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Abstract 

Cirrus are thin upper tropospheric clouds that are composed entirely of ice particles. Due to their 

extensive coverage of the Earthôs surface, they have a significant impact on the Earthôs radiative 

balance. In the absence of a foreign surface, cirrus ice particles can form via homogeneous ice 

nucleation in liquid aqueous solution aerosol droplets. Ice can also nucleate heterogeneously 

when catalysed by the presence of solid particles, which can affect the physical properties of the 

cloud, potentially resulting in high in-cloud humidity and low optical depth. In order to better 

quantify the impact of cirrus on future climate it is vital to understand the microphysical 

processes that lead to their formation. This project focuses on the investigation of heterogeneous 

ice nucleation in the deposition mode under cirrus conditions. It can be divided into two 

sections: 

1) The investigation of the ice nucleation behaviour of glassy aerosols. Atmospheric secondary 

organic aerosol (SOA) is likely to exist in a semi-solid or glassy state, particularly at low 

temperatures and humidities. Over the course of two experimental campaigns at the AIDA 

(Aerosol Interactions and Dynamics in the Atmosphere) cloud simulation chamber, the ice 

nucleation properties of aerosols of five different glass forming compositions (citric acid, 

raffinose, 4-hydroxy-3-methoxy-mandelic acid (HMMA ), levoglucosan, and a mixture ï 

raffinose/M5AS) were studied. These organic compounds have similar functionality to 

oxidised organic material found in atmospheric aerosol and have estimated 

temperature/humidity induced glass transition thresholds that fall within the range predicted 

for atmospheric SOA. A small fraction of aerosol particles of all compositions were found 

to nucleate ice heterogeneously in the deposition mode at temperatures < 200 K, which is 

relevant to the tropical tropopause layer (TTL). Raffinose and HMMA, which form glasses 

at higher temperatures, nucleated ice heterogeneously at temperatures as high as 214.6 and 

218.5 K respectively. Using a 1D cirrus model, it was shown that nucleation on glassy 

aerosols may explain low ice crystal numbers and high in-cloud humidity in the TTL. It was 

also found that the ice nucleation efficiency of glassy aerosol particles became enhanced 

after having been frozen homogeneously at temperatures close to their glass transition 

thresholds. 

2) The design and development of a benchtop instrument for the study of deposition mode ice 

nucleation. After characterisation, the deposition mode chamber was used to investigate ice 

nucleation by a natural sample of kaolinite clay mineral dust (KGa-1b, Clay Minerals 

Society). The surface area of kaolinite present was found to affect the onset humidity of ice 

nucleation. Evidence was also found for the enhancement of kaolinite particles as ice nuclei 

after they had nucleated ice in an initial experiment. 
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Chapter 1: Introduction 

1.1 Earthôs atmosphere 

Earth is surrounded by a layer of gases that are retained by the action of gravity. The 

atmosphere protects the Earth from ultraviolet radiation emitted by the Sun, warms the 

surface of the planet via the greenhouse effect and acts as a buffer against extreme 

temperature changes during the diurnal cycle. These properties allowed the evolution of 

terrestrial life forms and continue to support a habitable environment at the Earthôs 

surface. 

The atmosphere is mainly composed of nitrogen (78.08%), oxygen (20.95%), 

argon (0.93%) and carbon dioxide (0.039%), plus traces of other gases including ozone 

and methane. It also has the largest percentage abundance of water vapour of all the 

planetary atmospheres in the solar system; containing ~0.4% water vapour averaged 

across the whole atmosphere (Wayne, 2000). The chemical composition of the 

atmosphere is maintained on geological timescales by the biosphere (i.e. by 

photosynthesis), by release from and uptake to the material of the Earthôs crust and by 

degassing of the planetôs interior (Seinfeld and Pandis, 2006). The release of 

anthropogenic pollutants since the industrial revolution has been shown to have had a 

concerning affect on the Earthôs atmosphere. A clear example of this is the release of 

trace gases such as chlorofluorocarbons (Wayne, 2000), which catalytically destroy 

stratospheric ozone causing a hole in the Earthôs ozone layer. There is also a large body 

of evidence that shows increased emissions of the greenhouse gas CO2 from fossil fuel 

burning by a growing world population is causing an increase in global temperatures 

(Solomon et al., 2007). 

1.1.1 Atmospheric structure 

The atmosphere is divided into a series of layers based on the inversions that occur in its 

temperature profile as altitude increases (Figure 1.1). The lowest layer, the troposphere, 

extends ~10 km in height at the poles and ~17 km at the equator. It makes up 90% of 

the mass of the atmosphere and contains the vast majority of its water vapour and 

aerosols (Wayne, 2000). The troposphere is heated primarily at ground level by solar 

radiation and its temperature decreases as altitude increases. The tropopause is the 
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coldest point of the troposphere and marks the temperature inversion that occurs at the 

transition to the stratosphere. This inversion is due to heating associated with the 

presence of ozone in the stratosphere (Wayne, 2000). 

 

Figure 1.1 An example atmospheric temperature profile up to 

100 km, adapted from Brasseur et al. (1999). 

1.1.2 Atmospheric Aerosol 

Atmospheric aerosol is ubiquitous and is the precursor to liquid and ice cloud 

formation. Aerosols are suspensions of fine solid particles or liquid droplets in a gas. 

Generally atmospheric aerosol particles are considered to exist in a range of sizes from 

tens of micrometres to a few nanometres (Seinfeld and Pandis, 2006). They originate 

from the surface of the earth (primary atmospheric aerosol) and are also generated in 

situ (secondary atmospheric aerosol). Primary aerosol is emitted directly from both 

anthropogenic and natural sources such as the soot from the combustion of fossil fuels 

and biomass burning (i.e. natural wildfires) or mineral dust from desert regions blown 

into the atmosphere by storms (Koren et al., 2006). Secondary organic aerosol (SOA) is 

formed by gas phase organic species (often emitted by plants) condensing and/or 

reacting (Seinfeld and Pandis, 2006). The chemical composition of SOA is dependent 

upon its source region, its chemical precursors and how old it is. As SOA ages, the 
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uptake of gas phase species by the aerosol continues as does oxidation of the aerosol 

components by reactive species such as the OH radical. 

Aerosol has both direct and indirect effects on climate. Aerosol particles directly 

affect the global radiation budget by scattering and absorbing incoming solar radiation. 

The indirect aerosol effect is more complex and is concerned with aerosol-cloud 

interactions. This includes the modification of the radiative properties of existing clouds 

by aerosol particles and the formation of new clouds (Twomey, 1974; Forster et al., 

2007; Albrecht, 1989; Baker, 1997; Rosenfeld, 2000; Ramanathan et al., 2001; Baker 

and Peter, 2008). Insoluble particulates such as mineral dusts provide catalytic surfaces 

for liquid water to condense upon and soluble particles can take up water and become 

liquid droplets. Aerosols acting in these ways are described as cloud condensation 

nuclei (CCN). Liquid aerosol droplets can freeze homogeneously, i.e. in the absence of 

any foreign surfaces. Solid particles can heterogeneously catalyse the formation of ice 

either from within liquid droplets or directly from the vapour phase, thereby acting as 

ice nuclei (IN). 

Aerosol-cloud interactions are one of the largest uncertainties when predicting 

change in the future climate (Forster et al., 2007) (see Figure 1.2). There is an 

increasing understanding of the impact of CCN on climate (Forster et al., 2007; 

Ramanathan et al., 2001; Lohmann and Feichter, 2005; McFiggans et al., 2006), but the 

role of IN in the indirect aerosol effect is still poorly understood (Forster et al., 2007; 

Baker, 1997; Cantrell and Heymsfield, 2005; Baker and Peter, 2008). 

1.1.3 Clouds and the climate 

Only 0.001% of the Earthôs water is in the atmosphere at any one time, the rest is in the 

oceans (97%), polar ice caps (2.4%) and lakes and rivers (0.6%) (Wayne, 2000). The 

atmosphere contains water in all three phases - as a vapour, as liquid droplets and as ice 

crystals. Clouds can contain both liquid droplets and ice particles at the same time 

(mixed phase clouds) or exist in entirely liquid or glaciated states (single phase clouds). 

Clouds have a dual effect on Earthôs climate as they simultaneously trap heat 

from the surface and reflect solar radiation back into space. The balance between these 

two effects is strongly dependent on the number, size and phase of cloud particles, 

which are directly influenced by the physical properties of the aerosol from which 
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clouds nucleate. There is no consensus on whether clouds will have a net cooling or 

warming feedback in response to an increase in anthropogenic CO2. It has been stated 

that this is the main cause of uncertainty in the magnitude of global warming when CO2 

is doubled (Lohmann and Feichter, 2005). Figure 1.2 summarises the estimated global 

average radiative forcing of climate (the difference between radiant energy received by 

the earth and energy re-radiated to space) between 1750 and 2005 associated with 

mechanisms and agents discussed in Chapter 2 of the IPCC Fourth Assessment Report 

(Solomon et al., 2007). The effect of CCN on the radiative properties of liquid clouds is 

considered to be well enough understood that it is included as the ócloud albedo effectô 

forcing. In contrast, the effect of ice nucleation on cloud properties and formation is so 

poorly understood that its impact on the climate could not even be estimated (Solomon 

et al., 2007).  

 

Figure 1.2 Radiative forcing of climate between 1750 and 2005 from mechanisms and agents 

discussed in Chapter 2 of the IPCC Fourth Assessment Report: Climate Change 2007, Working 

Group I: The Physical Science Basis (Solomon et al., 2007). The diagram also includes the 

associated level of scientific understanding (LOSU) and spatial scales of the effects. 
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Clouds also have the potential to become a key asset in the mitigation of anthropogenic 

climate change; by either dispersing or ówhiteningô them, it may be possible to adjust 

the Earthôs radiative balance (Latham et al., 2008; Mitchell and Finnegan, 2009). 

1.1.3.1 Cirrus clouds 

In recent years, cirrus clouds have been the focus of an increasing amount of research 

due to the large impact that changes in their coverage and microphysics have on model 

climates (Heintzenberg and Charlson, 2009). The World Meteorological Organisation 

defines cirrus clouds based on their day-time visible morphology as being ñDetached 

clouds in the form of white delicate filaments or white/mostly white patches or narrow 

bands. These clouds have fibrous (hair-like) appearance, or a silky sheen, or bothò 

(Lynch et al., 2002). The name cirrus is derived from the Latin meaning óa lock or 

ringlet of hairô. More generally, they are considered simply as cold, high clouds made 

entirely of ice particles. This definition allows the inclusion of the ubiquitous very high 

altitude, thin, featureless clouds commonly found in the tropics (Lynch, 1996). 

Cirrus clouds exist below the homogeneous freezing point of liquid water 

(~236 K) (Pruppacher and Klett, 1997) and at altitudes above 6 km (Baran, 2009) but 

below the tropopause. Cirrus can also be divided into three broad sub-categories based 

on how they form; in situ cirrus which are widespread at all latitudes and form by ice 

nucleation in supercooled droplets or on solid ice nuclei, anvil cirrus which are 

common in the tropics and arise from the outflow at the top of deep convective systems 

and contrail cirrus that are associated with jet aircraft exhausts (Heintzenberg and 

Charlson, 2009). 

Cirrus clouds cover ~30% of the Earthôs surface at any one time and in the 

tropics coverage is typically ~60 ï 70% (Baran, 2009; Wylie and Menzel, 1999; 

Stubenrauch et al., 2006; Sassen et al., 2008; Nazaryan et al., 2008; Liou and Takano, 

1994; Sassen and Comstock, 2001). Due to their ubiquity, they have a significant 

impact on the Earthôs radiative balance (Baran, 2009; Liou, 1986; Mitchell et al., 1989; 

Fu, 2007; Zhang et al., 1999), as well as playing important roles in upper tropospheric 

heat transfer (Ramanathan and Collins, 1991) and the transport of water vapour across 

the tropopause into the stratosphere (Jensen and Pfister, 2004). The radiative effect of 

cirrus at the surface is dependent on a number of factors including the clouds 

geographic location, their geometric thickness, variation in the shape and the 
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distribution of ice crystals. These factors determine how much infra-red radiation from 

the surface is trapped versus the amount of shorter wavelength solar radiation that is 

reflected back into space (Baran, 2009; Lynch et al., 2002). Changing the size of ice 

particles alone has a massive effect on the net radiative forcing. Modelling by Zhang et 

al. (1999) found that smaller ice crystals gave a net cooling of approximately 40 W m
-2
 

compared to larger crystals that resulted in a net warming of about +20 W m
-2

 (Baran, 

2009). To be able to better quantify the impact of cirrus on future climate it is vital to 

better understand the microphysical processes that lead to their formation. 

The conditions for cirrus formation (decreasing temperature, increasing 

humidity) are generated by the cooling of air parcels containing aerosol particles. This 

cooling can originate from the expansion of rising air parcels during large scale synoptic 

uplift (Lynch et al., 2002). More rapid temperature fluctuations caused by gravity waves 

also lead to cirrus formation (Barahona and Nenes, 2011; Lynch et al., 2002). In-situ 

cirrus nucleates from the background aerosol particles that are present in the cooling air 

mass. Ice can nucleate homogeneously when soluble aerosol take up water on 

increasing humidity, dilute and eventually freeze at the homogeneous nucleation 

threshold (Koop et al., 2000). Nucleation can be catalysed heterogeneously at 

humidities below the homogeneous threshold by solid IN particles. Nucleation at lower 

humidities by a small subset of aerosol particles can lead to a significant reduction of 

the cloudôs ice particle number concentration (Jensen et al., 2010), which will also 

affect radiative properties of the cloud. It is important therefore to be able to identify 

which particles in an air mass will act as heterogeneous IN, which will take up water 

and freeze homogeneously and which will merely spectate. 

1.2 Project objectives 

The purpose of this project was to experimentally study the heterogeneous catalysis of 

ice nucleation by specific types of aerosol particles under conditions relevant to cirrus 

clouds that form in situ. The main objectives were: 

¶ To investigate the ice nucleation behaviour of glassy aerosol particles 

under cirrus conditions at the AIDA (Aerosol Interactions and Dynamics 

in the Atmosphere) cloud simulation chamber. 

¶ To develop and characterise a bench top instrument for the investigation 

of deposition mode ice nucleation. 
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¶ To use the new instrument to study the ice nucleation behaviour of a 

natural clay mineral dust in the deposition mode. 

1.3 Thesis overview 

The methodology and results relating to the investigation of glassy aerosol particles are 

presented in Chapters 2, 4, 5 and 6. Details of the development, characterisation and the 

results from the deposition mode chamber (DMC) are given in Chapters 3 and 7. 

Chapter 8 provides a summary of the project and presents the important conclusions.  

 The remainder of this chapter gives a general introduction to the theory of 

atmospheric ice nucleation and the aerosol particles that act as IN. It also introduces the 

topic of óamorphous aerosolô and presents the rationale for studying the behaviour of 

glassy aerosol particles and clay minerals. 

1.4 Project background 

1.4.1 Ice nucleation in the atmosphere 

Ice formation in clouds is a key process in initiating precipitation and is considered for 

this reason to be of vital importance to life on Earth (DeMott et al., 2010). The 

production of ice particles can affect the properties and behaviour of low and mid-level 

mixed phase cloud as well as upper tropospheric ice clouds. In mixed phase clouds, 

nucleated ice particles can grow larger at the expense of supercooled liquid water 

droplets (the Bergeron-Findeisen process) and then sediment, reducing the lifetime of 

the cloud (Pruppacher and Klett, 1997). The release of latent heat from the 

crystallisation of liquid water can drive clouds to higher altitudes and influence 

atmospheric dynamics. In upper tropospheric ice clouds (such as cirrus) the number of 

IN effects the number and size of ice particles, which changes the optical properties of 

the cloud. More, smaller ice particles result in whiter cirrus, increasing the reflectivity 

of the cloud (Lynch et al., 2002). 

1.4.2 Homogeneous ice nucleation  

Ice nucleation can occur homogenously, i.e. directly from the liquid phase. This process 

starts with the formation of a cluster of the new phase. Cluster formation creates a new 

solid-liquid interface, which costs energy because molecules at the interface do not have 

all of their bonding interactions satisfied. The formation of new bonds between water 
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molecules inside the cluster releases energy. Competition between the energetically 

favourable creation of the bulk ice phase and the unfavourable interface formation 

results in a barrier to the formation of the new phase. Consequently, clusters of ice have 

to reach a critical size before they become stable enough to grow rather than just break 

up. Homogeneous nucleation is a stochastic process as the formation of clusters occurs 

randomly. For this reason, the probability of forming a stable cluster scales with the 

volume of the liquid. In larger volumes of water (e.g. ml), nucleation is likely to occur 

close to the melting point of ice, whereas in very small droplets (~1 µm in diameter) 

such as those found in the atmosphere, water is able to supercool to ~236 K (Stan et al., 

2009; Kramer et al., 1999; Demott and Rogers, 1990; Benz et al., 2005; Murray et al., 

2010a). This provides a limiting temperature below which pure water droplets in clouds 

are completely glaciated. 

1.4.2.1 Classical nucleation theory (CNT) 

Ice nucleation can be described using classical nucleation theory (CNT). In the 

following example this theory is applied to the homogeneous nucleation of ice from 

supercooled water. The equations used are in a general form that can be applied to other 

situations such as the nucleation of ice from a gas supersaturated with water vapour. 

CNT provides a model for calculating the Gibbs free energy for the formation of a 

cluster of the new phase containing n water molecules (DGc) (Mullin, 2001). This 

quantity is the sum of the Gibbs energy required for the formation of the interface 

between ice and supercooled water, DGs and the energy released by the forming of 

bonds in the new more thermodynamically stable bulk ice phase, DGb.  

