
The ice-nucleating activity of
fertile soils and crop pathogens

by

Kathleen Anna Thompson

Supervisors: Benjamin Murray and Catherine Noakes

Submitted in accordance with the requirements for the degree of

Doctor of Philosophy

University of Leeds

School of Chemical and Process Engineering

School of Earth and Environment

March 2024



Declaration

I confirm that the work submitted is my own and that appropriate credit has been given

where reference has been made to the work of others.

This copy has been supplied on the understanding that it is copyright material and that

no quotation from the thesis may be published without proper acknowledgement.

The right of Kathleen Anna Thompson to be identified as Author of this work has been

asserted by her in accordance with the Copyright, Designs and Patents Act 1988.

©2024 The University of Leeds and Kathleen Anna Thompson

i



Acknowledgements

I want to start by thanking my main supervisors, Ben Murray and Cath Noakes, whose

support and guidance have been invaluable throughout my PhD experience. I am also

grateful for the additional supervisory support of Nadine Borduas-Dedekind, my Canadian

supervisor for my Mitacs Globalink project, and Jon West, my industrial supervisor. I

would also like to thank the team behind the Aerosol Science CDT; Jonathan Reid, Rachel

Miles, Kate Lucas, Yaelle Hartley and everyone else involved in making the CDT what it

is.

I was lucky enough to work with a variety of different research groups throughout my

PhD; including the Ice Nucleation Group at the University of Leeds, the NBD Group at the

University of British Columbia, Canada and the Protecting Crops and the Environment

Group at Rothamsted Research in Harpenden, UK. I want to acknowledge the help and

support received from the members of these groups, in particular, Paul Bieber, Anna

Zeleny, Nicole Link, Kevin King and Gail Canning. I acknowledge the help and support

from lab technicians at the University of Leeds, in particular, Andrew Hobson and Rachel

Gasior. I am also grateful for the friendships I have made along the way and would like

to thank Ashar Aslam, Ross Herbert, Nina Kinney and Sam Clark for sticking by me and

supporting me through the rough times.

Finally, I would like to thank my close family and friends, whose unwavering support

has been vital to my ability to make it through this thesis unscathed. Thanks go to my

dad, for helping to proofread my introduction despite the science being somewhat beyond

his remit of knowledge. A special thanks goes to my wonderful partner, Joanna. Thanks

for believing in me, being there for me and providing joy in moments of despair.

This PhD was funded by the Engineering and Physical Sciences Research Council

(Grant No.: EP/S023593/1). I would also like to respectfully acknowledge that the work

completed in Chapter 3 was carried out on the traditional, ancestral and unceded territory

of the Musqueam people.

ii



Abstract

Atmospheric ice formation plays a key role in controlling the radiative properties and

lifetimes of supercooled clouds. Ice-nucleating particles, which initiate the heterogeneous

nucleation of ice in supercooled clouds, are rare in the atmosphere and crucial for the

formation of ice in clouds. Therefore, our understanding of the sources and atmospheric

concentrations of ice-nucleating particles is critical for our understanding of the impact of

clouds on the climate. Biological aerosol particles have been identified as potentially im-

portant ice nucleators, particularly at temperatures above �10 �C. However, our current

understanding of the relative contribution of biological material to regional and global ice-

nucleating particle populations remains poor. In particular, crop agriculture contributes

up to 25% of global dust emissions, creating a potentially important source of biological

ice-nucleating particles which is yet to be fully understood. This thesis investigated dif-

ferent agricultural sources of ice-nucleating particles with the overall goal of determining

the extent to which agriculture influences regional and global ice-nucleating particle pop-

ulations. Agricultural soil samples from the UK and Canada were extracted to examine

the ice-nucleating activity of the submicron entities within the soil. This analysis revealed

that the ice-nucleating activity of agricultural soils from different locations varied signifi-

cantly but this variation was not attributable to concentrations of surfactants within the

soil. The ice-nucleating activity of two common fungal crop pathogens was also analysed

to determine the relative influence of crop agriculture on the regional ice-nucleating parti-

cle populations, which indicated that the ice-nucleating activity of these spores was stable

when stored. Finally, the size-resolved ice-nucleating particle concentrations of agricultural

soil samples were analysed using a lab-based aerosol chamber technique which showed that

the ice-nucleating activity of agricultural soils is evenly distributed across its size distribu-

tion. Through these techniques, we have been able to unpick some of the complexities in

understanding agricultural sources of ice-nucleating particles by highlighting the potential

importance of biological, macromolecular substances to the ice-nucleating activity of these

soils.
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1 Introduction

1.1 Clouds and their Importance

Clouds are a signi�cant part of the climate system; playing a key role in regulating

the Earth's radiative energy balance (Ceppi et al., 2017). The radiative e�ect of clouds

depends on several factors, including altitude, total cloud cover and optical thickness.

The total cloud cover and optical thickness determine the percentage of incoming, short-

wave (SW) solar radiation re
ected from the Earth's surface (Hartmann et al., 1992).

For example, optically thicker clouds, with greater overall cloud cover, will re
ect more

SW radiation back into space. This increased re
ectivity reduces the amount of radiation

reaching the Earth's surface, therefore creating a cooling e�ect on the climate. On the

other hand, the altitude of a cloud determines the amount of outgoing, long-wave (LW)

radiation that the cloud can trap (Hartmann et al., 1992). For example, high-altitude

clouds are much colder than low-altitude clouds, meaning they absorb more LW radiation

at the top of the atmosphere, creating a warming impact on the climate. The phase of a

cloud also plays a role in its radiative e�ect.

Clouds can exist in liquid, ice or mixed-phase (which contains a mix of liquid and ice)

states. The phase of a cloud is predominately driven by altitude, as higher clouds exist

in much colder conditions, which generally tend to contain more ice. For example, cirrus

clouds, are thin, wispy clouds composed entirely of ice. Cirrus clouds are optically very

thin, meaning that they transmit the majority of SW radiation. Since cirrus clouds occur

at very low temperatures and very high altitudes, they tend to trap more LW radiation,

creating a net warming e�ect on climate. Mixed-phase clouds, which are of greatest

relevance to this thesis, and liquid clouds, have a net cooling e�ect as they exist at much

lower altitudes and tend to be optically thicker than ice clouds. The combined radiative

e�ect of aerosols on clouds has been shown to have a net cooling e�ect of -1.0� 0.7 W

m-2 (Forster et al., 2021) with the radiative e�ect of mixed-phase clouds having a global

net radiative e�ect of -3.4 W m -1 (Matus and L'Ecuyer, 2017).

Cloud radiative feedback is the change in the radiative 
ux at the top of the atmosphere

due to changes in cloud properties as a result of a warming climate (Ceppi et al., 2017;

Storelvmo et al., 2015; Storelvmo, 2017) and describes how atmospheric warming impacts

the radiative 
ux of clouds. In a warming climate, we will likely see a decrease in the

total low-level cloud cover, leading to reduced re
ection of SW radiation and further
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exacerbation of climate warming. This scenario would be described as a positive feedback

mechanism. Convection will also increase in a warming world, especially in tropical and

subtropical regions, leading to an increase in cloud top height (Ceppi et al., 2017). As

the temperature of clouds decreases with altitude, increases in cloud top heights will lead

to an increase in the amount of LW radiation trapped by clouds at the Earth's surface.

Therefore, increasing cloud heights resulting from atmospheric warming creates a positive

feedback mechanism which leads to further warming of the climate. Another possible

feedback mechanism pertains to the formation of ice in mixed-phase clouds creating shifts

in cloud dynamics (Murray et al., 2021). In a warming climate, the amount of ice formation

within mixed-phase clouds will likely decrease, creating a shift to more liquid cloud droplets

in these mixed-phase clouds. This change in the ratio of ice crystals to liquid cloud droplets

will likely lead to increased cloud lifetimes and re
ectivity (more details in Section 1.2)

due to the overall increase in the optical thickness of the cloud. Therefore, we will likely

observe an increase in the re
ection of SW radiation, which dampens the e�ect of the

increasing temperatures, forming a negative feedback response (Murray et al., 2021).

