanic eruptions can release up to tens of thousands of teragrams of ash (Williams and 

Self, 1983) and a portion of this ash can persist in the atmosphere for months and 

potentially affect regional and global climate (Durant et al., 2010; Engwell and Eychenne, 

2016; Vernier et al., 2016). Laboratory studies have shown that volcanic ash is capable of 

heterogeneously nucleating ice in the immersion mode and can have a similar INA to 

other active mineral dusts (Durant et al., 2008; Jahn et al., 2019; Mangan et al., 2017; 

Steinke et al., 2011). The INAs of different volcanic ashes have been shown to depend on 

their minerology (Genareau et al., 2018; Maters et al., 2019; Schill et al., 2015), 

crystallinity (Maters et al., 2019) and their interactions with water and volcanic gases in 

both the gaseous phase (Maters et al., 2020) and the aqueous phase (Fahy et al., 2022), 

meaning that predicting the INA of volcanic ashes in the atmosphere may require 

knowledge of the composition and the atmospheric history of the ashes. A previous study 

by Fahy et al. (2022) investigated the effects of aqueous-phase water and acid ageing on 

the INAs of volcanic ash samples from Volcán de Fuego (FUE), Guatemala and Astroni 

(AST) volcano, Italy. They used the µL-NIPI to measure the INA of these volcanic ash 

samples both unaged and aged for various lengths of time up to 120 hours at temperatures 

between -3 and -25 oC. To extend the temperature range of these measurements, in chapter 

4 of this thesis the PINE-1B was used to measure the INA of these same volcanic ash 

samples and a sample from Eyjafjallajökull (EYJ) volcano, Iceland at a temperature of -32 

oC. The trends seen in the PINE-measured INAs of the samples upon ageing were also 

compared to those from the µL-NIPI measurements to determine the consistency between 

the two instruments. 

The INA of the unaged FUE ash was over 1 order of magnitude higher than the other two 

unaged ashes (shown in Figure 4.8), indicating that there were unique ice-active sites on 

the surface of the FUE ash particles which the other ashes lacked. Upon ageing, the INA 

of the FUE ash decreased, water ageing resulting in a greater decrease than acid ageing 

and for both types of ageing the INA increased as ageing time increased. Compared to the 

FUE ash, the INA of the AST ash did not significantly change upon water or acid ageing. 

The patterns in the INAs of the different volcanic ash samples and the effects of ageing 

seen in the PINE-1B measurements at -32 oC were consistent with the µL-NIPI 

measurements at temperatures below -15 oC by Fahy et al. (2022) (shown in Figure 4.10). 
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The objective of using the PINE to characterise the ice-nucleating activity of volcanic ash 

and the effect of ageing processes was met through the PINE-1B measurements of the 

FUE, AST and EYJ volcanic ash samples at a consistent temperature of -32 oC. The 

variability in the INA of volcanic ashes depending on the source of the ash and the type 

and length of ageing with different compounds shows the complexity of accurately 

predicting the INA of volcanic ashes in the atmosphere. The use of the PINE-1B to 

measure the INAs of the volcanic ash samples at -32 oC allowed the measurements from 

Fahy et al. (2022) to be extended to the lower end of the range of temperature relevant 

for mixed-phase clouds. However, the lack of temperature variation for the PINE-1B 

measurements meant that the temperature dependence of the INAs of these volcanic ash 

samples is still not known for temperatures between -25 and -32 oC. The measurements 

by Fahy et al. (2022) showed that the relative INAs of the ashes and the effects of ageing 

were different at different temperatures, highlighting the importance of making 

measurements across a range of temperatures. Also, if the PINE measurements were made 

at temperatures down to -15 oC, a better comparison with the µL-NIPI results from Fahy 

et al. (2022) could have been made, similar to what was shown in chapter 3. 

 

5.2 Project conclusions 

This research project has met the aim of improving our understanding of specific types 

of ice-nucleating particles through laboratory experiments by developing new methods 

for measuring the INAs of aerosol sample using the PINE-1B instrument in chapter 2. 

These new methods were then utilised to characterise the INA of high-latitude dusts and 

volcanic ashes in chapters 3 and 4 respectively. Through the development and use of the 

PINE-1B throughout this research project, the strengths and weakness of the PINE-1B 

instrument were highlighted. 

5.2.1 PINE-1B temperature measurement range and consistency with cold stage 

measurements 

A key strength of the PINE-1B instrument that was utilised in this project was its ability 

to make measurements across a wide range of temperatures relevant for immersion mode 

nucleation. In chapters 2 and 3 measurements of the INAs of mineral dusts were measured 

at temperatures between -13 and -36 oC, a temperature range of over 20 oC. In chapter 3 

this temperature range allowed the results from the PINE-1B to directly be compared with 

those from the µL-NIPI, which can make more accurate measurements then the PINE-1B 
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at temperatures above -15 oC but also has a lower temperature limit of roughly -25 oC.  