ЎὋÃ ЎὋÓ ЎὋÂ 

Equation 1.1 

The energy of formation of the interface of a spherical cluster of n molecules of 

radius, rn, is expressed as  

ЎὋ τ“Ò‎ÓÌ 

Equation 1.2 

where in the case of homogeneous ice nucleation from liquid water, ɔsl (units: 

J cm
-2

) is the interfacial tension (or surface energy) between the developing crystalline 
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surface of ice and supercooled liquid water. The Gibbs free energy for the formation of 

the bonds in the cluster is given by 

ЎὋ ‘ ‘ὲ 

Equation 1.3 

where µs and µl are chemical potentials of the solid and liquid phase 

respectively. The difference in chemical potentials can be expressed as 

‘ ‘ ὯὝÌÎὛ 

Equation 1.4 

where k is the Boltzmann constant, T is the temperature and S is the saturation of 

liquid water with respect to ice. The number of molecules in the spherical cluster, n, can 

be replaced with the expression  

ὲ
τ“ὶ

σ’
 

Equation 1.5 

where ɜ is the molecular volume of water. Substituting Equation 1.2 - Equation 

1.5 into Equation 1.1 gives 

ЎὋÃ τ“ὶ‎ÓÌ
τ“ὶ

σ’
ὯὝÌÎὛ 

Equation 1.6 

The two free energy terms have opposite signs and vary with rn, causing ҟGc to 

pass through a maximum once the radius of the cluster reaches a critical size (Figure 

1.3). Any cluster greater than or equal to this size is stable and therefore able to grow. 
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Figure 1.3 The variation of ҟGs, ҟGb and ҟGc with radius (r). The critical radius, rc, is also 

indicated. Adapted from Mullin (2001). 

Differentiating Equation 1.6 with respect to rn, setting dҟGc/drn equal to zero 

and then rearranging for rn yields the minimum radius required for a cluster to become 

stable. This is termed the critical radius, rc 

ὶ
ς‎ÓÌ’

ὯὝÌÎὛ
 

Equation 1.7 

Substituting Equation 1.7 into Equation 1.6 and simplifying gives the free 

energy of formation of a critically sized cluster of new ice phase, ҟGhom 

ЎὋÈÏÍ
ρφ“‎ÓÌ’

σËὝÌÎὛ
 

Equation 1.8 
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1.4.2.2 The role of water activity in homogenous ice nucleation 

Solutes depress the freezing temperature of water, allowing solution droplets to remain 

liquid at temperatures below the freezing threshold for pure water droplets (~236 K). 

The homogeneous freezing temperature of solution droplets of the same molality (moles 

of solute per kg of solution) varies depending on the solute. The offset in freezing 

temperatures is particularly noticeable at moderate to high solute concentrations. Koop 

et al. (2000) showed that the homogeneous freezing point for solution droplets was 

instead dependent on the water activity (aw) of the solution. Water activity provides an 

óeffectiveô solute concentration as it accounts for the intensity of the colligative effects 

between the water molecules and dissolved species. Water activity is equal to the ratio 

of the equilibrium vapour pressure of the solution and the equilibrium vapour pressure 

of pure water at the same temperature. 

 

Figure 1.4 a) Melting (squares) and freezing (circles) temperatures for a variety of aqueous 

solutions versus solution molality. b) Freezing data shown as a function of water activity. The 

melting threshold is shown as a dashed line and the freezing threshold a solid line. Taken from 

Koop et al. (2000). 

Figure 1.4 compares the freezing and melting temperatures of solution droplets 

as a function of molality and water activity. Panel a shows the considerable deviation in 

freezing and melting points for different solutes at the same molality. When converted 

to the water activity scale, the freezing and melting points both collapse onto smooth 
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curves (Panel b). The melting points fall on to one curve because the water activity of 

the solution when in equilibrium with ice, ὥ , is independent of the identity of the 

solute as it is only a function of temperature (T) and pressure (p)  

ὥ Ὕȟὴ Ὡ
ȟ ȟ

 

Equation 1.9 

where R is the gas constant and ‘ Ὕȟὴ and ‘ Ὕȟὴ are the temperature and 

pressure dependent chemical potentials in pure ice and pure liquid water respectively (in 

J mol
-1

). Koop et al. (2000) established that the freezing threshold (solid line in Figure 

1.4b) is identical to the melting curve offset horizontally by a certain óȹaw
ô
. The 

freezing curve shown in Figure 1.4b corresponds to ȹaw = 0.305 

At equilibrium, the water activity of liquid solution droplets is equal to the 

saturation with respect to liquid water (Sliq) of the air that surrounds them (i.e. aw = Sliq). 

At a particular temperature, Sliq is expressed as the ratio of the partial pressure of water 

vapour (ὴHO) and the saturation vapour pressure of water vapour over a flat liquid 

water surface (ὴliq
ᶻ Ὕ). The relative humidity with respect to liquid water (RHliq) is 

simply Sliq expressed as a percentage. 

Ὓ
ὴ(/

ὴÌÉÑ
ᶻ Ὕ

2(

ρππ
 

Equation 1.10 

The relative humidity can also be expressed with respect to hexagonal ice (RHi, 

this is important for deposition mode heterogeneous ice nucleation, see below). This 

expression takes the same form as that for liquid water, but with ὴliq
ᶻ Ὕ replaced with 

the saturation vapour pressure of water vapour over a hexagonal ice surface ὴice
ᶻ Ὕ. 

Murphy and Koop (2005) provide parameterisations for ὴÌÉÑ
ᶻ Ὕ and ὴice

ᶻ Ὕ for 

temperatures between 123 and 332 K. 

Ὓ
ὴ(/

ὴᶻ Ὕ

2(

ρππ
 

Equation 1.11 
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When supercooled concentrated (aw << 1) liquid solution droplets are exposed to 

increasing atmospheric humidity they will dilute and then freeze when their water 

activity reaches a threshold temperature dependent value of RHliq. This result simplifies 

the prediction of the conditions under which homogeneous ice nucleation occurs in 

atmospheric aerosol droplets devoid of any solid impurities. 

1.4.3 Heterogeneous ice nucleation 

The nucleation of ice can be catalysed by particles in the atmosphere, raising the 

temperature or lowering the humidity at which it can occur. Ice nuclei (IN) represent a 

subset of the atmosphereôs aerosol population. In general, the fraction of aerosol able to 

act as IN increases as temperature decreases and RHi increases (Pruppacher and Klett, 

1997). The absolute number of IN has been found to correlate with the number 

concentration of aerosol particles larger than 0.5 µm in diameter (DeMott et al., 2010). 

Typically IN concentrations are found to be seven to nine orders of magnitude lower 

than the total aerosol concentration (at ~260 K) (Szyrmer and Zawadzki, 1997). 

Pruppacher and Klett (1997) outline some physical characteristics that increase the 

likelihood of a particle being able to act as an ice nucleus: 

¶ Insolubility ï particles that dissolve or disintegrate under wet conditions are less 

likely to be able to act as IN as they would not provide a rigid surface to aid the 

formation of a critically sized ice germ. It should be noted however that soluble 

crystalline materials such as ammonium sulphate (Abbatt et al., 2006) do 

nucleate ice. Hence this characteristic could be defined simply as the ability to 

act as a surface. 

¶ Size ï IN need to similarly sized or bigger than the size of a critical ice germ and 

are typically found to be > 0.1 µm in diameter. 

¶ Chemical bonds ï the type and strength of available chemical bonds between the 

surface of the IN and the ice germ affect the particleôs ability to nucleate ice. 

Considering that ice is held together by hydrogen bonds of particular polarity 

and strength, it is assumed that an effective IN would have similar available 

hydrogen bonding sites at its surface. 

¶ Crystallography ï the geometric arrangement of bonds at the surface of the IN is 

at least as important as their chemical nature. An exposed crystal face with 

molecular or ionic bonding sites arranged in the same geometry as that of the ice 
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crystal (e.g. silver iodide (Vonnegut, 1947)) would be expected to aid the 

nucleation of a critical germ. Small discrepancies between the geometry of the 

surface and the ice germ may be compensated for by elastic deformation of the 

ice lattice and the IN surface. 

¶ Active sites ï IN may possess óactive sitesô that are areas of surface pre-disposed 

to ice nucleation due to specific physical properties. An active site may be a 

morphological surface inhomogeneity such as a step, crack, pore or cavity or it 

may be a hydrophilic chemical inhomogeneity that allows lower energy binding 

of water molecules than elsewhere. 

These criteria provide a useful framework for understanding what properties 

might make certain particles more efficient IN. Currently however it is impossible to 

accurately predict a materials IN ability based on its physical properties (Hoose and 

Möhler, 2012). 

1.4.3.1 Modes of heterogeneous ice nucleation 

Ice nucleation in the atmosphere occurs by a set of different mechanisms which are 

commonly referred to as ómodesô (Figure 1.5). Immersion mode nucleation occurs when 

an insoluble IN immersed in a supercooled liquid droplet catalyses ice formation. 

Deposition mode nucleation becomes possible above ice saturation (100% RHi), with 

water vapour depositing directly as ice upon the surface of a solid IN. Contact mode 

nucleation occurs when an IN collides with a supercooled liquid water droplet, causing 

immediate ice nucleation. Condensation mode nucleation occurs when liquid water 

condenses upon on a particle, allowing the particle to act as an IN. If the particle 

becomes entirely coated in liquid water then any ice nucleation would then be classified 

as immersion mode. Certain modes of heterogeneous nucleation may dominate, 

depending on the identities and number concentration of the IN available and the 

surrounding humidity and temperature. 
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A) Immersion mode 

 

B) Deposition mode 

 

C) Contact mode 

 

D) Condensation mode 

 

Figure 1.5 The different modes of heterogeneous ice nucleation. 

Cirrus clouds exist at temperatures below the homogenous limit for ice 

nucleation in pure water droplets (~236 K). Currently, the importance of each mode of 

ice nucleation for cirrus formation has not been fully evaluated. A key area of 

knowledge that is required when trying to understand how cirrus clouds form is 

therefore the reaction of different aerosol types to varying humidity and temperature 

conditions. If a particle is soluble it can take up water when exposed to increasing 

humidity and will freeze homogeneously once the humidity reaches the Koop threshold 

(Koop et al., 2000). Soluble material on the surface of an insoluble IN could also take 

up water below water saturation and then freeze either as the result of immersion, 

condensation, contact or even homogeneous mode nucleation. Deposition mode ice 

nucleation, which is the focus of this study, can only occur at humidities above ice 

saturation (100% RHi).  
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1.4.3.2 Parameterising heterogeneous ice nucleation using CNT 

As our understanding of the properties of different classes of atmospheric IN improves, 

there is an increasing requirement to be able to model the effects of different aerosols on 

cirrus and mixed phase cloud properties. CNT can be used to attempt the 

parameterisation of ice nucleation by different IN. The presence of an IN lowers the 

activation barrier to the nucleation of the ice phase. The free energy for the formation of 

a critically sized cluster of ice on the surface of an IN,  ЎὋ , is therefore smaller than 

ЎὋ . This reduction in the free energy required for cluster formation can be 

expressed by multiplying ЎὋ  by a parameter (fhet) which has a value between 0 and 

1  

ЎὋ ЎὋ Ὢ  

Equation 1.12 

Substituting Equation 1.8 into Equation 1.12 gives 

ЎὋ
ρφ“‎’Ὢ

σËὝÌÎὛ
 

Equation 1.13 

When parameterising deposition mode ice nucleation the solid ice/vapour 

interfacial tension (ɔsv) is used as is the saturation with respect to ice. In its simplest 

form, CNT assumes that ice nucleation is stochastic and that it has an equal chance of 

occurring at any location on the surface of an IN (Fletcher, 1958). It assumes either that 

all droplets or all particles are uniform (depending on which mode of ice nucleation is 

being modelled). The value of fhet is often based on ice clusters having a single, 

common contact angle (Ŭ) between all ice embryos and the surface of a particular type 

of IN (Pruppacher and Klett, 1997). This is referred to as the single-Ŭ model (Wheeler 

and Bertram, 2012). Using this model fhet is expressed as  

Ὢ
ς ÃÏÓ‌ ς ÃÏÓ‌

τ
 

Equation 1.14 

The single-Ŭ model has been used extensively to parameterise experimental data 

(e.g. Archutela et al. (2005), Eastwood et al. (2008), Wheeler and Bertram (2012), 

Chernoff and Bertram (2010)) and has also been used to describe heterogeneous ice 
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nucleation in atmospheric cloud models (e.g. Kärcher (1996), Jensen and Toon (1997) 

Jensen et al. (1998), Hoose et al. (2010a), Hoose et al. (2010b)). As it has been widely 

used, the values of Ŭ do provide a somewhat useful comparison of different IN. Recent 

work does however suggest that caution should be taken when using the single-Ŭ model 

as it does not always provide an accurate description of the effect of changing the 

surface area of an IN that is available (Wheeler and Bertram, 2012). To improve its 

applicability in some cases, the single-Ŭ model has been modified. An example is the 

probability distribution function-Ŭ model (Marcolli et al., 2007; Lüönd et al., 2010), 

which assume particle-to-particle variation, described by a probability distribution 

function. 

1.4.3.2.1 The heterogeneous nucleation rate coefficient 

A commonly used parameter that allows comparison between different experimental 

measurements is Jhet, the rate coefficient of heterogeneous ice nucleation. Jhet is defined 

as the number of nucleation events per unit of surface area of material per unit time 

(e.g. cm
-2

 s
-1

) (Pruppacher and Klett, 1997). In this section, the nucleation rate by a 

single, uniform IN type is considered (i.e. the single stochastic model). For immersion 

mode ice nucleation Jhet is just a function of temperature. For deposition mode 

nucleation, Jhet is a function of both temperature and relative humidity. In both cases it 

can be expressed as an Arrenhius equation that relates it to ЎὋ  

ὐ ὐὩ
Ў
Ë  

Equation 1.15 

where k (J K
-1

) is the Boltzmann constant, T is the temperature (K) and J0 is a 

pre-exponential factor with units of cm
-2

 s
-1

. The rate at which particles nucleate ice can 

be defined as 

2ÁÔÅ
Äὔ

Äὸ
ὐÈÅÔ„Óὔ 

Equation 1.16 

For immersion mode freezing, dN is the number of ice free liquid droplets 

containing nucleant with a surface area of ůs that freeze in time dt (Wagner et al., 

2012a). Between times t1 and t2, the number of unfrozen droplets decreases from N1 to 
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N2. Integrating the left hand side of Equation 1.16 between N2 and N1 and the right hand 

side between t2 and t1 gives  

ὔ ὔὩ ÈÅÔÓЎ 

Equation 1.17 

 where ȹt = t2 - t1. If the decay of the fraction of liquid droplets is approximately 

exponential, the nucleation rate can be derived from experimental data using this model. 

Examples of exponential decay are shown for kaolinite and silver iodide containing 

droplets in Figure 1.6 (Wagner et al., 2012a).  

 

Figure 1.6 Exponential decay of unfrozen water droplets containing 

kaolinite and silver iodide with time. Taken from Murray et al. (2012a). 

When calculating Jhet for deposition mode data, ůs is the surface area per ice free 

particle and N is the number of ice free particles. As the number of particles that 

nucleate ice during ȹt (ȹNice) is equal to N1 - N2, Equation 1.17 can be expressed as  

Ўὔ

ὔ
ρ Å Ў 

Equation 1.18 

Re-arranging gives 
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ὐ
ÌÎρ

Ўὔ
ὔ

„ὸ
 

Equation 1.19 

If the total number of particles is unknown (as is the case in experiments 

performed in Chapter 7), Equation 1.19 can be modified so that only the total surface 

area needs to be known. The total surface area (As) is the product of ůs and N1, Hence  

ὔ
ὃ

„
 

Equation 1.20 

Substituting Equation 1.20 into Equation 1.19 gives 

ὐ
ÌÎρ

ЎὔÉÃÅ„
ὃ

„ὸ
 

Equation 1.21 

When ȹNice/N1 is less than 0.1 Equation 1.21 can be simplified using an 

approximation based on the Taylor series i.e.  

ÌÎρ ὼ ὼ 

if  ὼ πȢρ 

Giving 

ὐ
ɝὔ

!ὸ
 

Equation 1.22 

1.4.3.3 Parameterising heterogeneous ice nucleation using the 

deterministic model 

Nucleation has been shown to be a stochastic process (Vonnegut and Baldwin, 1984; 

Broadley et al., 2012; Murray et al., 2011), but it has been suggested that the time 

dependence of nucleation is of secondary importance when compared to particle 

heterogeneity (Pruppacher and Klett, 1997; Vali, 2008). Neglecting any time 

dependence allows a simpler approach to parameterising heterogeneous ice nucleation 
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data that is not based on CNT. This was done previously with the cumulative nucleus 

spectrum defined by Vali (1971),(1994). A similar time independent quantification that 

takes into account the surface area dependence of ice nucleation is the óice active 

surface site densityô or ns, which was first defined by DeMott (1995). It has been used 

more recently in a number of studies to parameterise nucleation by mineral dusts 

(Connolly et al., 2009; Lüönd et al., 2010; Broadley et al., 2012; Wheeler and Bertram, 

2012; Niemand et al., 2012b; Hoose and Möhler, 2012), volcanic ash (Steinke et al., 

2011) and marine diatoms (Alpert et al., 2011). This singular parameterisation makes 

the assumption that IN have localized active sites that are distributed evenly across the 

surface of the IN. The active sites have specific activation temperatures and/or 

supersaturations with respect to ice. The ice active surface site density is defined as 

follows: 

ὲÓ
ÌÎρ ὪÉÃÅ
ὃ

 

Equation 1.23 

where fice, is the fraction of particles activated to ice at a specific temperature 

and/or Sice. It should be noted that when this singular approximation is applied to 

experiments that use very slow cooling rates, the description may lead to an 

underestimate of the number of ice nuclei, due to the effects of time dependence 

(Murray et al., 2011; Vonnegut and Baldwin, 1984). 