Increases in total aerosol concentrations will impact the microphysical properties of

clouds, also impacting the radiative properties of clouds (Haywood and Boucher, 2000).

Increasing concentrations of cloud condensation nuclei (CCN) leads to a greater number

of smaller cloud droplets, increasing the amount of SW radiation re
ected by the cloud.

This creates a cooling impact on the climate by reducing the amount of SW radiation

reaching the Earth's surface (Haywood and Boucher, 2000). Additionally, an increase in

CCN in clouds will lead to a reduction in the growth of liquid cloud droplets, restricting

their ability to grow large enough for precipitation to be initiated. As a result of this pre-

cipitation suppression, the atmospheric lifetimes of clouds will increase, further increasing

the amount of SW radiation re
ected. The suppression of precipitation will also lead to

an increase in cloud thickness, which leads to an increase in the amount of LW radiation

trapped in the Earth's atmosphere, as described above.

1.2 Atmospheric Ice Formation

Atmospheric ice formation is an important microphysical process within clouds. Ice

formation in clouds can a�ect their macrophysical properties; impacting their radiative

e�ects and lifetimes in the atmosphere. When clouds are cooled below 0� C, pure liquid

cloud droplets have the potential to remain in a supercooled, metastable state until tem-
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peratures are as low as approximately� 35� C (Murray et al., 2012; Herbert et al., 2015).

Once ice formation is initiated, rapid glaciation of the supercooled cloud can occur as the

ice crystal grows at the expense of the surrounding liquid water droplets by a process

known as the Wegener-Bergeron-Findeisen (WBF) process (Korolev, 2007).

Cloud condensation nuclei, or CCN, are atmospheric particles that activate the for-

mation of cloud liquid water droplets. CCN are very common in the atmosphere, with

concentrations ranging from 10 to 100 cm-3 over remote marine locations, and from 100

to 1000 cm-3 in continental regions (Pruppacher and Klett, 2010). Atmospheric particles

that initiate the formation of ice in the atmosphere, also known as ice-nucleating par-

ticles or INP, are much rarer in the atmosphere by contrast and constitute only a very

small fraction of the background aerosol concentrations in the atmosphere (Rosinski et al.,

1986; Rogers et al., 1998). Only approximately 1 in 103 to 1 in 106 aerosol particles act

as INP in the atmosphere (DeMott et al., 2010; Murray et al., 2012). Given the rarity of

INPs in the atmosphere, clouds can persist in a supercooled state for extended periods,

which exacerbates the WBF process once INPs are present at their activation tempera-

ture (Lohmann and Feichter, 2005). The WBF process and the associated rapid growth

of ice crystals within clouds can trigger cloud precipitation and lead to the dissipation of

the cloud. Furthermore, this rapid glaciation of clouds can reduce their optical thickness,

impacting their radiative properties (see Section 1.1). Since INPs play an important role

in this process, our understanding of these particles is vital for our understanding of cloud

radiative e�ects and lifetimes.

1.2.1 Pathways of Ice Nucleation

There are two main pathways for atmospheric ice formation; homogeneous nucleation

and heterogeneous nucleation (as shown in Figure 1.1). Homogeneous nucleation is the

formation of ice in the absence of any particles or surfaces. In these pristine conditions,

cloud liquid water droplets persist in a supercooled, metastable state until temperatures

reach approximately � 35� C (Kanji et al., 2017; Murray et al., 2012; Herbert et al., 2015).

However, heterogeneous nucleation occurs only in the presence of INPs (Lohmann and Fe-

ichter, 2005; Murray et al., 2012), by providing a surface on which ice formation can occur.

Heterogeneous nucleation can take place at temperatures higher than the homogeneous

freezing temperature via one of four di�erent modes described below.

The most common mode of heterogeneous nucleation in mixed-phase clouds is im-
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Figure 1.1: Illustration of the di�erent ice nucleation pathways in the atmosphere.
Figure taken from Kanji et al. (2017).

mersion freezing (Lohmann and Diehl, 2006). Immersion freezing occurs when particles

immersed in the cloud droplet become activated as INPs. The INPs will initiate freezing

in the cloud droplet when its characteristic freezing temperature is reached, which varies

depending on the type and composition of INP (see Section 1.2.3). Commonly, the particle

responsible for freezing will �rst act as a CCN, which activates the formation of the cloud

droplet. The particle will later become activated as an INP when supercooling allows it

to reach its activation temperature. However, the CCN is not always responsible for the

activation of immersion freezing as other particles within the droplet may be activated as

INPs.

Condensation freezing di�ers from the immersion freezing mode in that the entire

process occurs within a supercooled cloud. In condensation freezing, the activation of the

CCN, which initiates the formation of the water droplet, occurs at the same time as the

initiation of the ice formation. Therefore, water forms within a supercooled cloud and

then rapidly freezes and grows into an ice crystal. Contact freezing occurs when aerosol

particles come into direct contact with the surface of a supercooled cloud droplet, meaning

ice formation occurs at the air-water interface of the cloud droplet.
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When water vapour deposits directly onto an aerosol particle as ice, this is known

as deposition nucleation (Vali et al., 2015), meaning bulk water does not need to be

present for ice formation to occur, as ice formation occurs as a gas-to-solid phase process.

Deposition nucleation occurs at much lower temperatures compared to other nucleation

modes, meaning that this nucleation mode tends to be of secondary importance in mixed-

phase clouds but may be the dominant pathway of nucleation in cirrus clouds. There

has been some debate as to whether true deposition freezing occurs in the atmosphere.

Instead, it is thought that microscopic quantities of liquid water �rst form in the cracks and

pores of aerosol particles and that this water then goes on to freeze either homogeneously

or heterogeneously, in a process called pore condensation freezing (Marcolli, 2014; David

et al., 2019).

1.2.2 Classical Nucleation Theory

Classical nucleation theory, or CNT, is usually used to describe the rate of nucleation

of particles as a result of a phase change from the vapour phase into liquid or solid

particles (Seinfeld and Pandis, 2016). This theory can be used to predict the formation

of ice in clouds from supercooled liquid cloud droplets and the role of other substances

within the cloud to increase ice formation e�ciency through heterogeneous ice nucleation

(Ickes et al., 2015). The theory uses the assumption that nucleation is a time-dependent

and stochastic process, with an even distribution of nucleation probabilities across the

homogeneous liquid.

1.2.2.1 Homogeneous Ice Nulceation

As detailed above, homogeneous ice nucleation describes the formation of ice crystals from

supercooled water droplets. Ice formation can be triggered in this way from the formation

of stable ice embryos within the water. These ice embryos are clusters of water molecules

which are initially very unstable and likely to be redissolved back into the supercooled

water. The Gibbs Free energy of the system (�G) between the ice embryo and the bulk

liquid water is the energy barrier for the formation of ice embryos within the system. � G

can be described by the sum of the Gibbs free energy of the surface (�GS) and the Gibbs

free energy of the volume (� GV ) between the cluster and the bulk (Eq. 1) (Mullin, 2001).