Unfortunately, the PINE-1B measurements of volcanic ashes in chapter 4 were only done 

at a single temperature, although this allowed for many repeat measurements to be made 

for each sample, it meant that the temperature dependence of the INAs of the ashes was 

not known. Future studies using the PINE-1B and similar instruments should endeavour 

to utilise the full temperature measurement ranges of the instruments to allow for 

temperature dependencies to be known and enable clear comparisons with other 

instruments and studies. Aside from just extending one another’s temperature ranges, the 

results from the PINE-1B and µL-NIPI measurements were also consistent with one 

another, providing validity to the accuracy of the measurements since previous studies 

intercomparing INA results from different instruments have not always shown 

consistency between the instruments (DeMott et al., 2018; Hiranuma et al., 2019; Wex et 

al., 2015). The results from chapters 3 and 4 of this thesis demonstrated the strength of 

using multiple different measurement techniques to measure the same materials in order 

to complement each other, and so future studies characterising the INA of new materials 

should make an effort to use multiple measurement techniques to allow the results to be 

compared and combined. 

5.2.2 Limitations of PINE 

The results in this thesis also highlighted experimental limitations under which the 

PINE-1B can be used to make accurate measurements of ice crystal number 

concentrations. Ice crystals in the PINE are distinguished from other particles based upon 

the size measured by the OPC and so a clear distinction is needed between the ice crystals 

and other particles in the cloud size distribution measurements to be able to assign a 

threshold diameter above which all measured particles can be counted as ice crystals. In 

chapter 3, it was shown that there are temperature limits within which accurate 

measurements of ice crystal number concentrations can be made, with the specific limits 

depending on the surface area concentration and the INA of the sample being measured. 

At temperatures below ~-35 oC, homogeneous nucleation of droplets is expected to begin 

to occur in the PINE (Herbert et al., 2015; Rosenfeld and Woodley, 2000; Westbrook and 

Illingworth, 2011) and so immersion mode heterogeneous nucleation cannot be measured 

since heterogeneously frozen ice crystals cannot be distinguished from those 

homogeneously frozen. This serves as a lower temperature limit of PINE when making 

measurements of heterogenous nucleation and is independent from sample surface area 

concentration and INA. The upper temperature limit is a result of the lower detection limit 
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of ice crystals produced in the PINE-1B during expansions, for the HLD sample 

measurements, when the minimum expansion adiabatic temperature was above ~-20 oC 

only ~0 to 5 ice crystals were measured per expansion resulting in a high uncertainty 

associated with the counting statistics of the ice crystals. Although multiple expansions 

at these temperatures could be averaged to produce values with lower uncertainty, there 

was still an upper temperature limit of ~-14 oC above which ice crystals were no longer 

detected during expansions. It can be expected that this temperature limit depends on the 

surface area concentration and INA of the sample being measured, since at higher 

concentration or higher sample INA at these higher temperatures the number of ice 

crystals produced during expansions would be expected to be larger and therefore more 

would be detected and the number of ice crystals could be measured with statistical 

significance. 

The results in chapter 4 showed that there are also sample concentration limitations 

outside of which the PINE-1B measurements of ice crystal number concentrations can 

become inaccurate. In chapter 4, a wide range of sample concentrations were used, and it 

was found that the aerosol surface area concentration needed to be within the range of 

2 x 10-6 to 1 x 10-8 cm2 cm-3 to produce accurate ice crystal concentration measurements 

at a temperature of -32 oC. At lower concentrations, the number of ice crystals measured 

per expansion was too low (~0 to 10), resulting in a high measurement uncertainty similar 

to the higher temperature expansions in chapter 3. At aerosol surface area concentrations 

higher than the defined range, the presence of sample aerosol particles up to 10 µm in 

diameter potentially interfered with the identification of ice crystals based upon their size, 

leading to uncertainty in the measurements of ice crystal concentrations. This issue of 

larger aerosol particles interfering with the ice identification could be address for future 

measurements with the PINE-1B by using a tool such as an impactor when generating or 

collecting the aerosol sample to ensure there are no particles above a certain size. Like 

the temperature limitations found in chapter 3, the specific surface area concentration 

limits defined in chapter 4 will depend on the sample being measured, since samples with 

higher INA would produce more ice crystals at a given surface area concentration and so 

result in a lower concentration limit. The PINE-1B measurement limitations seen in 

chapters 3 and 4 are a consequence of the method of identifying ice crystals solely based 

upon the size of particles measured by the Welas OPC at the PINE chamber outlet. To 

address these limitations, future developments of the PINE instrument should consider 

additional or alternative methods for identifying ice crystal production in the PINE 
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chamber, for example a depolarization detector to distinguish the phase of the particles 

(Zenker et al., 2017). 
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