1.4.3.4 Atmospheric heterogeneous IN 

Many atmospheric particles have the potential to act as IN including: 

¶ Mineral dusts - a mixture of many different discrete and aggregated mineral 

types, the composition of which changes as it is transported. Analyses of 

snowflakes sampled at ground level found the particles at the centre of the flakes 

to usually be clay minerals (Kumai, 1951, 1961, 1976; Kumai and Francis, 

1962; Isono, 1955; Rucklidge.J, 1965). 

¶ Soot - the result of combustion such as biomass burning and is a common 

atmospheric aerosol (Seinfeld and Pandis, 2006). It has been increasing in 

concentration since industrialisation (Lavanchy et al., 1999), but is found 

generally to be a less efficient IN than mineral dust (Dymarska et al., 2006; 
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DeMott et al., 1999; Kanji and Abbatt, 2006), except for more oxidised 

hydrophilic soot particles (Koehler et al., 2009). 

¶ Ash - from volcanic eruptions which is emitted in large quantities globally. A 

good example is that of the recent eruption of Eyjafjallajökull, the ash from 

which was found to nucleate ice efficiently (Bingemer et al., 2012; Steinke et al., 

2011). 

¶ Primary biological aerosols - bacteria, pollens and fungal spores have all been 

shown to act as IN (Despres et al., 2012). The bacteria Pseudomonas syringae 

has evolved ice nucleating proteins on its surface as an aid to causing frost 

damage to plants to release nutrients (Maki et al., 1974). It has been found to be 

a particularly efficient nucleator of ice at temperatures higher than 260 K (Kanji 

et al., 2011; Hoose and Möhler, 2012). 

¶ Metallic particles - have been sampled in ice cloud crystal residues 

(Heintzenberg et al., 1996; DeMott et al., 2003). Lead compounds have been 

found to be particularly good ice nuclei, and may be of interest due to the 

reduction of lead emissions from petrol (Cziczo et al., 2009). 

¶ Soluble inorganic crystalline particles - such as ammonium sulphate (Abbatt et 

al., 2006) and sea salt (Wise et al., 2012) nucleate ice in the deposition mode and 

are potentially important nuclei for cirrus formation. 

¶ Organic material  - may also be involved in cirrus ice nucleation (Baustian et 

al., 2012; DeMott et al., 2003). Studies show that crystalline organic particles 

such as oxalic (Wagner et al., 2010, 2011) and malonic acids (Shilling et al., 

2006) as well non-crystalline humic acid (Wang and Knopf, 2011) nucleate ice 

heterogeneously. 

The efficiency of many IN species was compared in a recent review by Hoose 

and Möhler (2012). Figure 1.7 is taken from that review and shows the huge variation in 

the temperature/Sice of ice nucleation onsets for IN particles even within the same class 

(e.g. mineral dusts). Part of the cause of the variation shown in the figure is due to 

experiments using samples with different surface areas and particle size distributions. 

Hoose and Möhler (2012) recommend that to make comparison between different 

studies easier, authors need to better record the size distributions, surface areas, fraction 

of particles frozen and cooling rates for experiments. 
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Figure 1.7 Example of the variation in heterogeneous ice nucleation onset temperature and 

humidity (displayed as ice saturation (Si) = RHi/100) for IN of various compositions (see 

legend) in the deposition, condensation and immersion modes. The black solid line is the water 

saturation threshold and the dashed black line is the homogeneous ice nucleation threshold 

(Koop et al., 2000). Figure taken from Hoose and Möhler (2012). 

1.4.4 Which aerosol particles form cirrus? 

The composition of aerosol particles in the upper troposphere varies depending on 

source region and on how much oxidative chemical aging they have undergone (Froyd 

et al., 2009b). Due to the increased difficulty of high altitude sampling, measurements 

of upper tropospheric aerosol composition are less common than those made at lower 

levels. 

1.4.4.1 The composition of upper tropospheric aerosol 

In situ measurements of the composition of unfrozen background aerosol in the upper 

troposphere using single particle mass spectrometry find that the most abundant 

particles are internal mixtures of sulphate and organic species (Murphy et al., 1998). 
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This is in contrast to the stratosphere (Figure 1.8), where the aerosol mostly consists of 

concentrated (60 ï 80%) aqueous sulphuric acid solution droplets (Shen et al., 1995).  

 

Figure 1.8 Typical negative ion single-particle mass spectra of stratospheric aerosol 

(A) and the upper troposphere (B), taken from Murphy et al. (1998). It can be seen 

that the stratosphere is dominated by sulphate species whereas the upper tropospheric 

aerosol also contained organic species (e.g. C2H2- fragment) including organic acids 

(e.g. CH3CO2- fragment), as well as some sulphate species. 

The variation of the fraction of sulphate and organic species as a function of 

altitude and latitude has also been investigated using single particle mass spectrometry 

(Murphy et al., 2006). The abundance of organic species in internally mixed organic-

sulphate aerosol was higher at northern tropical latitudes (~23N̄), compared to regions 

further from the equator (Figure 1.9). Organic species were found to make up between 
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30% and 80% of the total aerosol mass in the regions studied. Nitrate ions were found to 

be almost always present in neutralized sulphateïorganic particles, but not in acidic 

aerosol. Mineral dust or fly ash was identified by the presence of the SiO3
-
 peak in the 

mass spectra. Particles > 1 µm were found to have a SiO3
- 

peak 9% of the time, 

compared to particles < 1 µm, which only had SiO3
-
 peaks 0.2% of the time. Metallic 

species such as lead have also been observed in much smaller quantities (Murphy et al., 

1998; Murphy et al., 2006). 

 

Figure 1.9 Altitude vs. latitude cross section adapted from Murphy et al. 

(2006) showing the variation of aerosol composition between pure sulphates 

in the stratosphere and internally mixed sulphate-organic aerosol in the upper 

troposphere. Note the abundance of aerosols containing large fractions of 

organic material at tropical latitudes ~23̄N. 

A more specific study of aerosol composition in the tropical upper troposphere 

and specifically the TTL again using single particle mass spectrometry (Froyd et al., 

2009b) found a clear transition at around 12 km (at the bottom of the TTL) from acidic 

sulphate rich aerosol to neutralized highly oxidised organic rich aerosol. This change 

coincided with the layers being subject to different convective influences. The lower 
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layer received aerosol from maritime convection and the upper layer from continental 

convection. The mass spectra of the organic species found in the TTL were consistent 

with dicarboxylic acids, most likely formed from the oxidation of the components of 

biogenic SOA. Mineral dust was found throughout the TTL, but it only made up ~5% of 

the total observed aerosol particles compared with ~80% for sulphate-organic aerosol 

on flights in which the TTL was not subject to unusual convective influence. The 

remaining fraction of aerosol particles was mostly particles originating from biomass 

burning and also elemental carbon (i.e. soot). 

1.4.4.2 The composition of mid-latitude cirrus ice particle residues 

Residues from evaporated ice crystals sampled in situ show significant chemical 

differences to the background aerosol from where they were sampled. Heintzenberg et 

al. (1996) used electron microscopy to analyse ice residues from crystals sampled in 

thin cirrus at 9 km altitude above the Alps using a counterflow virtual impactor (CVI). 

The residues showed enrichment in species consistent with mineral dust (e.g. Si) and 

also in heavier elements such as Ti and Cd compared to the background aerosol, which 

contained more sulphur.  

A number of campaigns have used continuous flow diffusion chambers (CFDC) 

to nucleate ice particles from unfrozen background aerosol, simulating cirrus formation. 

These instruments expose aerosol particles to constant supersaturations with respect to 

ice, allowing the ice nucleation to be investigated at a set supersaturation and 

temperature. Chen et al. (1998) used a CFDC to nucleate ice particles at 110% RHi on 

aerosol in the upper troposphere over Oklahoma, USA, which were then collected on 

electron microscopy grids and analysed. They also found that silicates were enriched in 

the ice residues compared to the mostly sulphate type background aerosol, however IN 

sampling was limited to temperatures above 236 K, preventing investigation of the 

temperature regime most applicable to cirrus. Using a later version of the same CFDC, 

Demott et al. (2003) sampled IN at the top of Storm Peak, Colorado, USA and exposed 

them to cirrus temperatures (233 - 218 K) and supersaturations up to and above the 

homogeneous freezing limit. A single particle mass spectrometer instrument coupled to 

the CFDC was used to analyse the residues of the nucleated ice crystals. The unfrozen 

background aerosol was also sampled and analysed. The resulting spectra were then 

categorized and compared (Figure 1.10A). Background aerosol particles were largely 

found to be internal mixtures of sulphate and organic species (86%). Smaller 
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contributions came from potassium and carbon containing particles (9%, probably from 

biomass burning), metallic particles (1.6%), mineral dust or fly ash (1%) and also some 

unidentified material (0.2%). The composition of the sampled heterogeneous IN showed 

substantial enhancement in mineral dust/fly ash (33%) and in metallic particles (25%). 

 

Figure 1.10 A) The composition of background aerosol (left hand chart) and the residues of ice 

particles nucleated heterogeneously and homogenously (middle chart) and solely 

heterogeneously (right hand chart) from natural aerosol at cirrus temperatures (adapted from 

Demott et al. (2003)). B) Ice crystal residues from anvil cirrus at 12 ï 14 km at tropical and sub-

tropical latitudes (adapted from Froyd et al. (2010), sub-tropical data from Cziczo et al. (2004)). 

Anvil cirrus ice crystal residues contained disproportionately more mineral dust and sea salt 

compared to the background aerosol. 

Combining a CVI and a PALMS instrument, Cziczo et al. (2004) sampled and 

analysed the residues of ice particles from anvil cirrus in situ during the CRYSTAL-

FACE field campaign. Measurements were taken at between 5 and 15 km in cirrus over 

land and ocean at latitudes of 12° to 28° north. After analysis the results were 

categorized. Once again mineral dust was found to be enhanced in the ice particle 

residues (Figure 1.10B), particularly in air masses impacted by dust storms in the 
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Sahara. Sea salt was also a common component of the IN residues in cirrus above the 

ocean, which would be expected as the aerosol that form anvil cirrus have been lofted 

by convective systems starting at the surface. 

1.4.4.3 The case for studying ice nucleation by natural mineral dust 

samples 

The analysis of mid-latitude cirrus residues shows that mineral dust particles are heavily 

involved in cirrus formation. Mineral dust is a mixture of many different discrete and 

aggregated mineral types. The major source of mineral dust in the atmosphere is from 

arid and semi-arid regions such as the Sahara, with annual total emissions of between 

1000 and 3000 Tg (Goudie and Middleton, 2006). A series of studies have investigated 

the composition of atmospheric mineral dusts after transport from arid regions 

(Prospero et al., 1981; Kandler et al., 2011; Delany et al., 1967; Glaccum and Prospero, 

1980; Kandler et al., 2009; Arnold et al., 1998; Leinen et al., 1994). Figure 1.11 shows 

the averaged mineralogical composition of mineral dust from those studies (Atkinson 

and Murray, 2012). The aluminosilicate clay minerals, illite and kaolinite, make up over 

half the sampled dust particles and quartz is the most abundant non-clay mineral.  

 

 

Figure 1.11 Average composition of atmospheric mineral dust (Atkinson and Murray, 2012) 

based on dust compositions from seven in situ studies (see text). 

Ice nucleation by various mineral dusts has been investigated in the deposition, 

immersion, condensation and contact modes and the available literature is well 

summarised in the review by Hoose and Möhler (2012). Studies have focussed on 
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natural desert dust samples (e.g. Kulkarni et al. (2010), Connolly et al.(2009)), natural 

clay mineral samples (e.g. Murray et al. (2011), Zimmerman et al. (2008)), so called 

surrogates for atmospheric dusts such as Arizona Test Dust (ATD) (e.g. Marcolli et al. 

(2007), Archutela et al. (2005)) and also more atmospherically representative dust 

mixtures (Broadley et al., 2012). 

In general, mineral dusts have been found to be good IN below ~260 K in the 

deposition, immersion and condensation modes. However, as many samples are 

mixtures of different minerals it is not always clear exactly which minerals are 

responsible for the observed nucleation (Hoose and Möhler, 2012; Atkinson and 

Murray, 2012). Particular care should also be taken when considering the behaviour of 

commercial materials that may not be representative of natural dust. A good example of 

this is ATD, which is used commercially for grading the efficiency of air filters. ATD is 

milled to a particular size range and washed, potentially altering its natural surface 

properties.  

A better understanding of the ice nucleation behaviour of the individual 

components of atmospheric mineral dust will allow the development of more accurate 

parameterisations for cirrus cloud models. This can be achieved by observing the 

properties of natural, untreated, single component dusts. In Chapter 7, deposition mode 

ice nucleation by a well characterised sample of kaolinite dust (KGa-1b, provided by the 

Clay Minerals Society (Costanzo and Guggenheim, 2001)) was investigated using the 

newly developed deposition mode chamber.  

1.4.4.4 The composition of subvisible cirrus ice particles in the 

tropical tropopause layer 

The microphysical properties of cirrus in the extremely cold (180 ï 200 K) tropical 

tropopause layer (TTL) have received significant attention in recent years (Peter et al., 

2006; Fueglistaler et al., 2009). These cirrus are known to play a critical role in 

dehydrating air entering the stratosphere (Holton and Gettelman, 2001; Jensen et al., 

1996) and may also have a non-negligible radiative impact on the planet (McFarquhar et 

al., 2000). The TTL is the region between 20
o
N and 20

o
S in which the tropopause is at 

its highest altitudes (14 - 18.5 km) (Fueglistaler et al., 2009). Cirrus clouds which form 

in situ in the TTL, rather than as the product of convective outflow, are extensive (up to 

10
5
 km

2
), but very thin (200 ï 300 m deep) (Lynch et al., 2002) (Figure 1.12). These 
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clouds have very low particle number densities (Krämer et al., 2009), making them 

optically thin and as such they are referred to as subvisible or subvisual cirrus (SVC) 

clouds. 

 

Figure 1.12 The layer of subvisible cirrus (SVC) as seen from the cockpit of NASA WB-57F 

during the CRAVE campaign (Costa Rica Aura Validation Experiment). Photograph credited to 

CPI. J. H. Bain of NASA Johnson Space Center and adapted from Lawson et al. (2008). 

The mechanism by which SVC form is currently unclear, because unlike the ice 

particle residues sampled at lower altitudes, the residues from the TTL did not show 

enhancement in mineral dust compared to the background aerosol composition (Figure 

1.13) (Froyd et al., 2010). Instead the residues of the SVC ice particles were found to be 

overwhelmingly of neutralized sulphate internally mixed with organic material. This 

was chemically identical to the majority of the unfrozen background aerosol. The SVC 

clouds from which crystals were sampled had ice particle number concentrations of 

between 0.02 and 0.05 cm
-3

, this is very low compared to the total unfrozen background 

aerosol concentration of ~10 cm
-3

. Low ice particle numbers indicate that nucleation 

may have occurred on a small subset of heterogeneous IN rather than by homogeneous 

nucleation by a larger fraction of aerosol (see Section 1.4.4.5.1 for more possible 

explanations for law ice particle number density in cold cirrus). However, due to the 

lack of ótraditionalô IN (such as mineral dust) the exact nature of the particles that may 

have acted as heterogeneous IN was unclear. 
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Figure 1.13 A comparison of the composition of unfrozen background aerosol particles  in the 

TTL (left hand chart) with the residue of ice crystals from SVC sampled in situ in the TTL. 

Adapted from Froyd et al. (Froyd et al., 2010). 

 

1.4.4.5 The saturation problem: High in cloud and clear sky humidity 

Some observations of water vapour concentrations in the upper troposphere have found 

unexpectedly high values of RHi both inside cirrus clouds and under clear sky 

conditions (Peter et al., 2006). Kramer et al. (2009) provide a summary of the existing 

studies; at temperatures above 200 K, in cloud and out of cloud supersaturations have 

been observed to often reach the homogeneous freezing threshold (as defined by Koop 

et al.(2000)) (Heymsfield and LM, 1995; Heymsfield et al., 1998; Jensen et al., 2001; 

Gierens et al., 1999; Gierens et al., 2000; Gayet et al., 2004; Gayet et al., 2006; Haag et 

al., 2003; Ovarlez et al., 2002; Spichtinger et al., 2003; Spichtinger et al., 2004; Lee et 

al., 2004; Comstock et al., 2004; Korolev and Isaac, 2006; Gettelman et al., 2006; 

Immler et al., 2008). Measurements made in situ at higher altitudes (and therefore at 

temperatures relevant to the TTL) are more challenging in terms of water vapour 

measurement instrumentation and are made less frequently. Studies that made 

observations both inside and outside cirrus at temperatures relevant to the TTL 

(< 200 K) measured RHi up to and exceeding the water saturation threshold (Kelly et 

al., 1993; Gao et al., 2004; Jensen et al., 2005a; Jensen et al., 2005b; MacKenzie et al., 

2006; Popp et al., 2007). Lower, persistent supersaturations of ~30% with respect to ice 
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were also observed in ice clouds and contrails (Gao et al., 2004) for periods of at least 

one hour (Lee et al., 2004). 