� G = � GS + � GV (1)
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Assuming that the ice cluster is spherical with a radius ofr and an interfacial tension

between the supercooled water and ice of
 , � GS represents the energy barrier to forming

the surface of the ice cluster and can be described by:

� GS = 4 �r 2
 (2)

For the same ice cluster, the volume term, � GV , is the energy barrier per unit volume

of the phase change from liquid water to ice and can be described as:

� GV = �
4�r 3

3v
kBT ln Si (3)

where r is the raduis of the cluster, v is the volume of the water molecule,kB is the

Boltzmann constant (1:38 � 10� 23 J K -1), T is the temperature of the system andSi is

the supersaturation with respect to ice. Since the surface term, �GS, is positive and the

volume term, � GV , is negative (Figure 1.2) with increasing cluster sizes, there is a critical

cluster radius (r � ) at which the Gibbs free energy is at its maximum. This r � is the size

that the ice cluster needs to be for ice growth to become thermodynamically favourable

and for it to become stable. The critical cluster radius can be described as follows:

r � =
2v


kBT ln Si
(4)

To �nd the value for the Gibbs free energy of the formation of the critical cluster, or

� G� , we can substitute Eq. 2 and Eq. 3 into Eq. 1 and then further substitute in Eq. 4,

as follows:

� G� =
16�v 2
 3

3(kBT ln Si)2 (5)

Since CNT determines the rate of formation of these critical clusters, this critical Gibbs

free energy can be used to determine the rate of homogeneous nucleation,Jhom (cm-3 s-1),

shown as follows:

Jhom = Ahom exp
�

�
� G�

kBT

�
(6)

Jhom = Ahom exp
�

�
16�v 2
 3

3k3
BT3 ln Si

2

�
(7)
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Figure 1.2: The change in Gibbs Free Energy ( � G) for the homogeneous nucleation
of ice from supercooled water showing the volume term (� GV ), the surface term (� GS), the
critical energy barrier for nucleation ( � G� ) and the critical radius ( r � ).

where Ahom is a pre-exponential factor mostly related to the self-di�usion of water.

Since Jhom is an exponential term, the rate of formation of critical ice embryos within

supercooled water is highly sensitive to the temperature of the system and the factors

in
uencing the value of � G� .

1.2.2.2 Heterogeneous Ice Nulceation

Heterogeneous ice nucleation requires the presence of a surface, which acts to lower the free

energy barrier to critical cluster formation (� G� ). This surface is often in the form of a

particle, as an INP, which lowers the free energy for critical cluster formation (Ickes et al.,

2015). The degree to which an INP can lower the free energy barrier to the formation of

critical ice clusters depends on the interactions with the particle at the surface, which can

be described as follows:

� =
(2 + cos � )(1 � cos� )2

4
(8)

where � is the reduction factor applied to � G� to alter the free energy compared to

homogeneous nucleation conditions and cos� is the contact angle between the ice embryo

and the nucleating surface (or INP). Therefore, the contact angle between the ice embryo
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Figure 1.3: The change in Gibbs Free Energy ( � G) for heterogeneous nucleation of
ice from supercooled water. showing the critical energy barrier for heterogeneous nucleation
(� G� ) with di�erent contact angles between the ice embryo and the nucleating surface (� ) and the
critical radius ( r � ).

and the INP is important for determining the critical energy barrier for heterogeneous

nucleation, with lower contact angles lowering the energy barrier to nucleation (Figure

1.3). For example, when� is equal to 0°, � is equal to 0, which would remove the free energy

barrier to ice nucleation, indicating that the particle is the most e�cient ice nucleator. On

the other hand, if � is equal to 180°, then the particle has practically no contact with the

ice embryo, � would be equal to 1 and the particle will have no e�ect on ice nucleation.

The heterogeneous nucleation rate, orJhet (cm-3 s-1), can be calculated in a similar

way to the homogeneous nucleation rate but with the addition of the reduction factor, � ,

shown as follows:

Jhet = Ahet exp
�

�
� � G�

kBT

�
(9)

Jhet = Ahet exp
�

�
16�v 2
 3

3k3
BT3 ln Si

2

�
�

1
4

(2 + cos � )(1 � cos� )2 (10)

where Ahet is a pre-exponential factor mostly related to the self-di�usion of water.

In reality, heterogeneous ice nucleation is a lot more complex than what is described in
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Eq. 10. CNT uses the assumption that the surface of the particle is uniform and its

ice-nucleating ability is distributed evenly across the surface. However, this assumption is

an oversimpli�cation when applied to real atmospheric INPs. The ice-nucleating ability

of individual INPs is not distributed evenly across the surface. Instead, the surface of

each INP is made up of individual ice-active sites meaning that the nucleation rate varies

across the surface.

1.2.3 Types and Sources of Ice-Nucleating Particles

As discussed above, INPs consist of only a small subset of atmospheric aerosol particles

(Rogers et al., 1998; DeMott et al., 2010), although, the exact nature of INPs and what

constitutes an e�cient ice nucleator remains unknown. The surface of the particles plays an

important role as it acts as a template for ice formation (Ickes et al., 2015). It is known that

on insoluble INPs, speci�c sites activate ice formation at speci�c temperatures. Therefore,

we need to understand the nature of particles that act as INP in the atmosphere.

One of the most important and abundant INPs in the atmosphere, active below� 10� C,

is mineral dust (DeMott et al., 2003; Atkinson et al., 2013; Niemand et al., 2012). There

are many sources of natural mineral dust, including soils and volcanoes (Maters et al.,

2020), but the most signi�cant sources of mineral dust in the atmosphere are from deserts

(DeMott et al., 2003; Boose et al., 2016). In 2001, the emission rate of desert dust was

determined to be between 1604 to 1960 Tg yr-1 (Ginoux et al., 2001). Since then, climate

change has only led to further increases in these emission rates, with deserti�cation dras-

tically increasing the primary sources of mineral dust in the atmosphere and changes in

weather patterns leading to more intense droughts which increase dust emissions. The high

emissions and larger spread of desert dust across the globe means that its ice-nucleating

ability is important for many regions. Since it is so important to cloud glaciation, the ice-

nucleating ability of mineral dust has been investigated extensively (DeMott et al., 2003;

Niemand et al., 2012; Niedermeier et al., 2015; Harrison et al., 2016). Of the di�erent

minerals commonly found in mineral dust, potassium-feldspar (K-feldspar) is the most

e�ective ice nucleator (Atkinson et al., 2013; Harrison et al., 2016; Boose et al., 2016).

Other minerals, such as clay and quartz, have been investigated for their ice-nucleating

abilities. Still, clay minerals tend to nucleate ice at lower temperatures and the active sites

on quartz are sensitive to ageing in air and water (Harrison et al., 2019). Therefore, it is

thought that the ice-nucleating activity from mineral dust is dominated by K-feldspar.
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Many other INP types have been identi�ed with a variety of di�erent ice-nucleating

abilities. For example, in more remote, marine locations sea spray and biogenic marine

aerosol tend to dominate ice nucleation (Wilson et al., 2015; Si et al., 2018). Furthermore,

some primary biological particles, such as bacteria, fungi and pollen, have been identi�ed

as ice-active (M•ohler et al., 2008; Morris et al., 2013; Augustin et al., 2013). Other organic

substances, mostly from the breakdown of plant material like cellulose and lignin, can also

nucleate ice (Vali et al., 1976; Steinke et al., 2020). Additionally, some organic biomass-

burning aerosols are very e�ective ice nucleators (Prenni et al., 2012; McCluskey et al.,

2014). It is thought that, although combustion aerosol may not contribute signi�cantly

to atmospheric INP concentrations (Schill et al., 2020; Adams et al., 2021), certain par-

ticles released from combustion events may in
uence ice formation in clouds close to the

combustion source (Grawe et al., 2016; Schill et al., 2016). Given the uncertainties in the

relative contributions of di�erent aerosol sources to INP concentrations in the atmosphere,

more observations are needed to better understand the nature and abundance of di�erent

INP sources.