Based on the established understanding of ice nucleation microphysics, clear sky 

humidities would be, in the absence of heterogeneous IN, expected to reach the 

homogeneous freezing threshold but not exceed it (as the nucleation of ice would be 

expected to relax the supersaturation). Supersaturations inside ice clouds might be 

expected for a short period of time between nucleation of the ice and the equilibration of 

the ice and vapour phases at saturation, depending on the strength of any local updraft. 

What is not expected however is in cloud supersaturations above the homogeneous and 

water saturation thresholds and persistent smaller supersaturations over a period of 

hours. 

At face value, the observations suggest that we lack sufficient understanding of 

the basic processes that underpin ice cloud formation. They also have implications for 

our understanding of the distribution of water vapour in the upper troposphere (Peter et 

al., 2006). However, due to the difficulties in measuring the small water vapour 

concentrations present at low temperatures, it is also reasonable to suspect that the very 

high observed supersaturations at lower temperatures are the result of instrumental 

error.  

Krämer et al. (2009) present a comprehensive data set of in cloud and clear sky 

water vapour measurements taken over the course of 28 flights in the arctic, at mid-

latitudes and in the tropics. The measurements took place at temperatures between 183 

and 240 K. To try and eliminate any possibility of instrumental error, the water vapour 

data from the Lyman-Ŭ óFLASHô instrument and the open path TDL instrument 

óOJSTERô were quality checked by referencing the regularly calibrated Lyman- Ŭ 

óFISHô instrument that measured the total water vapour concentration including 

sampled ice crystals (when in cloud). 

The quality checked clear sky data (Figure 1.14A) from these flights showed 

only a very small number of instances where the humidity was above the homogeneous 

threshold. The dashed and dot-dashed lines in Figure 1.14A represent RHi at constant 

H2O mixing ratios of 1.5 and 3 ppmv respectively. These values represent the typical 

values near the tropical tropopause. At TTL temperatures the most measured RHi values 
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are contained within these limits, indicating that that the data is representative of real 

clear sky humidity in the TTL. 

 

 

Figure 1.14 Quality checked clear sky (A) and in cloud (B) humidities collected during 28 

flights. Adapted from Krämer et al. (2009). 

The in cloud humidity frequency data (Figure 1.14B) above ~195 K is clustered 

around the ice saturation line, as would be expected when the air mass is at or coming 

into equilibrium with the ice phase. Below 195 K, there is a definite increase in the 

number of observations of humidity above 100% RHi. The trend to higher in cloud 

humidity rises as the temperature decreases. 
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The findings of Krämer et al. (2009) indicate that previous measurements of 

extremely high clear sky and in cloud supersaturations may be the result of 

experimental artefacts. Their data does however suggest that humidities above ice 

saturation are commonplace in cirrus clouds at TTL temperatures (< 200 K). 

1.4.4.5.1 Possible causes of high in cloud humidity at TTL temperatures 

A number of potential mechanisms for the sustained supersaturations observed inside 

cold cirrus have been suggested. Laboratory experiments have shown that a metastable 

phase of ice, originally described as cubic ice, can crystallise from aqueous droplets at 

TTL temperatures (Murray et al., 2005; Murray and Bertram, 2007; Murray, 2008a; 

Murray and Bertram, 2008). More recent work has revealed that it is better described as 

stacking disordered ice (Malkin et al., 2012). This phase of ice has a higher vapour 

pressure than the stable hexagonal polymorph (Murray et al., 2005; Shilling et al., 

2006a) and may allow a Bergeron-Findeisen like process, leading to a low ice number 

density. Gao et al. (2004) suggested that the adsorption of nitric acid onto ice particles 

can interfere with the uptake of water vapour, leading to supersaturations. It was also 

suggested that the uptake of water vapour by ice crystals in the TTL might be slow if 

the accommodation coefficient of water on ice is very small (< 0.0075) (Magee et al., 

2006). Recent work has however found that the accommodation coefficient is > 0.1 at 

temperatures between 190 and 225 K (Skrotzki, 2012). Barahona and Nenes (2011) 

have suggested that gravity wave activity in the TTL might lead to a ódynamic 

equilibriumô in which ice production balances sedimentation resulting in low ice 

number densities and high in-cloud humidity. In their study it was found that dynamic 

equilibrium was achievable when aerosol droplets froze homogeneously, but it was also 

found that heterogeneous nucleation by ice nuclei (IN) facilitated the onset of the 

equilibrium state. 

A number of modelling studies show that the heterogeneous nucleation of ice 

alone can result in low particle densities and correspondingly long relaxation times for 

humidity (Krämer et al., 2009; Gensch et al., 2008; Khvorostyanov et al., 2006; 

Spichtinger and Gierens, 2009; Spichtinger and Cziczo, 2010; Jensen et al., 2010; Ren 

and Mackenzie, 2005; Murray et al., 2010b). As discussed in Section 1.4.4.4, 

measurements of the composition of unfrozen background aerosol in the TTL and the 

composition of residues from evaporated SVC ice particles show very low 

concentrations of species traditionally considered to be effective IN, such as mineral 
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dusts. Aerosol and ice particle residues are shown instead to be largely composed of 

neutralised sulphate-organic mixtures, the organic component being highly oxidised 

(Froyd et al., 2009a; Froyd et al., 2010). DeMott et al (2003) also show that at warmer 

temperatures (218 - 238 K) 25% of heterogeneously nucleated ice particle residues were 

composed of sulphate-organic species. This suggest that the TTL cirrus residues may 

also be from sulphate-organic aerosol that nucleated ice heterogeneously. 

Crystalline ammonium sulphate particles have been shown to nucleate ice 

heterogeneously and it has been suggested that they could influence cirrus formation 

(Abbatt et al., 2006; Wise et al., 2009; Eastwood et al., 2009; Wise et al., 2010; Jensen 

et al., 2010). However, a recent study has shown that citric acid, a glass forming organic 

tri-carboxylic acid, inhibits the efflorescence of ammonium sulphate below 250 K, 

making it unclear how many crystalline ammonium sulphate particles would exist in the 

TTL (Bodsworth et al., 2010). 

If ammonium sulphate or other species are unable to crystallise from the 

sulphate-organic aerosol present in the upper troposphere then a question remains about 

the nature of the aerosol that might be heterogeneously nucleating ice in the TTL. 

Mikhailov et al. (Mikhailov et al., 2009) suggest that aerosol particles which do not 

exhibit efflorescence (crystallisation on drying) could exist in a solid or semi-solid 

amorphous (i.e. non-crystalline, lacking long range repeating molecular structure) states 

such as rubbers, gels or glasses. If TTL aerosol were to exist in a solid amorphous state 

then it would potentially provide a surface for ice crystals to nucleate on. The following 

section presents the current evidence for the existence of solid amorphous aerosol 

particles in the atmosphere. 

1.4.5 Evidence for solid amorphous atmospheric aerosol 

Evidence for natural aerosol particles existing in a solid amorphous state has been found 

in a number of studies; Cappa and Wilson. (2011) found that heating ozone oxidised a-

pinene SOA did not change the aerosolôs mass spectra, indicating that the diffusion of 

molecules out of the aerosol was retarded. Similarly Vaden et al. (2011) found that the 

rate of evaporation of SOA at room temperature was much slower than predicted by 

current kinetic models. Both Cappa and Wilson (2011) and Vaden et al. (2011) 

conclude that their observations are consistent with aerosol existing in an amorphous 

solid rather than a liquid state. Shiraiwa et al. (2011) found that the chemical aging of 
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an organic aerosol proxy slows at lower humidity and they attribute this to the aerosol 

particles becoming semi-solid, which slows diffusion into the interior of the particles, 

reducing the reactive uptake. Virtanen et al. (2010) show that a large proportion of SOA 

generated in a plant chamber and aerosol sampled from boreal forest bounced off an 

impactor, behaviour which is consistent with solid rather than liquid aerosol. They state 

that the tested SOA was most probably glassy (see Section 1.4.5.1 for definition). 

Measurements using the a similar technique show that laboratory generated SOA 

remained solid or semi solid up to at least 50% relative humidity with respect to liquid 

water. The same study found that the addition of sulphuric acid to the SOA resulted in a 

reduction in the humidity at which the aerosols liquefied due to their increased 

hygroscopicity (Saukko et al., 2012).  

As discussed by Koop et al. (2011), other atmospheric measurements have also 

shown that some carbonaceous aerosols emitted during biomass burning exist in 

amorphous solid or semi-solid states. These spherical particles behave like solids and 

are referred to as ótar ballsô (Posfai et al., 2004; Tivanski et al., 2007; Alexander et al., 

2008). The number of tar balls increases as biomass burning plumes age (Adachi and 

Buseck, 2011), which is likely to be related to ongoing oligomerisation reactions 

between poly-carboxylic acids that result in heavier molecules, which promote higher 

viscosities (Zobrist et al., 2008). Tar balls have been found to have much in common 

with humic-like complex organic acids, which have been shown to have very high glass 

transition temperatures (Young and Leboeuf, 2000). Anthropogenic aerosol may also 

exist as an amorphous solid; Roth et al. (2005) suggest that up to 80% of urban organic 

particulates may be in the glassy state, based on the sorption behaviour of volatile 

organic compounds. They suggest that this is likely due to the presence of oligomeric 

species in the aerosol. 

1.4.5.1 Glass formation in proxies of atmospheric aerosol 

Aqueous solutions of surrogates for the highly oxidised organic species found in 

atmospheric aerosol have been shown to become glassy solids at humidities and 

temperatures relevant to a large part of the Earthôs atmosphere (Murray, 2008b; Zobrist 

et al., 2008; Mikhailov et al., 2009). Glasses are amorphous solids with extremely high 

viscosities of > 10
12

 Pa s (Angell, 1995; Debenedetti and Stillinger, 2001). To put that 

value into context, Figure 1.15 compares the viscosities of some common liquids, solids 

and semi-solids. 
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Figure 1.15 A schematic comparing the viscosities of some common liquids, semi-solids and 

solids. Adapted from Koop et al. (2011). 

The glass transition is a second order phase transition, which differs from first 

order phase transitions (like crystallisation) in that there is not an abrupt change in the 

materials enthalpy (H) or entropy (S). When cooling a crystallisable stable liquid, H and 

S normally decrease continuously (green line, Figure 1.16a). When the equilibrium 

melting point (Tm) is reached, nucleation of the new crystalline phase can occur. Due to 

the presence of a kinetic energy barrier, crystallisation may not occur immediately on 

crossing Tm, causing the liquid to ósupercoolô to lower temperatures. When the 

crystallisation does occur, there is a sudden drop in H and S (Atkins and De Paula, 

2006) (blue line, Figure 1.16a). However, as a liquid is cooled its viscosity increases 

and this can inhibit the nucleation and growth of the new crystal phase, allowing 

supercooling to lower temperatures. In some cases it is possible for the viscosity to 

increase to the point where molecular motion practically ceases, preventing 

equilibration to the systemôs lowest energy state (Debenedetti, 1996; Debenedetti and 

Stillinger, 2001). This is termed vitrification and occurs at the glass transition 

temperature (Tg). At Tg, there is a change in the slope of H and S on continued cooling 

below Tg (red line, Figure 1.16). This is indicative of the glass transition and is due to 

the molecules translational and re-orientational degrees of freedom being essentially 

stopped at experimental timescales. 
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Figure 1.16 A schematic of the change in enthalpy and entropy and isobaric heat capacity that 

occurs during crystallisation and at the glass transition. Reproduced from Zobrist et al. (2008). 

The Tg of a liquid depends on its chemical composition. Water has a low glass 

transition temperature (Tg = 136 K (Kohl et al., 2005)) and will therefore act as a 

plasticiser when mixed with species with higher Tg, reducing the Tg of the resulting 

mixture. Glass formation can occur therefore by the dehydration of liquid solution 

droplets, with the glass transition occurring at a characteristic humidity (RHg) (Koop et 

al., 2011). Murray et al. (2012a) present visual evidence of glass or semi-solid 

formation in micrometer sized amorphous iodic acid droplets at low humidity. The 

droplets were subjected to mechanical force and shattered in a manner consistent with a 

solid. On humidification, the shattered droplets took up water, returned to the liquid 

phase and reformed into droplets (Figure 1.17).  

Lower temperatures, lower humidities (i.e. higher solute concentrations) and 

larger solute molecules capable of hydrogen bonding all serve to increase solution 

viscosity (Koop et al., 2011; Zobrist et al., 2008). The high mass oxygenated organic 

compounds found in atmospheric aerosol are therefore likely to increase viscosity and 

promote glass formation under atmospherically relevant conditions.  
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Figure 1.17 The behaviour of óshatteredô ultra-viscous or glassy iodic acid droplets on 

increasing humidity. Taken from Murray et al. (2012b). 

At equilibrium, the water activity (aw) of a liquid aqueous solution droplet is 

equal to the RHliq/100 (Koop et al., 2000). Water molecules can easily diffuse into and 

out of liquid solution droplets allowing them to remain in equilibrium with their 

surroundings. Due to their high viscosity, diffusion of water molecules within glassy or 

semi-solid materials is extremely slow and gets slower as temperature decreases 

(Zobrist et al., 2011; Tong et al., 2011; Koop et al., 2011). This makes it difficult for 

glassy particles to efficiently take up water and dilute on humidification, resulting in a 

much more gradual deliquescence than a soluble crystalline aerosol (Figure 1.18). The 

humidity at which they liquefy (or become glassy on drying) (RHg) is dependent on the 

rate of increase of the surrounding humidity (Zobrist et al., 2011; Bones et al., 2012). A 

fast increase in humidity results in a higher RHg (green line, Figure 1.18c) compared to 

RHg for slower increases in humidity (orange line). Tong et al. (2011) observed that at 

room temperature, sucrose aerosol particles returned to equilibrium upon crossing RHg 

in 10s ï 100s seconds. At lower temperatures, the delay in water uptake may be 

substantially longer. There is also evidence that concentration gradients occur within 

solid or semi-solids particles as the result of the effect of high viscosities on the 
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diffusion of water molecules into and out of amorphous particles (Bones et al., 2012; 

Zobrist et al., 2011). 

 

Figure 1.18 The effect of changing the surrounding humidity on an amorphous solid. Mass is 

equivalent to hygroscopic growth factor, which is equal to the ratio of the aerosol particle radius 

at a given RH and the aerosol particleôs dry radius. Adapted from Koop et al.(2011). 

 An aim of this project was to investigate the ice nucleation properties of glassy 

aerosol particles under cirrus conditions. Chapters 4, 5 and 6 detail experiments that 

took place using glassy aerosols of a variety of compositions at the AIDA cloud 

simulation chamber, Karlsruhe. 

1.5 Summary 

Cirrus clouds are ubiquitous upper tropospheric ice clouds that have a significant impact 

on the radiative balance of the Earth. Currently, the impact of heterogeneous ice 

nucleation on the physical and optical properties of cirrus clouds is poorly understood. 

Studies of cirrus ice particle residues at mid-latitudes find that the presence of mineral 

dust is enhanced compared to the background aerosol, indicating that this species of IN 

catalyse the production of cirrus ice. Cirrus cloud models provide evidence that the 

extensive, thin, subvisible cirrus clouds (SVC) that exist in the tropical tropopause layer 

(TTL) are likely to result from the heterogeneous nucleation of ice. However, SVC ice 

particle residues have been shown to overwhelmingly consist of sulphate-organic 

species rather than traditional heterogeneous IN such as mineral dust. Recent 

measurements have shown that aerosol particles containing large amounts of organic 

material (such as those found in the TTL) are likely to exist in a semi-solid or solid 
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amorphous (non-crystalline) state at temperatures relevant to the upper troposphere and 

TTL (Virtanen et al., 2010; Koop et al., 2011). This thesis reports on investigations into 

the ice nucleating behaviour of glassy (i.e. solid amorphous) aerosol particles under 

cirrus conditions at a cloud simulation chamber. It also details the development and 

characterisation of a bench top instrument for deposition mode ice nucleation and its use 

to study the ice nucleation behaviour of a natural mineral dust. 
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Chapter 2: Experimental for AIDA chamber 

campaigns 

2.1 Preface 

Chapters 4, 5 and 6 of this thesis describe the results from experiments performed at the 

AIDA (Aerosol Interactions and Dynamics in the Atmosphere) cloud simulation 

chamber at the Karlsruhe Institute of Technology, Germany. The purpose of the 

experiments was to study the behaviour of glassy aqueous solution aerosols when 

exposed to conditions relevant for cirrus clouds in the TTL and the wider upper 

troposphere. The experiments were performed as parts of the first and second ICE 

(Inhibition of Crystallisation Experiment) campaigns - ICE01 (Chapter 4) and ICE02 

(Chapters 5 and 6). The purpose of this chapter is to describe the AIDA chamberôs 

mode of function during the ICE campaigns and the instrumentation used to observe the 

óatmosphericô conditions inside the chamber. It is not intended to provide an exhaustive 

review of the AIDA chamberôs extensive experimental capabilities. Additional detailed 

information on the AIDA chamber can be found in Möhler et al. (2006) and Wagner et 

al. (2010). Also discussed in this chapter are aerosol phase diagrams, which were used 

during the campaigns to predict the phase of aqueous solution aerosols when exposed to 

particular temperatures and humidities.  

2.2 The AIDA chamber 

The AIDA chamber is a large (84 m
3
), highly instrumented aerosol and cloud chamber 

in which temperatures and humidities equivalent to those required for cirrus formation 

are accessible. A cross sectional schematic of the chamber and associated 

instrumentation is shown in Figure 2.1.  
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Figure 2.1 A schematic diagram of the AIDA chamber and its associated instrumentation. 

Adapted from Wagner et al. (2012b). 