1.2.4 Ice-Nucleating Particle Size Distributions and Atmospheric Lifetimes

The size of an aerosol particle contributes to its atmospheric lifetime. Large aerosol

particles tend to fall out of the atmosphere rapidly by sedimentation, whereas exceedingly

small particles rapidly grow by coagulation (Feichter and Leisner, 2009), this is particularly

important in the free troposphere. Therefore, it is the mid-range size particles that tend

to have the longest atmospheric lifetimes, on the order of days to tens of days compared

to minutes to hours for much smaller and much larger particles (Figure 1.4). These mid-

range sized particles are known as accumulation mode aerosols and they range in size from

approximately 0.01 to 10 µm (Figure 1.4). Accumulation mode aerosols tend to be the

size range of particles that accumulate in the atmosphere and are the most important for

the long-range transport of ice-nucleating material and therefore, are the most important

for cloud glaciation. In some cases other size ranges can be important for cloud glaciation,

like in deep convective clouds where large amounts of air are drawn from the boundary

layer, so larger particles become more relevant.

Only a few studies have investigated the size distribution of INPs in the atmosphere

and the majority of these studies have focused on the analysis of ambient dust samples

(DeMott et al., 2010; Mason et al., 2016; Reicher et al., 2019; Porter et al., 2020). In
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Figure 1.4: The size dependence of the lifetime of aerosol particles in the atmosphere.
Figure taken from Feichter and Leisner (2009).

pure mineral dust aerosol, the number of ice-active sites scales with surface area, meaning

that larger particles tend to be associated with greater ice-nucleating activities. Reicher

et al. (2019) examined the size distribution of INP in atmospheric dust events in the

Mediterranean and found that submicron particles (particles less than 1µm) and super-

micron particles (particles greater than 1µm) had di�erent ice-nucleating activities. They

showed that supermicron particles had higher ice-active site densities per surface area (ns)

compared to submicron particles, which remained consistent across di�erent dust events.

Similarly, Mason et al. (2016), who examined size-segregated INP concentrations from

ambient aerosol samples in six di�erent locations across North America and Europe, also

showed that supermicron particles have a greater ice-nucleating ability when compared

to submicron particles. Porter et al. (2020) investigated the size-resolved concentration

of INP whilst developing the SHARK instrument. They observed that the size distribu-

tion of INP varied by location and that submicron particles sometimes contributed more

signi�cantly to the INP concentration, such as in Hyyti•al•a in Finland, which is a boreal

forest research station (Porter et al., 2020), suggesting that supermicron particles may not

dominate in organic-rich aerosol samples.
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1.3 Biological Aerosols as Ice-Nucleating Particles

Primary biological aerosol particles (PBAPs) are aerosol particles in the atmosphere

that originate from the biosphere and consist of bacteria, pollen, fungi, algae, viruses, and

biological fragments (e.g. leaf litter, insects etc.) and molecules (e.g. proteins, lipids and

polysaccharides) (DeMott et al., 2010; Fr•ohlich-Nowoisky et al., 2015). These biological

materials are found in various aerosol sources, including soil dust, marine aerosols, an-

thropogenic emissions and vegetation (Lindemann et al., 1982; Bigg, 1973; Wilson et al.,

2015; Steinke et al., 2016; Knackstedt et al., 2018).

PBAPs are thought to contribute signi�cantly to atmospheric aerosol concentrations,

with cellular material and proteins potentially contributing up to 25% to global atmo-

spheric aerosol concentrations (Jaenicke, 2005; Despr�es et al., 2012). However, local emis-

sions of biological aerosols have signi�cant temporal and spatial variations (Jaenicke, 2005;

Hu�man et al., 2010), meaning that their overall contribution to global atmospheric aerosol

and INP concentrations is hard to predict and may not be very signi�cant when consider-

ing the annual average concentrations (Hoose et al., 2010; Spracklen and Heald, 2014). A

subset of PBAPs can nucleate ice at temperatures above� 10� C (M•ohler et al., 2008; Diehl

et al., 2001; Hader et al., 2014), making them potentially important ice nucleators at rela-

tively high atmospheric temperatures. However, a lack of measurements and knowledge of

the mechanisms of ice nucleation in biological materials means that the exact importance

of PBAPs as atmospheric ice nucleators remains poorly understood.

1.3.1 How do Biological Aerosols Nucleate Ice?

1.3.1.1 Bacteria

The ice-nucleating activity of bacteria was �rst discovered in the Pseudomonasgenus in

the 1970s (Maki et al., 1974; Arny et al., 1976; Vali et al., 1976; Maki and Willoughby,

1978). Maki et al. (1974) showed that the ice-nucleating ability of bacteria was lost when

the cell was physically or chemically destroyed, leading to the conclusion that only whole

cells could nucleate ice. However, later work revealed that the ice-nucleating ability of

the bacteria cells was related to their ability to express certain ice-nucleating proteins

(Phelps et al., 1986; Govindarajan and Lindow, 1988). These ice-nucleating proteins have

active sites which template ice, allowing ice formation on their surface. The proteins are

coded into the bacteria's genetic information as an ice nucleation active gene (ina gene),

which can be detected using DNA sequencing techniques (Green and Warren, 1985; Wex
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et al., 2015; Hill et al., 2016), allowing their ice-nucleating ability to remain associated

with fragments of ice-active bacterial cells (�Santl Temkiv et al., 2015). The ability of

ice-nucleating proteins to e�ectively nucleate ice is susceptible to heating and pH changes.

When heated, the proteins become denatured and change shape, meaning that the active

sites for ice nucleation are lost and the ice-nucleating ability of the bacteria is signi�cantly

reduced or lost completely (Christner et al., 2008; Conen et al., 2011).

The most well-characterised ice-active bacteria species isPseudomonas syringae, which

has been shown to have onset freezing temperatures of up to� 2 � C (Maki et al., 1974;

Maki and Willoughby, 1978). Due to its high levels of ice-nucleating ability, non-viable

P. syringae bacteria and their fragments are the main constituents of Snomax, a com-

mercially available material which is used for snow production. More recent studies have

shown that aggregation of ice-nucleating proteins within the membranes of bacteria cells

(either whole or fragments of the cell wall) is important for their ice-nucleating ability

(Hartmann et al., 2022; Lukas et al., 2022). The size of the proteinaceous aggregates ofP.

syringae determines the temperature at which the protein can initiate freezing (Qiu et al.,

2019). There are three di�erent classes of aggregation associated with di�erent freezing

temperatures; Class A which triggers freezing at� 3 � C, Class B which triggers freezing at

� 5 � C and Class C which triggers freezing at� 8 � C (Lukas et al., 2022). Aggregation of

proteinaceous ice-nucleating macromolecules (INMs) is likely in
uenced by electrostatic

and hydrophobic interactions between proteins and components of the bacterial membrane

(Lukas et al., 2020; Schwidetzky et al., 2021).

Other bacteria have been examined for their ice-nucleating abilities and many active

components have also been found to be proteinaceous in nature (Failor et al., 2017). Cer-

tain ice-active bacteria, however, are resistant to both heat treatments and digestion by

lysosome or proteinase treatments. For example, the ice-nucleating ability of theLysini-

bacillus genus has been shown to be heat and digestion stable (Failor et al., 2017). This

observation suggests that the ice-nucleating ability of this bacteria genus is not associated

with ice-nucleating proteins.

1.3.1.2 Fungal Material

Early investigations into the ice-nucleating activity of fungal species started with lichens,

a composite organism consisting of algae and fungi in a symbiotic relationship. Since

ice-active bacteria could not be isolated from lichen and its ice-nucleating activity was

resistant to heat treatments, it was concluded that the ice-nucleating ability of lichens was
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not associated with ice-active bacteria (Kieft, 1988; Kieft and Ruscetti, 1990).

Later work by Pouleur et al. (1992) aimed to investigate the ice-nucleating ability of

fungal species by testing 20 genera of fungi for freezing at� 5 � C. They highlighted two key

species of fungi with the ability to nucleate ice above� 5 � C, both of them were Fusarium

species, a common soil fungus. Later, more species ofFusarium were investigated by

Richard et al. (1996) and found more ice-active species. Further investigations into soil

fungi, including Fusarium and Mortierella species, have found high ice-nucleating activities

(Fr•ohlich-Nowoisky et al., 2015; Kunert et al., 2019). It was initially thought that the

ice-nucleating ability of these fungal species was not proteinaceous, since Pouleur et al.

(1992) showed that the ice-nucleating ability of Fusarium acuminatum and Fusarium

avenaceumwas more stable after heat treatments to 60� C compared to ice-active bacteria.

However, more recent research has indicated that the ice-nucleating activity of soil fungus

is signi�cantly reduced after exposure to heat treatments above 90� C, suggesting this ice-

nucleating ability is attributable to proteins (Fr•ohlich-Nowoisky et al., 2015; Kunert et al.,

2019). Therefore, it is now thought that the ice-nucleating activity from Fusarium species,

and other similar soil fungi, is proteinaceous. However, the nature of the fungal INPs is

di�erent to bacterial INPs since fungal INPs are more resistant to heat and pH treatments

and the activity of these INPs is not dependent on membrane lipids (O'Sullivan et al.,

2015).

Other fungal species have been investigated for their ice-nucleating abilities. Some fun-

gal spores, such as those ofCladosporium species, a common plant fungus, have little to

no ice-nucleating activity above � 15� C (Iannone et al., 2011; Haga et al., 2013). Iannone

et al. (2011) concluded that the hydrophobic outer coating which is often found on fungal

spores, called hydrophobins, limits the interaction of the spores with water, restricting

their ability to form close lattice match for ice formation. On the other hand, further

work by Morris et al. (2013) found that fungal spores of some species of rust fungi can nu-

cleate ice above� 10� C, suggesting a higher ice-nucleating activity. However, the relative

active-site density per spore was relatively low and atmospheric concentrations of these

spores may not be high enough to contribute to atmospheric INP concentrations (Morris

et al., 2013). Given all of this, it is unlikely that fungal spores contribute signi�cantly

to INP populations, but further work is needed to determine the relative importance of

this material to atmospheric INP concentrations (Iannone et al., 2011; Haga et al., 2013;

Morris et al., 2013).
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1.3.1.3 Pollen

The ice-nucleating ability of pollen grains was �rst examined much later than that of bac-

teria and fungi (Diehl et al., 2001, 2002). Pollen was found to be an e�ective ice nucleator

in itself, without any ice-nucleating ability from associated bacteria species (Diehl et al.,

2001). However, it initiates the formation of ice at lower temperatures compared to the

ice-nucleating proteins associated with most bacterial species (Diehl et al., 2001). Later,

Pummer et al. (2012) found that the ice-nucleating ability of pollen grains was attributable

to macromolecules that were easily washed o� the pollen surface, into suspension. They

also showed that these INMs were resistant to heat and lysosome treatments, indicating

that they were not proteinaceous (Pummer et al., 2012).

Further studies by Augustin et al. (2013) found that birch pollen grains can produce

two di�erent types of INMs that initiate freezing at di�erent temperatures. They classi�ed

these ice nucleation active (INA) macromolecules as INA-� and INA- � (Augustin et al.,

2013). It has also been shown that aggregation of the polysaccharide molecules that con-

tribute to the ice-nucleating ability of pollen is important for their ice-nucleating activity

(Dreischmeier et al., 2017). Smaller polysaccharide molecules have been shown to act as

ice-binding particles (IBPs), but when the same molecules form into larger aggregates,

they then act as INPs (Dreischmeier et al., 2017).

1.3.1.4 Other Biological Materials

Other biological materials have also been investigated for their ice-nucleating abilities.

For example, plant cell fragments such as cellulose, lignin and polysaccharides have all

been shown to be ice-active compounds. Lignin is a biopolymer, most commonly found

in woody plants and it forms a vital part of the structure of plant cells (Boerjan et al.,

2003). The ice-nucleating activity of lignin is lower than other biological materials, with

most freezing occurring below� 15� C (Bogler and Borduas-Dedekind, 2020). However,

with lignin contributing up to 30% of the total organic carbon in the environment (Boer-

jan et al., 2003) along with its relative stability to atmospheric processing (Bogler and

Borduas-Dedekind, 2020), the overall contribution of lignin to INP concentrations may

be more signi�cant than what models currently represent. Cellulose is also an important

component of plant cells. The structure and composition of cellulose depend on its source

and the environmental conditions the plant grows in. Cellulose is also present in the

atmosphere on large temporal and spatial scales (S�anchez-Ochoa et al., 2007) and its ice-

nucleating ability is similar to that of mineral dust and lignin, with freezing temperatures
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mostly below � 15� C (Hiranuma et al., 2019).

Initial investigations into the ice-nucleating ability of viruses found little to no ice-

nucleating activity (Junge and Swanson, 2008). However, further study by Cascajo-

Castresana et al. (2020) showed that the tobacco mosaic virus, a common plant virus

which infects many plants across the globe, can nucleate ice with an ice-active site density

of 104 mg-1 at � 20� C. Furthermore, Adams et al. (2021) investigated a range of di�er-

ent virus types and found their ice-nucleating ability varied signi�cantly. However, the

overall ice-nucleating ability of viruses is much lower than that of other terrestrial and

marine INP types, suggesting that they do not play a substantial role in cloud glaciation

(Cascajo-Castresana et al., 2020; Adams et al., 2021).

1.3.2 Sources of Biological Ice-Nucleating Particles

The ice-active biological particles discussed above are found in a variety of di�erent

sources in the environment including soils, vegetation, and both fresh and ocean waters.

Any of these environments can act as sources of biological INPs into the atmosphere, so

many studies have investigated these potential sources to attempt to understand their

relative contributions to atmospheric biological INP concentrations. The following section

will discuss these di�erent studies and sources of biological INPs in more detail.

1.3.2.1 Soils

Fertile soils are made up of a complex mix of mineral dust and small amounts of biological

and organic material. This biogenic material consists of either microbes such as bacteria

and fungi living within the soil or organic matter released during the breakdown of living

organisms like plants, such as lignin, cellulose and polysaccharides. The presence of this

biogenic material in soil dust can signi�cantly enhance its ice-nucleating ability compared

to pure mineral dust (Conen et al., 2011; O'Sullivan et al., 2014; Augustin-Bauditz et al.,

2016). For example, a lab-based study conducted by Augustin-Bauditz et al. (2016) re-

vealed that even a very small amount of biological material added to mineral particles

was able to in
uence the freezing behaviour of the particles. Furthermore, analysis of soil

samples collected in the �eld indicates that up to 90% of ice-nucleating activity at temper-

atures above� 9 � C is attributable to heat-labile, likely biological materials (Conen et al.,

2011; O'Sullivan et al., 2014; Hill et al., 2016). In particular, Steinke et al. (2016) showed

that the ice-nucleating activity of soil samples collected from four di�erent locations was

greater than the ice-nucleating activity of mineral dust, particularly at temperatures over
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� 15� C.

Heat-stable organic materials also contribute signi�cantly to the ice-nucleating ability

of fertile soils (Hill et al., 2016; Steinke et al., 2020). A study by Hill et al. (2016) found that

99% of the observed ice-nucleating activity at� 18� C was only removed after treatment

with H 2O2. The sensitivity of this material to hydrogen peroxide treatment suggests that

the ice-nucleating ability was not attributable to minerals in the soil, indicating that other

organic components such as lignin or cellulose must be responsible (Hill et al., 2016). A

similar study by Steinke et al. (2020) investigated the ice-nucleating activity of organic

compounds commonly found in fertile soils from the breakdown of plant materials, such

as lignin, starch, and plant protein. They found that the ice-nucleating activity of the

individual organic compounds was similar to or lower than the ice-nucleating activity of

agricultural soils, indicating that these compounds make up a signi�cant proportion of the

ice-nucleating activity of these soils (Steinke et al., 2020).