The temperature of the aluminium walls of the chamber was controlled between 

~190 and 240 K during the ICE01 and ICE02 campaigns. This was achieved by using 

liquid nitrogen to cool air within the chamberôs thermostated jacket. The gas phase 

water partial pressure (PH20) in the chamber was controlled by a coating of ice on the 

vessel walls. The ice layer was deposited after the chamber had been evacuated to 

~0.01 hPa and then flushed repeatedly with particulate free air to reduce the number of 

background aerosol particles to < 1 cm
-3

. Purified water was evaporated into the 

evacuated chamber, which deposited as an ice layer on the cooled chamber walls. 

Temperature sensors arranged vertically and horizontally in the chamber determined the 

average gas temperature and sensors embedded in the aluminium walls determined the 

average wall temperature. The chamber was continuously stirred by a fan and the 

measured gas temperatures were typically within ±0.3 K (Wagner et al., 2011). The 

presence of internal sources of heat (heated sampling tubes, the mixing fan etc.) meant 

that the gas temperature was slightly higher (~1 K) than the wall temperature, giving a 

relative humidity with respect to hexagonal ice (RHi = pH20/pice* (T) ³ 100, where 
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pice* (T) is the equilibrium vapour pressure over a flat surface of hexagonal ice) of 

around 90-95% at equilibrium. The equilibrium vapour pressure over a flat surface of 

hexagonal ice was calculated from the mean gas temperature using the parameterisation 

from Murphy and Koop (2005). 

In order to produce supersaturated conditions, the pressure in the chamber was 

reduced by pumping air out of the chamber using a pair of vacuum pumps. Heat 

conduction from the walls into the chamber was relatively slow and expansions were 

initially close to adiabatic. This resulted in a decrease in the gas temperature, which 

caused the RHi to increase. The gas phase water partial pressure (pH20) was determined 

using absorption measurements from a multipath cell tuneable diode laser (TDL) 

spectrometer (Wagner et al., 2010). Measurements of pH20 using this system are found 

to be within 5% of the actual value (Skrotzki, 2012; Fahey et al., 2009). The total water 

content (ice and gas phases) was determined using a chilled mirror hygrometer (MBW 

LX-373) which sampled from the chamber via a heated tube, returning any sampled ice 

particles to the gas phase (Wagner et al., 2010, 2011; Wagner et al., 2009). 

An aqueous aerosol dispersion of the desired composition was introduced into 

the chamber by nebulising 3 - 3.5 wt% bulk solutions with a compressed-air atomiser 

(TSI). The aerosol particle concentration reached an almost constant value of about 

15000 cm
-3

 shortly after nebulising. Aerosol number concentrations were measured 

using condensation particle counters (CPC, TSI 3010, TSI 3775, TSI 3776). The 

CPC3010 was used at pressures below ambient, allowing the aerosol number 

concentration to be measured continuously during expansion experiments. However, 

during the ICE02 campaign (Chapters 5 and 6) the CPC3010 was unavailable for some 

experiments; in these cases two other CPC instruments (CPC3775 and CPC3776) were 

used. These instruments are only able to operate at ambient pressure so just prior to 

each expansion the aerosol number concentration was measured for a period of time 

(~200 seconds). The aerosol concentration falls continuously even when not expanding 

because of sampling losses and deposition of particles to the walls. To account for this, 

a linear fit to the mean of the CPC3775 and CPC3776 concentration/time data was 

extrapolated to the time at which the expansion started. This estimated initial aerosol 

concentration was then scaled with the decreasing chamber pressure during expansion, 

providing an estimate of the aerosol number concentration during the experiments. This 

estimate was compared with data from experiments that used CPC3010 and was found 
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to be accurate to within 3 - 10%. The aerosol concentration during expansion 

experiments was typically 5000 ï 15000 cm
-3

. 

The aerosol size distributions were measured using both an aerodynamic particle 

sizer (APS, TSI, 0.5 ï 20 µm) and a scanning mobility particle sizer (SMPS, TSI, 0.01 ï 

0.9  µm) (Figure 5.8). A particle density of 1.6 g cm
-3

 was assumed when converting the 

aerodynamic diameters measured by the APS into volume-equivalent spherical 

diameters (dp) (Hinds, 1999). The exact densities of the solution aerosol used in the two 

campaigns are unknown, however the assumed density is close to that of the crystalline 

forms of the species investigated. Spherical particles have mobility-equivalent diameters 

(as measured by the SMPS) that are equal to dp. 

The onset of ice nucleation was observed in situ using the laser scattering and 

depolarisation instrument SIMONE (Schnaiter et al., 2012). Three photomultipliers 

mounted outside the chamberôs thermal housing receive forward and back scattered 

light (Ifor; 2° to the incident beam, Iback; 178° to the incident beam). The incident 

continuous wave laser beam has an emission wavelength of 488 nm and is linearly 

polarised with its polarisation vector oriented parallel to the scattering plane. Light 

scattered in the 178° direction is decomposed according to its polarisation state by 

means of a polarising prism. The intensities of the scattered components having a 

polarisation parallel to (Iback,par) and perpendicular to (Iback,per) the scattering plane are 

measured. The backscattering linear depolarisation ratio, ‏, is then defined as the ratio 

of Iback,per to Iback,par. The magnitude of ‏ is dependent on particle size and shape; for 

perfectly spherical particles, ‏ would be zero, in practice the observed ‏ for unfrozen 

glassy aerosols and liquid aerosols in this study was between 0.02 and 0.03. This small 

background ‏ was due to a combination of the incident laser light being only 99% 

linearly polarised to start with, Rayleigh scattering by air molecules and minor optical 

misalignments. Ice particles are aspherical and cause a clear increase in ‏. A change of 

at least 1% was used to infer the onset of ice nucleation (See Chapters 5 and 6 for 

examples of the change in ‏ during an ice nucleation experiment) (Möhler et al., 2003; 

Schnaiter et al., 2012). 

Two WELAS2000 optical particle counters (OPC) (Palas GmbH) were used to 

count and size single particles. These instruments are described in detail by (Benz et al., 

2005; Wagner et al., 2006). Each instrument measures a different size range for 
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spherical particles with the refractive index of ice (1.33); WELAS 1 covers 0.7 ï

 46.0 µm and WELAS 2 covers 5.0 ï 240.0 µm. The optical sizes for aspherical 

particles (e.g. ice crystals) were considered approximate as particle asphericity is not 

considered when relating the scattering intensity to particle diameter. Due to its ability 

to detect particles down to 0.7 µm, the WELAS 1 OPC is able measure the larger 

unfrozen background aerosol particles, which are clearly present in the diameters 

measured by WELAS 1 in Figure 2.2 (top panel). To infer ice particle number 

concentrations (Nice) from the WELAS 1 total particle number concentration data, it was 

necessary therefore to apply a threshold size, above which particles were assumed to be 

ice. In order to differentiate between ice particles and background aerosol the threshold 

has to be tuned depending on the size of the background aerosol and the rate of growth 

of the ice particles. At lower temperatures ice particles do not grow as large because of 

the lower absolute humidity. Consequently it was not possible to apply a size threshold 

to distinguish ice crystals from the larger of the background aerosol particles. Where 

possible, WELAS 2 data was used to provide a lower limit for Nice in experiments 

which took place below ~200 K. A comparison of Nice inferred from WELAS 1 and 2 

during an ice nucleation event is shown in Figure 2.2 (bottom panel). It can be seen that 

WELAS 1 measures marginally higher ice number concentrations due to its larger size 

range. 
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Figure 2.2 Particle diameter (D, top panel) and inferred ice particle number 

concentration (Nice, bottom panel) observed by optical particle counters WELAS 1 

(blue) and WELAS 2 (black) during an ice nucleation event (start of ice nucleation 

inferred using SIMONE and marked by vertical dashed black line). 

2.3 Materials 

The ICE01 campaign experiments used only aqueous citric acid aerosol. During the 

ICE02 campaign the following single component aerosols were used: Raffinose (D-(+)-

Raffinose pentahydrate, Ó 98%, 594.52 g/mol, Sigma-Aldrich), levoglucosan ((-)-1,6-

Anhydro-b-D-glucopyranose, Ó 99%, 162.14 g/mol, Merck Schuchardt) and HMMA  (4-

Hydroxy-3-methoxy-DL-mandelic acid, 98%, 198.17 g/mol, Alfa Aesar). Experiments 

in ICE02 also used a multi component aerosol first used by Zobrist et al. (2008), which 

was a 1:1 mixture of raffinose and M5AS - a mixture of 30.7 wt% malonic acid (Ó 99%, 

104.06 g/mol, Merck Schuchardt), 14.7 wt% malic acid (DL-Malic acid, Ó 99.5%, 

134.08 g/mol, Merck), 14.1 wt% maleic acid (Ó 99%, 116.07 g/mol, Merck Schuchardt), 

17.7 wt% glutaric acid (Ó 99%, 132.11 g/mol, Merck Schuchardt), 7.4 wt% 

methylsuccinic acid (99%, 132.12 g/mol, Sigma-Aldrich) and 15.4 wt% ammonium 

sulphate (Ó 99.5%, 132.14 g/mol, Merck). All solutions in both campaigns were made 

using 18.5 MW cm water and were passed through a sub-micron (0.45 µm) filter to 

remove particulates. 
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2.4 Aerosol phase diagrams 

In order to test the difference in behaviour of liquid and glassy aerosols of the same 

composition, phase diagrams were used to predict the state of aerosol at specific 

temperatures and humidities. All the aqueous systems that were selected for study in the 

ICE01 and ICE02 campaigns have been characterised previously and the conditions 

under which they form glasses have been quantified. 

In the ICE01 campaign, citric acid solution aerosol droplets were investigated 

and the citric acid solution aerosol phase diagram is shown in Chapter 4. The glass 

transition (Tg) threshold for citric acid shown in Figure 4.2 is based on a fit to 

measurements made by Maltini et al.(1997). That threshold was converted from a 

function of solute wt% to a function of aw using equation A1 in Murray et al. (2008b). 

The Tg thresholds for the systems investigated in the ICE02 campaign (raffinose, 

HMMA, levoglucosan and raffinose/M5AS, see Chapter 5 for details) were investigated 

in detail by Zobrist et al. (2008). Based on differential scanning calorimetry 

measurements made on emulsion samples, Zobrist et al. calculated the solute specific 

constant, k, from the Gordon-Taylor equation for the glass transition temperature of 

binary solutions (Equation 2.1) (Gordon and Taylor, 1952; Katkov and Levine, 2004). 

Using the solute specific value of k determined by Zobrist et al. (2008) and the glass 

transition temperatures of the pure form of water (Tg1 = 136 K (Johari et al., 1987; Kohl 

et al., 2005)) and the solute (Tg2), glass transition temperatures were calculated as a 

function of the weight fraction of the solute (w2) and the weight fraction of water, w1 

(w1 = 1 ï w2). Upper and lower limits of Tg were also calculated using the estimated 

uncertainties in k and Tg2 for each solute. 
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Equation 2.1 

The solute weight fraction could then be converted to water activity using 

parameterisations provided by Zobrist et al. (2008), based on vapour pressure 

measurements taken for solutions of differing concentration at a series of temperatures 

between 313 and 289 K, which were then extrapolated to lower temperatures. As water 
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activity is directly equivalent to relative humidity when at equilibrium, the calculated Tg 

thresholds can be used to estimate the humidity and temperature at which a liquid 

aerosol particle would become glassy and vice versa. The Tg thresholds will be from this 

point forward referred to as the humidity induced glass transitions, RHg, as this is of 

relevance in our experiments as the aerosol are subject to a more significant change in 

humidity than temperature during expansions. 

An example phase diagram, in this case for aqueous levoglucosan, is shown in 

Figure 2.3. The glass transition for aqueous levoglucosan solution aerosol as a function 

of temperature and water activity is shown as a solid green line. Also plotted are the ice-

liquid equilibrium threshold (solid black line) and the homogeneous freezing threshold 

(dashed red line), which are both related directly to water activity (Koop et al., 2000). 

The advantage of plotting the phase diagram in terms of water activity as opposed to 

concentration is that at equilibrium, the water activity of liquid solution aerosol is equal 

to RHliq (relative humidity with respect to liquid water). Hence, if an aerosol particle is 

able to come into equilibrium with its surroundings rapidly, then it is possible to 

estimate the aerosolôs solute concentration based on temperature and RHliq. However, if 

the aerosol particle is glassy or ultra-viscous, then diffusion of water into or out of the 

particle will be slow and it may remain out of equilibrium, making the water activity no 

longer equal to the RHliq (Zobrist et al., 2011; Tong et al., 2011; Mikhailov et al., 2009; 

Koop et al., 2011; Bones et al., 2012). 
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Figure 2.3. The phase diagram of levoglucosan solution aerosol and the idealised trajectory of 

an aerosol during typical experiments at AIDA. The black line is the ice liquid equilibrium line, 

the dashed red line is the homogeneous freezing threshold based on the water activity 

homogeneous freezing criteria (Koop et al., 2000) and the green solid line is the humidity 

induced glass transition threshold (RHg) for levoglucosan solution aerosol, with associated upper 

and lower uncertainties (dashed green lines) based on uncertainties in the parameters used in the 

Gordon-Taylor equation (Equation 2.1) (Zobrist et al., 2008). The orange arrows represent 

idealised temperature/humidity trajectories. The ice-liquid equilibrium and homogeneous 

freezing lines are common to all solutions used in this study, but RHg is unique to each solution 

system. 

Under non-expansion conditions, the chamber water vapour is close to 

equilibrium with the ice layer on the walls. Consequently, the water activity of aqueous 

liquid solution aerosols in the chamber, which are in equilibrium with the gas phase, is 

therefore approximately described by the ice-liquid equilibrium line shown in 

Figure 2.3. The actual chamber humidity was around 90 - 95% RHi, due to the presence 

of heat sources in the chamber (as discussed above), so the exact water activity of liquid 

aerosol is to the right (lower water activity) side of the ice-liquid equilibrium line. For 

simplicity, the trajectory of the change in temperature and water activity of aerosol 

particles during chamber cooling/heating periods is depicted as being along the ice-
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liquid equilibrium line. The point at which RHg and the ice-liquid equilibrium line cross 

(Tgô) is a useful indication of the likely phase of aerosol particles before an expansion 

experiment. Above Tgô, the aerosol particles are likely to be liquid and below they are 

likely to be in the glassy state. 

For all of the experiments described in Chapters 5 and 6, and for the majority of 

the experiments shown in Chapter 4 aerosol particles were injected into the chamber 

when the gas temperature was above Tgô of the aerosol type being investigated. These 

liquid solution droplets equilibrated with the water vapour in the chamber. The 

concentration of liquid levoglucosan solution aerosol injected at ~237 K rapidly 

adjusted to around point A in Figure 2.3. Slow cooling (~4 K hr
-1

) of the chamber walls 

allowed the water vapour within the chamber to remain equilibrated with the ice film on 

the walls. The viscosity of liquid near the glass transition increases rapidly with 

decreasing temperature and decreasing water activity (Angell, 2002; Murray, 2008b; 

Murray, 2008a). At viscosities above but close to the glass transition the composition of 

the aerosol is likely cease to remain in equilibrium with the chamber humidity, as 

diffusion into and out of semi-solid droplets has been shown to be significantly 

inhibited (Bones et al. 2012). It is likely therefore that the actual aerosol composition 

will deviate from the trajectory marked between point A and Tgô. Once the glass 

transition is arrived at, the aerosol water content will have ceased to respond to changes 

in the chamber humidity. This is represented tentatively by the vertical dashed arrow in 

Figure 2.3 between Tgô and point C. In Chapter 4, two experiments are described in 

which aerosol was injected well below Tgô, for details see Section 4.2.2. 

The evolution of aerosol composition differs when an expansion is started in the 

liquid regime compared to the glassy regime. Liquid solution aerosol at point A 

(Figure 2.3) take up water and dilute as the chamber humidity rises with decreasing 

temperature (arrow between points A and B). This increases the aerosol particlesô water 

activity until ice nucleates at the homogeneous ice nucleation threshold (point B). The 

change in water activity on increasing humidity of a glassy aerosol starting at point C 

(remembering that the composition at point C is already uncertain) is not clear since the 

uptake of water is dependent on the rate at which water molecules can diffuse into the 

aerosol particles. The rate of diffusion of water in glassy solids is very slow (Koop et 

al., 2011; Tong et al., 2011; Zobrist et al., 2011) and once RHg is crossed liquefaction of 

the aerosol particles may be delayed (Mikhailov et al., 2009; Tong et al., 2011). If the 
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aerosol particles do liquefy then they will freeze at the homogeneous nucleation 

threshold at point D. Nevertheless, prior to liquefying these aerosol particles will exist 

in a glassy state while in an ice supersaturated environment. 

There is some uncertainty in the conditions under which the aerosol droplets 

exist in a glassy state and cease to be in equilibrium on slowly cooling the chamber. 

This is due to uncertainty in the position of the RHg line. In addition to the upper and 

lower uncertainty limits for RHg, shown in Figure 2.3 there is also an additional error in 

RHg associated with the conversion of solution concentration to water activity, as it was 

necessary for Zobrist et al. (2008) to extrapolate measurements of solution water 

activity to low temperatures. Also, the enhancement of vapour pressure due to surface 

curvature (the Kelvin effect) can become important for small droplets. However, at 

243.15 K a 100 nm pure water droplet would have a vapour pressure only 2.9% higher 

than that of a flat surface of liquid water, suggesting that the Kelvin effect is of 

secondary importance. This was calculated using water density of 983.8 kg m
-3

(Wagner 

and Pruss, 2002).Surface tension was estimated using a parameterisation by Vargaftik et 

al. (1983) (which is consistent with nucleation data well below the temperatures at 

which surface tensions have been measured (Murray and Jensen, 2010)) and the 

saturation vapour pressure for a flat water surface was calculated using the 

parameterisation provided by Murphy and Koop (2005). Finally, it should also be noted 

that the conditions under which an aerosol particle will undergo the glass transition and 

go out of equilibrium with the surrounding atmosphere are time dependent. When given 

a longer equilibration time, a droplet will remain in equilibrium to lower temperatures 

and therefore greater concentrations. However, the viscosity of many aqueous solutions 

increases so strongly with decreasing temperature (because they are fragile liquids, 

which have much ósharperô glass transitions on cooling (Angell, 2002)) that the glass 

transition temperature provides a very useful estimate of the conditions under which the 

dynamic arrest of the solution is expected. 