Fungal proteins have also been identi�ed as particularly important contributors to

the ice-nucleating ability of fertile soils (Fr•ohlich-Nowoisky et al., 2015; O'Sullivan et al.,

2015, 2016; Hill et al., 2016). For example, fungal INMs have been shown to adhere to

clay minerals preferentially in soil suspensions, suggesting that the prevalence of biologi-

cal material, particularly fungal INMs, in mineral dust is highly likely in many locations

(O'Sullivan et al., 2016). The heat-labile portion of the ice-nucleating activity of soil

samples investigated by Hill et al. (2016) was most likely associated with fungal proteins

since no known ice-active bacteria were found during the study. The ice-nucleating ac-

tivity of common soil fungi, such as Fusarium and Mortierella species, is widespread and

frequent across di�erent species and soil sample locations (Fr•ohlich-Nowoisky et al., 2015;

O'Sullivan et al., 2015; Conen and Yakutin, 2018; Kunert et al., 2019). The ice-nucleating

ability of these fungi is proteinaceous in origin but is slightly more stable to heat treat-

ment than ice-active bacteria, suggesting that these INMs will have a higher stability in

atmospheric conditions (Kunert et al., 2019).

Given all of the above, the complexity of soil makes it hard to predict its ice-nucleating

abilities. A study by O'Sullivan et al. (2014) examined soil samples taken at four di�erent

locations across England and found that above� 15� C, the ice-nucleating ability of the

samples were dominated by heat-labile, carbonaceous components and below this temper-

ature, mineral dust seemed to dominate. However, they did not �nd a direct link between

the organic carbon concentration and the ice-nucleating ability of the soils. The soil sam-
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ple with the highest carbon fraction, at 12.7%, had very similar ice-nucleating activity as

the soil samples with much lower carbon contents (2.5% and 2.9%), suggesting that the

increased carbon content did not directly contribute to an increase in ice-nucleating activ-

ity (O'Sullivan et al., 2014). Therefore, it is hard to represent this increased ice-nucleating

activity of fertile soils in atmospheric models and further investigations are required to

break down the complexities of soil dust to improve the parameterisations of these INP

sources in models.

1.3.2.2 Vegetation

Some of the earliest investigations into biological INPs found a high ice-nucleating ability

in decaying leaf litter (Schnell and Vali, 1972, 1973; Schnell and Tan-Schnell, 1982) and

found that its ice-nucleating ability was much greater than that of fresh or living leaves.

This observation indicates that the ice nuclei were released as a result of active bacterial

decomposition (Schnell and Vali, 1972). Furthermore, the ice-nucleating activity derived

from decaying leaf litter was found to be consistent across many parts of the Northern

Hemisphere (Schnell and Vali, 1973). For example, Conen et al. (2016) found that mi-

crobial activity in decaying leaf litter in the Arctic was an important source of INPs and

Conen et al. (2017) found an increase in warm temperature INP concentrations associated

with the shedding of leaves in autumn. Furthermore, the bacteriaPseudomonas syringae

was found to be present in decaying leaf litter samples, indicating that ice-active bacteria

contribute to the ice-nucleating ability of decaying leaves (Maki et al., 1974; Schnell and

Vali, 1976).

The leaves of living plants are also a source of INPs. Some studies have successfully

isolated ice-active bacteria species from the leaves, includingP. syringae, of various plant

species (Lindow et al., 1978; Maki and Willoughby, 1978; Lindemann et al., 1982). Lin-

demann et al. (1982) found ice-active bacteria were present on leaf samples collected from

�ve di�erent locations across the US in large enough quantities to induce frost damage to

the plants. Leaves may also act as a source of INPs when infected with fungal pathogens.

Some wind-dispersed fungal pathogens have been shown to be ice-active meaning they can

be easily blown o� the leaves of infected plants, releasing INPs into the atmosphere (Haga

et al., 2013; Morris et al., 2013).

Trees can also act as a source of INMs from pollen and other similar plant compounds

(Pummer et al., 2012; Hader et al., 2014). A study by Felgitsch et al. (2018) found INMs

with similar freezing behaviour to those found in pollen washing waters in samples taken
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from di�erent parts of birch trees, including the leaves and bark. They argued that the

observed ice-nucleating activity was not attributable to ice-active bacteria since they had

�ltered their samples to 0:22µm removing bacterial cells and cell fragments, which they

believed were required to maintain the ice-nucleating activity of the bacteria (Felgitsch

et al., 2018).

1.3.2.3 Marine

In remote, marine locations, continental aerosol sources do not dominate aerosol or INP

concentrations (Bigg, 1973). Sea Spray Aerosols (SSAs) are the dominant source of at-

mospheric particles in marine environments. SSAs are often enriched in organic material

from the sea surface microlayer (SML), when debris from living organisms, such as phyto-

plankton and algae, collect at the sea-air interface (Wilson et al., 2015). At the surface of

the ocean, wave action and bubble bursting create jet drops and �lm droplet aerosols that

are enriched in organic material from the SML. It has been shown that the enrichment of

these SSAs with organic material enhances their ability to nucleate ice (Burrows et al.,

2013; Wilson et al., 2015; DeMott et al., 2016). In particular, Wilson et al. (2015) took

sea samples from both the SML and from bulk seawater and found that the concentration

of INPs was greater in the SML samples compared to the bulk seawater samples.

Some studies have been able to show a direct link between the presence of algal blooms

and an increase in ice-nucleating activity of SSAs (Knopf et al., 2011; Wolf et al., 2019).

Wolf et al. (2019) highlighted the potential importance of hydrophilic macromolecular

compounds to the ice-nucleating ability of SSAs and hypothesised that the origin of these

compounds was from polysaccharides, liposaccharides or proteins. McCluskey et al. (2018)

conducted a mesocosm experiment to investigate the ice-nucleating ability of marine bio-

logical aerosols. They found that during phytoplankton blooms, there were two distinct

populations of marine bioaerosol contributing to SSA ice-nucleating activity. Dissolved or-

ganic matter peaks in emissions in the middle of the dense phytoplankton blooms, whereas

particular organics from intact or fragmented cells peak in emissions during the decline of

the phytoplankton bloom (McCluskey et al., 2018). In contrast, however, studies investi-

gating the ice-nucleating activity of the SML and bulk seawater in the Canadian Arctic

did not observe an enrichment in biological INPs in the SML (Irish et al., 2017, 2019b).

The exact reasons for these discrepancies in observations are not yet fully understood and

more research is needed to better understand the relative importance of the SML to the

ice-nucleating ability of SSAs.
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1.3.2.4 Fresh Waters

In addition to seawater, freshwater sources including lakes, rivers and streams are also

sources of INPs in the atmosphere. In a similar way to the ocean, bubble bursting in tur-

bulent waters acts as an emission mechanism for aerosols from freshwater sources (Leifer

et al., 2006). These freshwater sources have been shown to harbour bacteria, fungi, pollen,

lichen and biogenic macromolecules that act as INP and are washed in runo� from river

watersheds (Maki and Willoughby, 1978; Morris et al., 2008; Knackstedt et al., 2018; Mof-

fett et al., 2018; Einbock et al., 2023). The relative abundance of ice-nucleating substances

in freshwater sources is much greater than the abundance of INP in seawater (Irish et al.,

2017; Mo�ett et al., 2018). For example, Mo�ett et al. (2018) found that the concentration

of INP per mililitre ( N INP ) at � 10� C for freshwater samples taken from surface waters in

the US were on average 4950 mL-1, which is nearly four orders of magnitude greater than

the INP concentrations in seawater samples. They hypothesised that this high concentra-

tion of INPs found in freshwater sources was due to the accumulation of ice-nucleating

material from freshwater runo� (Mo�ett et al., 2018).