2.5 Avoidance of aerosol pre-activation during ICE02 

campaign 

In Chapter 6 results are presented that show that the aerosols used in the ICE02 

campaign became ópre-activatedô under conditions relevant for the results presented in 

Chapters 4 and 5. Under specific conditions it was observed that aerosol particles which 
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had already nucleated ice homogeneously would act as ice nuclei at as low as 105% RHi 

in subsequent expansions, even after being held under subsaturated conditions for in 

excess of 30 minutes between expansion experiments. Pre-activation was only observed 

in aerosol close to their predicted Tgô, so it was possible to design experiments in such a 

way as to avoid the aerosol becoming pre-activated. The results presented in Chapter 5 

for heterogeneous ice nucleation in the glassy regime are only for aerosols which had 

not been frozen homogenously prior to cooling or for aerosol which had been frozen 

homogeneously at temperatures too high for pre-activation to occur (which was 

confirmed by performing a second expansion at the same temperature to look for early 

ice nucleation). While this reduced the number of experiments that it was possible to 

perform within the time constraints of the campaign, it was necessary in order to 

unambiguously avoid experimental artefacts relating to pre-activation. These 

precautions were not followed during the ICE01 campaign, resulting in the possibility 

that the pre-activation of aerosols could have occurred in the experiments described in 

Chapter 4. There is however no clear evidence that pre-activation occurred during 

ICE01 and this is discussed in detail in Section 4.2.4. 
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Chapter 3: Development of the deposition mode 

chamber (DMC) 

An objective of this project was to build an instrument for the direct observation of 

deposition mode ice nucleation on particles of tens of micrometers in size. The bench 

top instrument would allow the investigation of the same particles over extended 

periods of time and under controlled conditions. Data from such an instrument would 

complement óbulkô ice nucleation measurements possible at large cloud chambers like 

AIDA , which are effective at observing large quantities small aerosol particles during 

short expansion experiments, but which cannot maintain particles at constant 

temperature and humidity for extended periods of time, preventing the calculation of ice 

nucleation rates at set humidities or temperatures. 

Some components used in the building of the chamber began as parts of an 

existing instrument built by Gourihar Kulkarni and Steven Dobbie (Kulkarni 2007; 

Kulkarni et al., 2009; Kulkarni and Dobbie, 2010). This instrument was a thermal 

gradient diffusion chamber (see below for details) that operated in a refrigerated cold 

room. This was inconvenient and limited the length of time that it could be operated for 

during experiments, so it was decided to modify it into liquid N2 cooled bench top 

instrument. This modification involved an extensive redesign and completely changed 

the chamberôs mode of operation, resulting in an essentially new instrument. 

3.1 Generating relative humidities with respect to ice 

The deposition of ice directly from the vapour phase can occur at temperatures below 

273.15 K providing that the humidity is above ice saturation (RHi > 100%). The precise 

humidity at which ice nucleation occurs is dependent on the surface properties of the 

available nuclei. At temperatures above the homogeneous freezing point of pure water 

droplets (~235 K), it is possible for liquid water to condense if water saturation is 

reached (where the relative humidity with respect to liquid water = 100%). This occurs 

when the available surface lacks any suitable sites for deposition mode ice nucleation. 

As the temperature decreases from 273 K the absolute amount of water vapour at 100% 

RHi decreases sharply (Figure 3.1). At cirrus cloud temperatures (< 235 K (Lynch et al., 

2002)) there are orders of magnitude less water vapour at ice saturation than at 270 K. 
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This makes observing ice nucleation under cirrus conditions challenging, as controlling 

such small vapour pressures requires a higher degree of precision. 
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Figure 3.1 The partial pressure of water vapour as a function of temperature at 100% RHi. 

Plotted using a parameterisation of the saturation vapour pressure of water vapour over an 

hexagonal ice surface (Murphy and Koop, 2005). 

Chambers for studying deposition mode ice nucleation can be broadly divided 

into two classes; those which study a flow (e.g. Cziczo et. al. (2003)) or dispersion of 

particles (like the AIDA chamber, see below) and those which place particles onto a 

static non-ice nucleating surface (e.g. Dysmarska et. al. (Dymarska et al., 2006)). In 

both cases the particles are then exposed to increasing supersaturation with respect to 

ice, to simulate the processes by which atmospheric ice cloud formation occurs. In 

general, dispersion and flowing systems allow the analysis of large numbers of particles 

on relatively short timescales (seconds ï minutes), which are then lost, whereas static 

instruments sample fewer particles, for potentially longer time periods (minutes ï 

hours) and allow samples to be retained for further experimentation. The analysis of 

large numbers of particles allows more accurate fraction frozen data, which is useful for 

parameterisations of ice nucleation for cloud models. However, being able to expose 

potential IN to consistent conditions (i.e. constant temperature and supersaturation) for 

longer periods of time in a static instrument allows the time dependence of ice 

nucleation to be investigated. This is also of interest when parameterising the behaviour 
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of IN, as some approaches make the assumption that ice nucleation is time independent 

(i.e. stochastic vs. singular parameterisations, See Section 1.4.3) (Broadley et al., 2012). 

An example of a dispersion type instrument is the AIDA chamber, which is 

described in detail in Chapter 2. AIDAôs walls are coated with a thin layer of ice that 

controls the equilibrium partial pressure of water in the chamber. The pressure within 

the chamber is reduced, resulting in an initially adiabatic expansion that causes the gas 

to cool to temperatures below that of the ice deposited on the chamber walls, generating 

ice supersaturated conditions. Chambers that observe freezing in a flow of aerosol 

particles use other methods of generating supersaturations; the FINCH (Fast Ice 

Nucleus Chamber) instrument operates on the mixing principle, whereby a flow of 

aerosol in cold dry air is exposed to supersaturation when it mixes with warmer, 

particulate free humid air (Bundke et al., 2008). A more common technique for flowing 

instruments is the continuous flow diffusion chamber (CFDC). Diffusion chambers 

generate supersaturations with respect to ice in a region between two ice covered 

surfaces held at different temperatures. The geometry of CFDCs varies, with some 

approaches using two concentric cylinders (Archuleta et al., 2005) and others a pair of 

parallel plates (Hoyle et al., 2011; Friedman et al., 2011). CFDCs are also used to study 

ice nucleation during field measurements. These instruments take in a flow of in situ 

sampled aerosol, exposing it to supersaturations and can be coupled to single particle 

mass spectrometers, allowing the composition of ice nuclei to be probed (Cziczo et al., 

2003; DeMott et al., 2003). Dispersion and flowing instruments often detect the 

formation of ice using light scattering/depolarisation methods like that used at AIDA. 

Static surface type instruments often use a temperature controlled cold stage to 

cool particles in an environment containing a known amount of water vapour, hence 

exposing the particles to ice supersaturation when they reach temperatures below the 

frost point. Particles are usually observed using visible light microscopy. A common 

method of generating water vapour is to saturate gas by bubbling it through water and 

then dilute it with a known quantity of dry gas to reach the desired partial pressure of 

water vapour. The gas can then be flowed through the cell containing the cold stage and 

particles (Dymarska et al., 2006; Eastwood et al., 2008; Kanji and Abbatt, 2006; Kanji 

et al., 2008). Producing accurate humidities using this method at cirrus temperatures 

requires precision mass flow controllers, a source of very dry carrier gas and a 

temperature controlled bath to set the temperature of the water in the bubbler. 
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Another approach is to have a source of water vapour in the chamber itself. This 

can be achieved in a number of ways; static thermal gradient diffusion chambers 

(TGDC) produce supersaturations in the same manner as CFDCs but observe particles 

on a surface within the chamber. The TGDC developed by Kulkarni et al. (Kulkarni et 

al., 2009) was a static parallel plate instrument, similar to that used by Bailey and Hallet 

(Bailey and Hallett, 2002). Deposition mode ice nucleation could be investigated by 

introducing particles sat on the end of a rod into the supersaturated region between its 

two ice covered plates. By raising their position in the chamber, particles were subjected 

to increasing temperature and supersaturation (Kulkarni and Dobbie, 2010). TGDCs are 

limited by not being able to access humidities < 100% RHi, making it difficult to 

perform repeated ice nucleation experiments upon a sample. This is particularly 

important when observing whether particles become pre-activated after an initial 

freezing event (See Chapters 6 and 7 for more detail and experimental results involving 

pre-activation of glassy and mineral dust aerosol particles). 

Another approach to generating water vapour in situ is to control the temperature 

of a single surface of ice sealed within an experimental chamber that will, when at 

equilibrium, generate a partial pressure of water vapour equal to its saturation vapour 

pressure at that temperature. The temperature of the sample is independently controlled 

so it can be cooled to temperatures below that of the ice surface to generate 

supersaturations and raised to a temperature above that of the ice surface to generate 

subsaturations. This technique was used by Shaw and Mason (1955), Bryant et al. 

(Bryant et al., 1959) and Roberts and Hallett (Roberts and Hallett, 1968) to study ice 

crystal growth and ice nucleation by mineral dusts. Those instruments had internal 

surfaces coated with ice that were temperature controlled using circulated cooled 

liquids. 

A limitation of static instruments is that once ice has nucleated on a sample 

particle, the growth of the associated crystal can deplete the nearby environment of 

water vapour, causing substantial uncertainty in the humidity. This may be less of an 

issue when using a flow of humidified gas as water vapour is replenished more rapidly, 

though depending on the rate of diffusion, a local depletion of water vapour may still 

occur. A technique that avoids this is to conduct experiments at pressures in the 

Knudsen regime, where the mean free path of molecules is larger than the dimensions of 

the cell. This has been achieved using low pressure óKnudsen cellô type instruments that 
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generate water form an ice or water surface (depending on the temperature) (Knopf and 

Koop, 2006; Klein et al., 2010). 

3.2 Chamber concept 

The decision was made to convert Kulkarniôs chamber from a TGDC into a chamber 

that operates on the same principle as the chamber used by Roberts and Hallett (1968) 

(see above). This would allow particles to be exposed to humidities below ice 

saturation, enabling the investigation of IN pre-activation behaviour as well as allowing 

isothermal and isohumid experiments. The chamber generates a known partial pressure 

of water vapour in situ using a single temperature controlled ice surface. Adjusting the 

temperature of a sample of potential ice nuclei placed on a hydrophobic surface within 

the chamber relative to the temperature of the ice surface, exposes that sample to both a 

known temperature and humidity with respect to ice. The humidity experienced by the 

sample under investigation, RHi(Tsample), is calculated using the following equation: 

100
)(

)(
)(RH

sample

*

ice

ice

*

ice
samplei ³=

Tp

Tp
T  

Equation 3.1 

Where p* ice(Tice) and p* ice(Tsample) are the equilibrium vapour pressures of ice at 

the temperatures of the ice surface and of the sample respectively, both calculated using 

the parameterisations provided by Murphy and Koop (2005). When the particles are at 

the same temperature as the ice surface, they experience RHi of 100%. Unlike a thermal 

gradient diffusion chamber, this method of generating humidities allows both super and 

subsaturations with respect to ice to be generated, depending on whether the sample is 

at a lower or higher temperature than the ice surface. 

3.3 Description of the DMC 

3.3.1 Chamber body 

The chamber body has a volume of ~65 cm
3 

and consists of a PEEK (polyether ether 

ketone) thermoplastic dish (Figure 3.2) sandwiched between two liquid N2 cooled 

plates. The plates are used in the control of the temperatures of the sample and the ice 

film (Figure 3.3). The top rim of the PEEK dish has an inset EPDM (ethylene propylene 

diene monomer) rubber O-ring that seals against the inner surface of the stainless steel 
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top plate. The chamber is held together by four machine bolts that run between the two 

plates. These are tightened to ensure a good seal between the O-ring and the top plate 

surface. In the centre of the top plate is a viewing port covered with a borosilicate glass 

window, this is used to view the particles under investigation with a microscope. The 

chamber is kept well mixed by a continuously functioning 5 V axial fan (Sunon, RS 

components), mounted in the base of the PEEK dish. 

The PEEK dish has four ports, one of which is used to supply the power cables 

to the chamber mixing fan. The remaining ports were not used during the experiments 

detailed here, but were included in the design to allow the chamber to also operate as 

part of a flowing system, if required. 

  

Figure 3.2 The body of the chamber, made from PEEK polymer. A shows it without the sample 

holder in place. B shows the chamber in position on the bottom plate, with the sample holder in 

place. Note also the fan and four ports, one of which the power cables for the fan exit through. 

 

3.3.2 Temperature control 

Both the top and bottom plates of the chamber incorporate copper elements through 

which, via two separate solenoid pulse valves, liquid nitrogen is passed as a coolant. 

The temperature of each plate is controlled using separate Eurotherm 2416 PID 

(proportionalïintegralïderivative) temperature controllers linked to PT100 platinum 

resistance thermometers (PRT), which in the case of the top plate is embedded in its  

stainless steel layer and in the case of the copper bottom plate is located on its bottom 

surface as close to the centre as possible. The PID controllers adjust the temperature of 

their associated plate by opening the relevant pulse valve, allowing liquid N2 from a 

pressurised dewar to flow through the plate. Both Eurotherm devices are controlled 

A 

B 
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remotely by a PC via RS485 communication ports. The PC uses software written in 

Delphi by Trevor Ingham (Department of Chemistry, University of Leeds) which allows 

control of the rate at which cooling takes place and also logs temperature data from the 

controllers. 

The top and bottom plates also both incorporate custom made 300 W silicone 

heating mats (Holroyd, UK), which are controlled using a separate pair of CAL 3300 

temperature controllers (CAL Controls, UK). The mats allow rapid heating of the plates 

when required. 
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3.3.3 Temperature controlled ice surface 

In order to generate known partial pressures of water vapour inside the chamber there is 

a 30 mm square temperature controlled ice surface. Ice is deposited onto a 

30 x 30 x 3 mm layer of aluminium which sits upon the ócoldô side of a single-stage, 

38 W, 30 mm square Peltier element (RS Components). The edges of the Peltier 

element and aluminium are surrounded by a tight fitting plastic insulating ring, which 

prevents ice forming anywhere other than the main face of the aluminium. This 

assembly sits inside the chamber, to one side of the viewing port. It is attached to the 

stainless steel surface of the top plate using a thin layer of thermally conductive paste 

applied to the óhotô side of the Peltier element. The aluminium layer includes a ~15 mm 

deep port into which a narrow gauge, T-type thermocouple with an exposed junction is 

placed. The temperature from this thermocouple is read using a Hart Scientific HS1560 

precision thermometer (supplied by Fluke). As aluminium is thermally conductive, the 

temperature measured from this thermocouple is used as the ice film temperatures when 

calculating the in chamber humidity during experiments. 

The power cables that supply the Peltier element and the wire from the 

thermocouple embedded in the aluminium exit the chamber via a hole drilled into the 

stainless steel layer of the top plate. The hole is sealed using Apiezon sealing 

compound. 

 

Figure 3.4 A) The aluminium surface the ice layer is deposited upon sits on top of a Peltier 

element and both are surrounded by an insulating plastic ring. B) This whole assembly is 

attached to the surface of the top plate with a thin layer of thermal paste. 

A B 
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The temperature of the ice film is controlled using a combination of the top 

plateôs Eurotherm PID controller and by adjusting the voltage applied to the Peltier 

element using a bench top variable power supply. When a current is applied to the 

Peltier device, one side of the element becomes hot and the other side cools down, 

creating a temperature difference between the top plate and the cold side of the Peltier. 

By adjusting the voltage, the difference in temperature between the cold side of the 

Peltier and the top plate can be increased or decreased. During experiments, the 

temperature difference was always kept > 10 K, ensuring that the ice film is colder than 

the surface of the plate, therefore preventing ice growth elsewhere. 

3.3.4 Sample holder 

At the centre of the PEEK dish there is a 4 mm hole into which slots the sample holding 

assembly. This consists of a hollow copper rod, 4 mm diameter, which is open at one 

end (for inserting temperature probes) and steps down to a 1 mm diameter flat tip at the 

other (Figure 3.5). The tip is put in contact with the underside of a silanised 

hydrophobic glass coverslip upon which a sample can be placed. In order to ensure a 

positive contact between the tip and the underside of the slide, there is a threaded PEEK 

collar which sits so that the end of the tip extends just beyond it. When a coverslip is 

placed across the collar, so that the tip is in contact with its centre point, a threaded 

PEEK cover with a central hole can be screwed down over it. As the tip of the rod is 

slightly higher than the PEEK collar, the glass coverslip is put under small amount of 

tension, which holds it against the tip of the rod. To ensure a good thermal contact, prior 

to putting the coverslip on a very thin layer of thermal paste can be applied to the rod 

tip. Once assembled the copper rod is inserted into a hole in the centre of the PEEK 

chamber (Figure 3.2), which lines up with a second hole in the bottom copper cooling 

plate (Figure 3.3). The rod is engineered to fit snugly and be in good thermal contact 

with the cooling plate, minimising any lag when the temperature of the plate changes. 