Some previous studies, which speci�cally investigated the relative abundance of ice-

active bacterial species in rivers and lakes, also found them to be present in large num-

bers (Maki and Willoughby, 1978; Morris et al., 2008). Furthermore, Knackstedt et al.

(2018) investigated the ice-nucleating activity of freshwater samples from Lake Erie and

the Maumee River and found a distinct correlation between theN INP at � 10� C and the

volume of the river discharge, or the amount of rainwater runo� from the river watershed

(Knackstedt et al., 2018). Their �ndings suggest that the INP concentrations in freshwater

are highly dependent on the river watershed and that many of the organic macromolecules

contributing to the ice-nucleating ability of freshwater are from terrestrial origins. This

link between the INP concentration of water and the terrestrial river runo� was also seen

in studies in the Canadian Arctic (Irish et al., 2019a,b). They observed a strong link be-

tween the N INP in SML and bulk seawater samples with the amount of precipitation and

terrestrial runo�. These observations indicated that either the INPs found in Canadian

Arctic waters originate from terrestrial locations, or that precipitation provides nutrients

which enhance the production of marine biogenic INPs from marine organisms (Irish et al.,

2019a).
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1.3.3 Identifying Biological Ice-Nucleating Particles

Biological INPs are usually detected in samples by the observed reduction in ice-

nucleating activity after degradation from physical, chemical or biological treatments (Co-

nen et al., 2011; Conen and Yakutin, 2018; Felgitsch et al., 2018; Daily et al., 2022). As

mentioned above, ice-active fungal proteins (like those found inFusarium species) are more

tolerable to heat than ice-active bacterial proteins. However, exposing either of these pro-

teins to temperatures greater than 90� C has been shown to completely remove their warm

temperature freezing activity (as demostrated in Figure 1.5). Using heat treatments to

test for the relative contribution of biological INPs to an environmental sample is, however,

limited. Some biogenic INPs, such as polysaccharides, cellulose and others derived directly

from plant cells, are very resistant to heat treatments. Therefore, it may not be correct

to assume that all remaining ice-nucleating activity after heat treatment is attributable

to mineral dust INPs. In addition, some studies have found that heating environmental

samples can lead to an increase in ice-nucleating activity, but the exact reason for this

increase remains unclear (McCluskey et al., 2018; Beall et al., 2020). It is hypothesised

that the observed increases in ice-nucleating activity after heating are due to aggregates

dissolving in the solution, releasing more ice-active sites, or from the degradation of plant

cells also leading to the release of ice-nucleating substances into the solution. However, the

exact mechanism of the increase in ice-nucleating activity after heating remains unknown

and more studies are needed to better understand this response.

Other treatments can be used to identify the presence of biogenic INPs in environ-

mental samples. The use of hydrogen peroxide to digest biological material has been used

to determine if the remaining ice-nucleating activity after heat treatments is related to

heat-stable organic material rather than minerals (O'Sullivan et al., 2014; Tobo et al.,

2014; Suski et al., 2018; Tobo et al., 2019). This technique is useful because it digests

all biogenic material so it can remove all ice-nucleating activity associated with biological

INP within the sample. However, since it requires the addition of a reagent, this technique

is not as convenient as heat treatment techniques.

There are other ways we can identify biological materials in ice-active samples, such as

DNA sequencing (Garcia et al., 2012; Hu�man et al., 2013), microscopy (Hu�man et al.,

2013; Sanchez-Marroquin et al., 2021) or culturing (Morris et al., 2013). These methods

can be very useful, as they allow the identi�cation of biological material without relying

on heat treatments. For example, DNA sequencing has allowed us to identify the gene

21



Figure 1.5: Fraction of frozen droplet ( f ice (T)) spectra illustrating characteristic heat
treatment responses for (a) a dry heat-sensitive mineral INP (BCS-376 microcline),
(b) a wet-heat-sensitive mineral INP (Fluka quartz), (c) a wet-heat-sensitive biological
INP (Snomax ® ), and (d) a wet-heat-insensitive biological INP (birch pollen washing
water). Figure taken from Daily et al. (2022).

responsible for the expression of ice-active proteins in bacterial cells (Garcia et al., 2012;

Hill et al., 2016). This means that the number of ina genes in a sample helps us to

determine the number of ice-active bacteria present, providing theina gene sequence has

not been damaged. The drawback of this approach is that the presence of theina gene

does not guarantee the presence of theina protein and the protein may be present if the

DNA sequence has been damaged (Garcia et al., 2012). The use of microscopy images can

help us to better characterise the types of biological material present in our samples. For

example, the use of 
uorescence microscopy allows us to determine the number fraction of


uorescent bioparticles and distinguish them from mineral particles, which do not 
uoresce

(Hu�man et al., 2013). However, these 
uorescence microscopy techniques are not always

able to detect all bioparticles and the presence of the bioparticles does not guarantee their

ice-nucleating ability. Similarly, culturing techniques allow us to identify the number of

colony-forming units (CFUs) in an environmental sample (Morris et al., 2013). However,
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the ice-nucleating ability of bacteria and fungi is not dependent on its culturability and

not all culturable species are ice-active.

1.4 Agricultural Sources of Ice-Nucleating Particles

The focus of this thesis will be on agricultural sources of INPs. Almost half of the

Earth's habitable land is used for agriculture (Ellis et al., 2010), yet the potential of these

soils as a source of atmospheric INP is still poorly understood. Crop agriculture is an

important source of aerosolised soil dust and organic matter (such as bacteria, fungi, etc.)

due to a combination of crop density and standard farming practises, such as harvesting

and tilling, which inject large amounts of dust into the atmosphere (Lee et al., 2006).

In addition, after harvest, the increase in the exposure of bare soil also leads to an in-

crease in soil dust emissions. Animal agriculture has also been shown to increase soil dust

emissions since overgrazing and animal manure release biological components into the at-

mosphere (Hiranuma et al., 2011). Agricultural dust emissions contribute up to 25% to

the global dust emissions budget (Ginoux et al., 2012), making it a potentially important

source of INPs in the atmosphere (Steinke et al., 2016; Sanchez-Marroquin et al., 2021).

Furthermore, it has been shown that agricultural soil dust is easily washed into nearby

rivers and lakes, enhancing the ice-nucleating abilities of these water bodies and creating

an additional source of INPs in the atmosphere (see Section 1.3.2.4) (Knackstedt et al.,

2018; Einbock et al., 2023). The presence of biogenic material may be key to the high

ice-nucleating abilities observed in both rivers and soil dust associated with agriculture.

As described in Section 1.3.2, fertile soils are made up of a complex mix of both mineral

dust and biological materials. Agricultural soils are fertile soils that originate from agricul-

tural sources and may have additional biological material added to them, such as manure

or other fertilisers, which may further enhance the organic matter within these soils. Due

to the potential contribution of agricultural dust emissions to INP populations on a global

scale, previous work has investigated the ice-nucleating activity of agricultural soil dust

(Garcia et al., 2012; Tobo et al., 2014; Steinke et al., 2016; Suski et al., 2018; Hiranuma

et al., 2021; Pereira et al., 2022). Agricultural soil dust has been shown to be highly ice-

active above� 10� C (O'Sullivan et al., 2014; Suski et al., 2018) and heat treatments lead

to a signi�cant loss of this ice-nucleating activity, suggesting the relative importance of

biological components such as ice-active bacteria and fungi in these agricultural soil dusts

(O'Sullivan et al., 2015; Steinke et al., 2016).
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Figure 1.6: Comparison of the INP concentrations per litre ( N INP ) as a function of
temperature of sampled air from agricultural locations in di�erent literature studies.
Figure taken from Pereira et al. (2022).