The PEEK collar insulates the sides of the copper rod and the glass slide acts as 

a barrier to water vapour at the top. As discussed in Section 3.1, the sample has to be the 

coldest available point in the chamber in order to prevent ice nucleating somewhere else 

and reducing the available water vapour. The coldest point inside this chamber is the 

area of glass which is in contact with the copper rod. As the glass is silanised (its 

surface ïOH groups have been replaced with hydrophobic silane groups) it does not 
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efficiently nucleate ice (for a characterisation of the IN ability of the hydrophobic glass 

see Chapter 7) 

As the bottom cooling element is in direct thermal contact with the sample that 

is being investigated, the temperature of the sample is controlled using the bottom 

plateôs Eurotherm PID controller. The temperature of the sample is measured separately 

using the HS1560 precision thermometer connected to a an exposed junction T-type 

thermocouple, which is pushed to the end of the hollow copper sample rod until it is in 

direct physical contact with the copper at the end of the rod. 

 

Figure 3.5 The sample holder is designed to ensure a good thermal contact between the end of 

the copper rod and the underside of the glass coverslip the sample is deposited onto. 

3.3.5 Sample microscopy 

Samples on the hydrophobic glass coverslip are observed using a modular microscope 

which consists of a long (33 mm) working range 10x objective (Optem MPlan, 10122) 

mounted on a dual focus module (Qioptiq, 299084-310), an internal focus module (Best 

Scientific, BS29-95-91-310), a 7:1 zoom lens (Optem 70XL, 391940), a coaxial 

illumination module with input for a fibre optic cable (Optem) and a 1.5x mini fixed 

tube with a camera mount (Optem 299028). The microscope is mounted on a 50 mm 

vertical translation stage (LT1, Thorlabs) which allows the focus to be adjusted. The tip 

of the copper rod that is in contact with the glass coverslip has a diameter of 1 mm. The 

field of view of the microscope is large enough that the whole of the tip can be seen, 

ensuring that there are no areas where ice could nucleate without being observed. The 

sample is illuminated by reflected light that is directed through the microscope optics 

from a light source (Optem VSI 220) via an optical fibre. The light source is fitted with 

an infra-red filter, preventing any sample heating. The microscope is fitted with a 

Microsoft LifeCam USB web camera, which has had its focusing lenses removed, 
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exposing its CCD chip. The webcam modification was based on instructions published 

by Gary Honis at http://ghonis2.ho8.com/lifecam/lifecam1.html. 

3.3.6 LabView control and logging software 

The HS1560 thermometer and microscope USB camera are both controlled via a 

program written specifically for the DMC using the LabView graphical programming 

environment. The LabView program switches the thermometer between measurements 

from the thermocouple in the sample holder and the thermocouple in the aluminium 

upon which the ice film is deposited, saving the data in an ASCII file. For every pair of 

measurements from the HS1560 a single frame is captured from the USB camera and 

saved to an uncompressed .AVI file. It takes ~3 s for the HS1560 to measure from each 

temperature channel and less than one second to capture a video frame, resulting in up 

to a 6 s offset between the temperature measurements associated with each frame. This 

delay results in a negligible temperature offset at the rates of cooling used in the 

experiments described in this thesis (See Section 3.3.7 for details). 

Using Equation 3.1, the program also calculates the RHi that the sample is 

exposed to based on the last measured ice film and sample temperatures. When 

performing experiments, the measured temperatures and the calculated RHi are 

displayed in a strip chart format along with the last captured video frame (Figure 3.6). A 

block diagram of the LabView program has also been included (Figure 3.7) 

http://ghonis2.ho8.com/lifecam/lifecam1.html
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3.3.7 Uncertainty in temperature measurements 

During experiments, the temperature of the ice film is held constant and the temperature 

of the sample is changed at a rate of 0.1 K min
-1

. Allowing for the maximum 6 second 

offset between the measurement of the sample temperature and the capture of the 

associated frame of video, there is a maximum time related offset of 0.01 K between the 

temperature measured by the HS1560 and the temperature of the sample. This is 

negligible when compared to the quoted uncertainty of the HS1560 when taking 

measurements from thermocouples, which is ±0.5 K. 

Due to their positioning, there is a slight separation between the thermocouples 

and the ice film/sample. This results in a systematic offset between the temperatures 

which the thermocouples measure, and the actual temperatures of the sample and the ice 

film. In both cases the thermocouples are located nearer the source of cooling than 

either the sample or the ice film. This results in the thermocouples being consistently 

colder than the sample and the ice film. 

The effect of the temperature offsets on the difference between the calculated RHi 

and the humidity/temperature experienced by the sample was found to be dependent 

upon the type and positioning of the sample thermocouple. This offset was quantified 

using ice sublimation measurements which are detailed in Chapter 7. 

3.4 DMC experimental methodology 

3.4.1 Materials 

Ammonium sulphate (99.999%, Puratronic, Alfa Aesar) crystals were used in the 

characterisation of the chamber humidity and the ice nucleation properties of a natural 

kaolinite clay dust (KGa-1b, clay minerals society, 96% kaolinite, major impurities 

anatase, crandallite, mica, illite (Costanzo and Guggenheim, 2001)) were investigated 

(see Chapter 7). 

The surface area of KGa-1b has been well quantified in a number of studies 

using the Brunauer-Emmett-Teller (BET) gas adsorption method (Dogan et al., 2006; 

Jaynes et al., 2005; Thompson et al., 1999; Bereznitski et al., 1998; Foster et al., 1998), 

ethylene glycol monoethyl ether adsorption (Jaynes et al., 2005) and atomic force 



Chapter 3: Development of the deposition mode chamber (DMC) 

 

68 

microscopy (Bickmore et al., 2002). The mean average of the surface areas found in 

these studies is 11.8 ± 0.8 m
2
 g

-1
(Murray et al., 2011). 

3.4.2 Slide preparation 

Siliconised hydrophobic coverslips (12 mm diameter, 0.02 mm thick; Hampton 

Research) were first immersed in chloroform and sonicated in a sonic bath then rinsed 

in methanol followed by 18.5 MÝ cm water and allowed to dry before being scoured 

using a dry ice cleaning gun (SnoGunÊ II, Va-Tran Systems). 

3.4.3 Depositing samples for investigation 

3.4.3.1 Ammonium sulphate 

Finely ground ammonium sulphate was sprinkled onto the centre of a slide that had 

been fitted into the sample holder and any excess was gently blown off using a stream 

of zero grade N2 gas (BOC).  

3.4.3.2 Kaolinite (KGa-1b) 

It was necessary to employ more quantitative methods of deposition for kaolinite 

mineral dust as the available surface area of dust may impact its efficiency as an ice 

nucleus. Two similar techniques were used using suspensions of KGa-1b in 18.5 MÝ 

water with known weight percentages of clay; these are described below. 

3.4.3.3 Nebulisation 

Suspensions were nebulised using a homemade nebuliser and humidified chamber. The 

sample holder, equipped with a freshly cleaned hydrophobic slide, was placed into the 

mouth of the chamber before activating the nebuliser, which creates a mist of 

suspension droplets which settled onto the glass slide. In order to prevent the 

concentration of clay in the mist droplets changing before they settle on the slide, the 

chamber humidity was maintained at water saturation using a flow of humidified gas 

from a bubbler kept at the same temperature as the chamber. After ~2 minutes the 

nebuliser was switched off. The size of the deposited droplets was then recorded using a 

microscope and attached camera whilst the humidity was maintained at water saturation 

(the droplets evaporate rapidly at ambient humidity). When calculating their volume, 

droplets were assumed to be spherical except for the point of contact with the surface. 

To account for this reduction in spherical volume, a correction was applied based on a 

100° contact angle between the droplets and the hydrophobic glass (Broadley et al., 
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2012). The mass of clay in the droplets was calculated based on the dropletsô corrected 

volumes and the weight percent of the nebulised suspension. Given the surface area of 

KGa-1b per gram (Murray et al., 2011) and the mass of clay on the slide, the total 

surface area of particles under investigation was calculated. The humidified flow was 

stopped, causing water from the droplets to evaporate. The sample holder and slide were 

then covered to prevent contamination and transferred to the chamber. 

3.4.3.4 Single droplet evaporation 

A ~1 mm diameter single droplet of KGa-1b suspension was placed onto the centre of 

the hydrophobic slide using a micro-syringe. This process was recorded using a 

microscope and camera so that the diameter of the deposited droplet was known 

allowing the surface area of clay on the slide to be calculated (See 3.4.3.3). Again, the 

sample holder and slide were then covered and transferred to the waiting chamber. 

Depositing particles using the different techniques had a significant effect on the 

final distribution of particles on the slide. Nebulising gave a distribution of discreet 

aggregates of particles, that resulted from the evaporation of many separate droplets 

(Figure 3.8a). When only a single, larger droplet was deposited and allowed to 

evaporate, the result was clay particles that covered an area larger than that found for 

the nebulised particles (Figure 3.8). In both cases the amount of residue that remained 

depended upon the initial concentration of the clay suspension. 

  

Figure 3.8 A comparison of the results of depositing KGa-1b mineral dust using a nebuliser 

(panel a) and by evaporating a single droplet of suspended clay (panel b) 
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3.4.4 Depositing the ice film 

Just prior to the chamber being closed, an ice film was deposited on the aluminium face 

of the Peltier assembly. This was achieved by cooling the Peltier to ~260 K and 

directing a flow of high purity nitrogen gas that had been bubbled through 18.5 MÝ cm 

water at the cooled surface. This caused a very thin layer of ice (no more than 0.1 mm) 

to rapidly build up on the aluminium. Throughout the process the top plate temperature 

was kept above the ambient dew point to avoid liquid water from the humidified flow 

condensing on to its surface. Once a suitable ice layer had been deposited, the chamber 

was closed quickly and sealed tightly using the machine bolts to prevent any significant 

increase of the thickness of the ice film from ambient water vapour depositing. The 

microscope was then positioned in the viewing port and the particles observed. The 

chamber at this stage of the experiment is pictured in Figure 3.9. 
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3.4.5 Equilibration and the first experimental run 

Prior to performing the first experimental run, the ice film was cooled to the desired 

temperature and the chamber was left to equilibrate with the mixing fan running for at 

least 30 minutes. To prevent the exposure of the sample under investigation to any 

supersaturation with respect to ice during this time, the temperature of the sample was 

kept at least 10 K above that of the ice film. 

After equilibration, the sample was cooled to and held at a temperature close to, 

but still above that of the ice film, resulting in the sample being exposed to a calculated 

humidity of ~90% RHi. After allowing the temperature of the ice surface to stabilise for 

~30 minutes, the sample was cooled at a rate of 0.1 K min
-1

, causing the sample to 

experience increasing humidity, at a rate of about 1% min
-1
 (at ~240 K). Once ice has 

nucleated, the sample was warmed back up at a rate of 0.1 K min
-1

, allowing the 

sublimation of the ice to be observed. Once all ice has sublimated the process can be 

repeated at the same temperature or the ice film can be raised or lowered in temperature 

before performing another run.  

The characterisation of the chamber and ice nucleation results using from an 

investigation using natural kaolinite dust are presented in Chapter 7.
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Chapter 4: ICE01 campaign: Heterogeneous ice 

nucleation by glassy citric acid aerosol 

Aerosol particles sampled in the TTL and other areas of the upper troposphere contain a 

large fraction of oxygenated organic species (Froyd et al., 2009b; Froyd et al., 2010). 

Particles containing oxygenated organic material may exist in a glassy state at 

temperatures relevant to the TTL (Zobrist et al., 2008; Murray, 2008b; Koop et al., 

2011). This chapter presents experiments performed during the ICE01 campaign 

performed at the AIDA (Aerosol Interactions and Dynamics in the Atmosphere) 

chamber at the Karlsruhe Institute of Technology, Germany. The AIDA  chamber is a 

large, highly instrumented cloud simulation chamber that is capable of accessing 

temperatures relevant to the TTL. During ICE01 the behaviour of glassy aqueous citric 

acid aerosol when exposed to cirrus forming conditions was examined. Evidence for 

heterogeneous ice nucleation by glassy citric acid aerosol particles at TTL temperatures 

is presented along with modelling data which shows that heterogeneous ice nucleation 

by glassy aerosol could be related to observed TTL cirrus properties including high in-

cloud supersaturations. 

Experimental and modelling data from this campaign were published as a letter 

in Nature Geoscience (Murray, B. J., Wilson, T. W., Dobbie, S., Cui, Z. Q., Al-Jumur, 

S., Mohler, O., Schnaiter, M., Wagner, R., Benz, S., Niemand, M., Saathoff, H., Ebert, 

V., Wagner, S., and Karcher, B.: Heterogeneous nucleation of ice particles on glassy 

aerosols under cirrus conditions, Nature Geoscience, 3, 233-237, 10.1038/ngeo817, 

2010). TWW assisted with experiments at the AIDA chamber, analysed the data 

provided by the AIDA team and processed, analysed and helped interpret modelling 

data provided by SD. BJM oversaw the study, sought financial support for it and wrote 

the manuscript. SD led the modelling aspects in collaboration with SMRKA and BK. 
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4.1 Citric acid as a proxy oxygenated organic material 

in the atmosphere 

Organic material makes up as much as 70% of the mass of fine aerosol found in the 

troposphere (McFiggans et al., 2005). This material is often highly oxidised and C=O, 

OH and COOH groups are ubiquitous (Graber and Rudich, 2006; Saxena and 

Hildemann, 1996). Highly concentrated aqueous solutions of oxygenated organic 

species can become semi-solid or glassy at temperatures relevant to cirrus cloud 

formation (Murray, 2008b; Zobrist et al., 2008; Mikhailov et al., 2009; Koop et al., 

2011). The aim of the ICE01 experimental campaign was to investigate whether aerosol 

in the glassy state affected the formation of ice particles under cirrus conditions. Citric 

acid (2-hydroxypropane-1,2,3-tricarboxylic acid) was chosen for investigation due to its 

similar functionality to compounds found in atmospheric aerosol and because its glass 

forming properties when in an emulsion have been previously studied (Murray, 2008b).  

 

Figure 4.1 Citric acid (2-hydroxypropane-1,2,3-tricarboxyllic acid) was used as a proxy for 

atmospheric oxygenated organic material. 

4.1.1 The citric acid/water aerosol phase diagram 

The phase diagram of aqueous citric acid solution aerosol is displayed in terms of the 

citric acid weight percent of the aerosol in Figure 4.2a. The phase diagram shows what 

phase state aqueous citric acid aerosol would be expected to exist in at a range of 

temperatures and solution concentrations. It includes the threshold at which ice 

nucleates homogeneously in citric acid droplets (dashed red line) (Murray, 2008b) and 

the threshold at which ice and liquid water are in equilibrium (solid black line) (Koop et 

al., 2000; Murray, 2008b). Between these thresholds the liquid solution aerosol exists in 

a metastable supercooled state. The RHg threshold, based on a fit by Maltini et al. 

(1997), is marked as a cyan dot-dash line. The citric acid solution aerosol phase diagram 

is also plotted as a function of relative humidity with respect to liquid water (RHliq) 
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(Figure 4.2b). The chamber RHliq/100 is equal to the aerosol water activity (aw) as long 

as the aerosol droplets are in equilibrium with their surroundings. 

Idealised experimental trajectories from five expansions performed on the same 

aerosol at the AIDA chamber are shown as black arrows. In Figure 4.2a, expansions 

starting below Tgô (where the ice-liquid equilibrium threshold and the glass transition 

cross) are represented by dashed arrows. This is to highlight that the wt% of citric acid 

in the aerosol droplets is not known accurately as once the glass transition occurs, the 

aerosol cease to remain in equilibrium with the chamber humidity. When the glass 

transition is crossed during an expansion, the concentration of the aerosol remains 

uncertain as the rate of uptake of water and the resulting potential liquefaction of the 

aerosol may be delayed due to the slow diffusion of water in glasses (Zobrist et al., 

2011; Tong et al., 2011; Mikhailov et al., 2009; Koop et al., 2011). In Figure 4.2b the 

phase diagram is shown in terms of the chamber relative humidity with respect to liquid 

water (RHliq). The arrows are not dashed as they show the trajectory of the chamber 

humidity during expansions rather than the aerosol composition. To test the effects of 

the glass transition on ice nucleation, expansion experiments were performed at 

temperatures above, below and very close to the aerosol dropletsô glass transition 

threshold. 
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Figure 4.2 a) Phase diagram for aqueous citric acid aerosol particle as a function of temperature 

and citric acid wt%, with idealised experimental trajectories for expansions 1 ï 5 shown as black 

arrows. The dashed arrows represent trajectories where the concentration of the aerosol is 

uncertain due to expansions starting below the glass transition (RHg) (cyan dot dash line). Also 

shown are the homogeneous ice nucleation threshold based on data from Murray et al. (2008b) 

and the ice liquid equilibrium line (Koop et al., 2000). b) shows the phase diagram as a function 

of RHliq. Above RHg the aerosol concentration was in equilibrium with the chamber humidity, 

therefore aw = RHliq/100. The ice liquid equilibrium threshold is shown as a solid black line and 

the homogeneous freezing threshold (Koop et al., 2000) is shown as a dashed red line.  

As discussed in Section 2.4, expansion experiments actually start at humidities 

just to the right of the ice-liquid equilibrium line due to the chamber RHi at equilibrium 

being 90 ï 95%. 

4.2 Results and discussion 

Aerosol was injected into the chamber which was at a temperature of ~235 K, well 

above Tgô. Immediately after injection ceased the aerosol concentration measured by 

CPC3010 was ~17500 cm
-3

. By the start of the first expansion experiment this had 

dropped due to sampling losses to ~16000 cm
-3

. Aerosol was lost during each expansion 

during pumping and by the continued sampling of chamber air by optical particle 

counters and other instruments. By run 5, the aerosol concentration at the start of 

pumping was ~1000 cm
-3

. It was necessary therefore to consider the total aerosol 

concentration when comparing Nice data from different expansions. To allow more 
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direct comparison the fraction of aerosol that froze, fice, was also calculated (fice = 

Nice/total aerosol concentration). A typical size distribution for the citric acid aerosol 

used in expansion runs described in this chapter is shown Figure 4.3. 
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Figure 4.3 SMPS size distribution for citric acid solution aerosol particles taken immediately 

prior to run 3. The red line is a log normal fit to the distribution.  

The first expansion with the aerosol started at 235 K (well above Tgô) so the 

aerosol was expected to be in the liquid state. The onset of ice nucleation was observed 

as a change in the depolarisation ratio at 136 ± 5% RHi. This is very close to the 

threshold at which other liquid solution droplets such as aqueous sulphuric acid aerosol 

froze homogeneously at the same temperature in previous experiments at the AIDA 

chamber (solid green line, Figure 4.4) (Möhler et al., 2003) which indicates that the 

aerosol was indeed in the liquid state. The homogeneous threshold observed at the 

AIDA is referred to from now on as the óAIDA homogeneous thresholdô. It should be 

noted that there is a discrepancy between AIDA homogeneous threshold and the water 

activity derived homogeneous nucleation thresholdô (Koop et al., 2000). This results in 

AIDA observing homogeneous ice nucleation at lower humidities than the Koop line at 

temperatures above ~210 K and at higher humidities below 210 K. This was behaviour 

was observed for all the aerosol compositions investigated during both the ICE01 and 

ICE02 (see Chapters 6 and 7) campaigns and has also been found for a variety of other 

liquid solution aerosol (Wagner et al., 2008; Wagner et al., 2011). In this thesis, 
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homogeneous nucleation by the aerosols tested is always compared against the existing 

AIDA data for sulphuric acid (Möhler et al., 2003). The issue is going to be addressed 

directly in a forthcoming paper by the AIDA team. 
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Figure 4.4 A summary of the results of expansion experiments during ICE01. Fits to 

experimental RHi/temperature trajectories are shown as dashed black lines. Depolarisation 

thresholds are indicated on each experimental trajectory by orange triangles. For clarity, only 

the depolarisation thresholds have been shown (blue diamond and star respectively) for 

experiments six and seven, which used different citric acid aerosols from that used in runs 1 ï 5 

(see Section 4.2.2). The size/colour of the overlaid bubbles shows the fraction of aerosol frozen 

(fice) during the course of experiments 1- 5. The RHg threshold for citric acid solution aerosol 

(Maltini et al., 1997; Murray, 2008b) is shown as a dot-dash cyan line. 

After pumping finished, the nucleated ice particles were sublimated by refilling 

the chamber with dry, filtered synthetic air. The chamber was then cooled to 194 K, 

well below Tgô and deep into region of the phase diagram in which the aerosol was 

expected to be glassy. An expansion was performed in which ice nucleation was 

observed at 135 ± 11% RHi, well below the AIDA homogeneous threshold at this 

temperature. Ice nucleation below the homogeneous threshold is consistent with the 

solid glassy aerosol acting as heterogeneous ice nuclei. 
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In the following runs the temperature was first increased slightly to 202 K, still 

well within the glassy region (run 3), and heterogeneous ice nucleation was once again 

observed with the onset of ice nucleation at 123 ± 6% RHi. The aerosol was then 

warmed into the liquid part of the phase diagram, and an expansion started at ~215 K 

(run 4). At this temperature the aerosol was observed to nucleate ice only at the 

predicted AIDA homogeneous freezing threshold, indicating that it had liquefied on 

crossing RHg. The temperature was then reduced again for run 5, to just below Tgô at 

208 K; in this run a very small amount of heterogeneous ice nucleation was observed, 

with ~1 cm
-3

 ice particles nucleating from just above 120 ± 5% RHi. 

4.2.1 Homogeneous ice nucleation in liquid aerosol vs. 

heterogeneous ice nucleation by glassy aerosol 

The differences in the behaviour of the aerosol in expansions which started in the liquid 

part of the phase diagram (run 4) compared to those in which the aerosol was in the 

glassy state (run 3) is shown in detail in Figure 4.5. Heterogeneous ice nucleation was 

found to consistently produce many fewer ice particles than was observed in runs where 

only homogeneous freezing was observed. In run 3, nucleation starting at 123 ± 6% RHi 

only produced 5 cm
-3

 ice particles prior to the chamber humidity reaching the AIDA 

homogeneous threshold. This is small compared to the ~70 cm
-3
 that nucleated 

homogeneously (at 161 ± 7% RHi) in run 4. In homogeneous experiments, the result of 

rapid ice nucleation and growth was that the supersaturation of water vapour present in 

the chamber was swiftly quenched, sharply returning RHi to near ice saturation. The 

smaller number of ice particles nucleated heterogeneously by glassy aerosol could not 

quench supersaturations as efficiently. 

The fraction of aerosol that nucleated ice (fice) was calculated by dividing Nice by 

the total aerosol concentration data from CPC3010 during each experiment. It is shown 

as the overlaid bubbles in Figure 4.4. After the onset of heterogeneous ice nucleation in 

runs 2, 3 and 5, fice increased much more gradually prior to homogeneous nucleation. 

The fraction of aerosol that nucleated ice heterogeneously was small, with fice reaching 

between 3 and 3.5 x 10
-3

 in runs 2 and 3. The fraction that froze heterogeneously in 

experiment 5 was even smaller, as many fewer ice particles were nucleated. 
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Figure 4.5 Comparison of an expansion in which homogeneous nucleation occurred (Run 4, 

panels A and B) with an expansion in which the glassy citric acid aerosol nucleated ice 

heterogeneously (Run 3, Panels C and D). Panels A and C show the temperature and RHi (black 

and blue solid lines respectively), the RHg threshold (cyan dot-dot-dash line) and the 

homogeneous freezing threshold based on liquid H2SO4 aerosol freezing at AIDA (Möhler et al., 

2003) (blue dot-dash line). Panels B and D show Nice measured using the WELAS 2 instrument. 

Grey dashed lines mark the onset of ice nucleation in each case, based on ŭ. 

In run 3, heterogeneous ice nucleation continued at humidities above RHg (cyan 

dot-dot-dash line in Figure 4.5). This was also observed in runs 2 and 5 (although in the 

latter case the ice concentration nucleated was very small). The continued nucleation of 
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ice above RHg but below the AIDA homogeneous threshold suggests that the aerosol 

did not liquefy on crossing RHg. This may be due to a delay in the uptake of water by 

the aerosol, which is consistent with the slow rate of diffusion observed in glassy 

sucrose droplets (Zobrist et al., 2011). Tong et al. (2011) show that the liquefaction was 

delayed by 10s ï 100s of seconds in supermicron sucrose droplets at room temperature. 

Nucleation above RHg may also be partly the result of uncertainty in the RHg threshold, 

which could exist at a higher humidity. 

There is further evidence of delayed water uptake by ultra viscous or glassy 

aerosol in run 4 where homogeneous ice nucleation occurred ~10% RHi above the 

AIDA homogeneous threshold. This might be the result of slowed water uptake in 

highly viscous aerosol, delaying the dilution necessary for homogeneous freezing. 

Similarly in run 3, there was an increase in the rate of ice particle production after the 

chamber humidity exceeded the AIDA homogeneous threshold. However the increase 

was not as sudden as the homogeneous nucleation event in run 4. This may indicate that 

the aerosol was still highly viscous, preventing the equilibration of the aerosol with its 

surroundings and hence delaying homogeneous nucleation. There is also recent 

evidence that heterogeneous ice nucleation may occur after initial water uptake (Wang 

et al., 2012). This is discussed further in Chapter 5 as ice nucleation above RHg was also 

observed in the ICE02 campaign in experiments that used glassy solution aerosol of 

different chemical compositions.  

4.2.2 Experiments using aerosol injected at temperatures below 

Tgô 

The aerosol used in runs 1 ï 5 was injected into the chamber above Tgô. Two runs (6 and 

7) were performed in which the aerosol was injected below Tgô, at 194 and 202 K 

respectively. In both cases expansions were then started at the same temperature. 

Injecting the aerosol particles below Tgô subjected them to a significantly different 

equilibration process. The aerosol used for runs 1 ï 5 was cooled in the chamber at a 

humidity of between 90 and 95% RHi, causing the aerosol concentration to roughly 

follow the ice-liquid equilibrium line (solid blue line, Figure 4.2) until approaching Tgô, 

at which point the composition would have ceased to remain in equilibrium with the 

chamber humidity. The aerosol injected into the chamber at low temperatures would 

have cooled much more rapidly before hitting the glass transition. This would 
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potentially affect the concentration of the aerosol, as the rate at which cooling takes 

place impacts the temperature (and therefore water activity) at which the glass transition 

occurs. Despite this difference, the ice nucleation onsets for the aerosol injected directly 

were very similar to those for the aerosol injected above Tgô (Figure 4.4), as was the 

observed fice, indicating that changing the injection method did not affect the ice 

nucleation properties of the glassy aerosol. 

4.2.3 Why do glassy aerosol particles act as ice nuclei? 

The results in this chapter provide the first evidence that glassy aerosol particles are able 

to act as heterogeneous ice nuclei. The mode of ice nucleation occurring is consistent 

with the definition of deposition mode given by Vali as ñthe formation of ice in a 

supersaturated (vapor) environmentò (Vali, 1985). It is reasonable to suspect that ice 

nucleation by the glassy aqueous citric acid aerosol is catalysed by water and solute 

molecules that are arranged in a manner that happens to provide a hydrogen bonding 

site that matches the crystal lattice of ice. These active sites would occur by chance and 

may be more or less common in glassy solution aerosol of different composition. To test 

whether ice nucleation is a general property of glassy aerosols and independent of their 

composition, a second campaign that used a variety of glassy aerosol compositions was 

undertaken, the results from which can be found in Chapter 5. 

4.2.4 Could homogenous ice nucleation have enhanced the IN 

ability of the aerosol used during the ICE01 experiments? 

In experiments performed during the ICE02 campaign the aerosols tested were found to 

become more efficient heterogeneous IN after having frozen homogeneously close to 

RHg. This phenomenon is dubbed aerosol ópre-activationô and is discussed in detail in 

Chapter 6. Precautions were taken in the ICE02 campaign to separate ónormalô 

heterogeneous ice nucleation from pre-activated heterogeneous ice nucleation. This was 

not the case in the first campaign, so it is necessary to re-evaluate the ICE01 data. In run 

1, homogeneous nucleation was well away from the RHg and in the following run early 

ice nucleation was not observed, indicating that no aerosol pre-activation occurred. In 

run 2, despite noise in the TDL humidity data, it is apparent that the AIDA 

homogeneous nucleation threshold at ~170% RHi was reached. However, there does not 

appear to be any sudden increase in Nice after the homogeneous threshold was hit. 

Instead the ice particle concentration continues to increase gradually, suggesting 
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continued heterogeneous nucleation. Had the aerosol become pre-activated, it would be 

expected that the ice onset humidity in run 3 would be much closer to ice saturation 

than is the case. The fraction of aerosol that froze was also consistent with run 2. It is 

reasonable therefore to assume that the nucleation observed in run 3 was heterogeneous 

nucleation by glassy aerosol, rather than nucleation by pre-activated aerosol. 

Pre-activation might perhaps have been more likely for run 5, as it followed a 

run in which ice nucleated homogeneously much closer to the glass transition. Only a 

very small fraction of aerosol nucleated below the homogeneous threshold during this 

expansion (< 1 cm
-3

). It is possible that this was the result of either pre-activation of a 

small fraction of the aerosol or heterogeneous ice nucleation on glassy aerosol. As the 

humidity at the onset of nucleation was similar to that found in run 3 it is more likely to 

be the result of heterogeneous nucleation. 

4.2.5 Evidence for ice nucleation by glassy aerosol in the TTL 

The experimental results presented in this chapter show that aqueous citric acid aerosol 

heterogeneously nucleates ice when in a glassy state at temperatures relevant to the 

TTL. Cirrus clouds in the TTL have very low ice particle concentrations, which is 

consistent with them nucleating via heterogeneous ice nucleation on a small fraction of 

the available aerosol (see Section 1.4.4.5.1). Analysis of the residues of ice crystals 

from TTL cirrus show that aerosol from which the ice particles nucleated also 

overwhelmingly consist of internally mixed sulphate and organic species with only a 

small amplification of the mineral dust fraction (see Figure 1.13).  

The dominance of the sulphate organic fraction in the observed SVC ice residues 

might suggest that the SVC formed homogeneously, by the dilution and freezing of 

liquid sulphate-organic aerosol. This would not however explain the small ice particle 

concentrations found in SVC, which are more consistent with heterogeneous ice 

nucleation (Immler et al., 2008; Krämer et al., 2009; Gensch et al., 2008; 

Khvorostyanov et al., 2006; Spichtinger and Gierens, 2009; Spichtinger and Cziczo, 

2010; Jensen et al., 2010; Ren and Mackenzie, 2005). A possible explanation therefore 

would be that the sulphate-organic aerosol exist in a glassy state and a small fraction are 

able to nucleate ice, like the citric acid aerosol tested during ICE01. This would result in 

low ice number density clouds formed from sulphate-organic aerosol, as observed by 
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Froyd et al. (2010). In section 4.3, the impact of heterogeneous ice nucleation by glassy 

aerosol on TTL cirrus cloud is assessed using results from a modelling study. 

4.3 Modelling the impact of glassy aerosol on TTL 

cirrus 

In collaboration with Steven Dobbie, Bernd Kärcher, Benjamin Murray and Sardar 

M.R.K. Al-Jumur a one-dimensional cirrus cloud model was used to assess the effect of 

heterogeneous ice nucleation by glassy aerosol on cirrus cloud under TTL conditions. I 

produced a parameterisation for heterogeneous ice nucleation by glassy aerosol based 

on ICE01 data. I also processed and analysed the model output and contributed to its 

interpretation. 

4.3.1 Modelling methodology 

This study used Kªrcherôs Advanced Particle Simulation Code (APSCm-1D, (Kärcher, 

2005), a one-dimensional column model with Lagrangian tracking of ice crystals in 

which aerosol microphysics can be explicitly described. The model was initialised using 

idealised temperature and pressure profiles (Figure 4.6, panels A and B). A layer of 

cirrus cloud was forced between 17.1 and 17.6 km using a RHi step function (panel C). 

The temperatures, pressures and humidities used in the model were all within the range 

of measurements made from aircraft in the TTL (Jensen et al., 2008). Advection was 

simulated in the model by applying a uniform cooling rate to the whole column. A mass 

accommodation coefficient for water molecules onto ice of 0.5 was applied. 

Parameterisations for the saturation vapour pressures of liquid water and hexagonal ice 

were taken from Murphy and Koop (2005). 



Chapter 4: ICE01 campaign: Heterogeneous ice nucleation by glassy citric acid aerosol 

 

85 

180 185 190

16.6

16.8

17.0

17.2

17.4

17.6

17.8

18.0

80 90 100 0 20 40 60 80 100 0.0 0.5 1.0 1.5 2.0

 

DCB

 

A
lt
it
u
d
e
 /
 k

m

Temperature / K

A

 

Pressure / mBar

 

RH
i
 (%)

 

 

H
2
O mixing ratio

 / ppm

 
Figure 4.6 Temperature, pressure, RHi and H2O mixing ratios used in the initialisation of 

APSCm-1-D. All values are within the range of TTL in situ measurements (Peter et al., 2003; 

Jensen et al., 2008). 

An aerosol particle number concentration of 100 cm
-3

 was used, all with 100 nm 

diameters. Homogeneous freezing of the liquid aerosol was governed by the water 

activity freezing criteria for liquid solution droplets found by Koop et al., (2000), i.e. the 

liquid aerosol would freeze if the modelled humidity reached a defined, temperature 

dependent threshold. Heterogeneous ice nucleation by the glassy aerosol particles was 

based on a parameterisation of the fraction of glassy citric acid solution aerosol that 

nucleated ice in the ICE01 experimental campaign. A linear fit was used to describe fice 

as a function of RHi from run 3, which started at ~202 K (Figure 4.7). For most model 

runs a 1:1 ratio of glassy to liquid aerosol was used (i.e. 50 cm
-3

 glassy and 50 cm
-3

 

liquid). During sensitivity tests (see below) the impact of reducing the fraction of glassy 

aerosol to 10% was tested. For comparison, runs were also performed in which all the 

aerosol particles were liquid.  
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Figure 4.7 The parameterisation of heterogeneous ice nucleation by glassy aerosol used in the 

cirrus modelling. It is a linear fit to fice as a function of RHi from run 3. The fit has the equation 

fice = 7.7211 x 10
-5
 RHi(%) ï 9.2688 x 10

-3
. It is valid for RHi from 121 to 170%.  When RHi 

< 121%, fice = 0. 

4.3.2 Modelling results 

The model output provided Sice (the ice saturation ratio = RHi/100), Nice, the mean ice 

particle effective radius (R) and the ice water content (IWC) as a function of altitude 

and time. These outputs were plotted initially as colour maps on altitude/time axes 

(Figure 4.8).  
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Figure 4.8 Example model results for Si, Nice, R and IWC. Plots on the left are from runs using 

only liquid aerosol, right hand plots used a 50/50 mix of liquid and glassy aerosol. All runs used 

a cooling rate of 0.76 K hr
-1
, 100 cm

-3
 aerosol concentration and were initialised using the 

profiles in Figure 4.6 
















































































































































































































































