Since agricultural soils are made up of such a complex mix of both mineral and organic

components, recent work has been unable to determine exactly what is responsible for

the observed ice-nucleating activity of these soils. For example, Garcia et al. (2012)

investigated the ice-nucleating ability of agricultural soil dust emissions and used DNA

analysis to identify the presence of theina gene. They found that the presence of ice-active

bacteria was not always required for ice-nucleating activity to be observed, suggesting

that other components were responsible for the observed ice-nucleating activity. Similarly,

Jimenez-Sanchez et al. (2018) examined the relative contribution of ice-active bacteria to

the ice-nucleating ability of agricultural dust emissions. In this study, however, they only

examined the ice-nucleating ability of culturable bacteria collected onto agar plates above

an agricultural �eld and found that only a very small portion of the CFUs were ice-active.

Since ice-active bacteria do not need to be viable to maintain their ice-nucleating ability,

these observations most likely underestimate the relative contribution of bacteria to the

ice-nucleating ability of agricultural soils.

Other key studies have shown that the presence of organic components makes it di�cult

to determine the ice-nucleating ability of agricultural soil dust. In particular, Conen et al.

(2011) analysed the ice-nucleating activity of agricultural soils from Mongolia, Germany,

Hungary and Yakutia and found that the ice-active mass site density (nm) varied by

about 200µg-1 across the di�erent soil samples. Steinke et al. (2016) investigated the

ice-nucleating activity of agricultural soil samples collected from four di�erent regions and
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found that the variability in the ice-nucleating activity of di�erent soil dust is much greater

than that of mineral dust. They concluded that the observed variation is likely due to

di�erences in soil organic matter but were unable to examine this directly (Steinke et al.,

2016). Similarly, Suski et al. (2018) took aerosol samples of agricultural soil dust during

harvesting activities in four di�erent agricultural �elds. They found that both heat-stable

and heat-labile INPs were present in their samples, suggesting that a variety of di�erent

organic components were contributing to the ice-nucleating ability of the soil (Suski et al.,

2018).

More recent work by Hiranuma et al. (2021) examined the ice-nucleating activity of

animal agriculture by collecting aerosol samples both upwind and downwind of open animal

feeding lots. They found a distinct increase in INP concentrations downwind of open

animal lots, particularly at freezing temperatures above � 15� C, suggesting that animal

agriculture is also a substantial source of INP. Additionally, a study focused on the ice-

nucleating activity of agricultural soil dust in Mexico highlighted that the observed high

ice-nucleating activity of these soils is consistent across di�erent regions of Mexico (Pereira

et al., 2022), highlighting the need to better understand and characterise the ice-nucleating

ability of these soils. Overall, we know that biological components contribute signi�cantly

to the ice-nucleating activity of agricultural soils and that the ice-nucleating activity of

these soils varies signi�cantly as a result (Figure 1.6). However, more work is needed

to better understand the relative importance of these components and better predict the

ice-nucleating activity from these anthropogenic sources.

1.5 Project Objectives

The overall aim of this thesis was to investigate the sources of INPs from agricultural

locations to determine the extent to which agriculture in
uences INP populations on both

regional and global scales. We characterised the ice-nucleating activity of agricultural

soils and fungal crop pathogens with a focus on aiming to better understand the complex

biological relationship that in
uences the ice-nucleating activity of agricultural emissions.

We achieved this by addressing three main areas in three results chapters as follows:

1. The �rst results chapter investigates the importance of surfactant-like macromolecules

as INPs and their relative contribution to the ice-nucleating ability of agricultural

soils. We extracted the soluble fraction from di�erent soil samples to answer the

following questions:
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ˆ How does the ice-nucleating ability of agricultural soil relate to its surface ac-

tivity?

ˆ How does this relationship between surface and ice-nucleating activities in soil

samples di�er from that of two common soil subcomponents?

ˆ What is the relative contribution of surfactant macromolecules to the ice-

nucleating ability of anthropogenic soils?

2. The second results chapter quanti�es the ice-nucleating activity of two di�erent

species of fungal crop pathogens. We examined the ice-nucleating activity of fungal

spores from both �eld-collected samples and those grown in the lab to answer the

following questions:

ˆ What is the ice-nucleating activity of fungal spores from Yellow Rust and Light

Leaf Spot?

ˆ How do external stressors such as storage time and cold exposure impact the

observed ice-nucleating ability of these fungal spores?

ˆ What is the relative contribution of ice-active bacteria to their ice-nucleating

activity?

3. The third results chapter examines the size-resolved ice-nucleating activity of agricul-

tural soils. We aerosolised soil samples collected at the University of Leeds research

farm in our aerosol chamber to answer the following questions:

ˆ What is the size distribution of agricultural dust aerosols?

ˆ How is the ice-nucleating material distributed across the aerosol size distribu-

tion for agricultural dust?

ˆ What do the size-segregated INP concentrations tell us about the ice-nucleating

activity of agricultural dust?
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2 Methods

Throughout this thesis, a variety of methods have been used. Each results chapter that

follows will detail the unique methodology used, however, some methods will be common

throughout. This chapter will include some general methods that are common across all

three chapters of this thesis. I will discuss the droplet-freezing techniques used in this

thesis and describe how the ice nucleation analysis was carried out.

2.1 Droplet Freezing Assays

Droplet freezing assays are laboratory instruments designed for investigating the im-

mersion freezing activity of ice-nucleating particles (INPs) and ice-nucleating macromolecules

(INMs). A variety of di�erent droplet freezing assay instruments have been designed and

developed, all with slightly di�erent methods of cooling, droplet generation, and freezing

detection. There are three main cooling methods, with instruments typically using a cold

stage (Whale et al., 2015; Chen et al., 2018; Tarn et al., 2020), a cooling bath (David

et al., 2019; Miller et al., 2021) or a cooled block (Hill et al., 2016; Kunert et al., 2019;

Steinke et al., 2020). Droplets can be generated either by using a micropipette (Whale

et al., 2015; Chen et al., 2018; David et al., 2019; Miller et al., 2021), creating an emulsion

with oil (Pummer et al., 2012) or using micro
uidic droplet generation (Reicher et al.,

2018; Tarn et al., 2020). Each setup also uses di�erent droplet sizes, and droplet numbers

and have di�erent limits of detection and uncertainties. The droplet size varies from tens

of microlitres to a few nanolitres and determines the temperature range of the freezing

detection since larger droplet volumes have a higher statistical chance of contamination

being present. Regardless of the technique used, each droplet freezing assay has the same

function; to determine the freezing activity of the desired sample. In this thesis, two

di�erent droplet freezing techniques were used and are described in more detail below.

2.1.1 Microlitre NIPI

The Microlitre Nucleation by Immersed Particle Instrument (or µL-NIPI) is a cold

stage droplet freezing technique designed and set up at the University of Leeds, in the UK,

as described by Whale et al. (2015). The setup (shown in Figure 2.1) uses either a Grant-

Asymptote EF600 cold stage or a custom-built Peltier cold stage, both of which can cool

the droplets to below � 35� C. A clean, siliconised glass slide (Hampton Research, HR3-
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Figure 2.1: Schematic showing the key components of the µL-NIPI. Image taken from
Whale et al. (2015).

233) provides a hydrophobic surface to minimise the contact angle between the droplets

and the cold stage. For each freezing assay, between 40 and 50 droplets (of 1µL in volume)

are pipetted onto the hydrophobic glass slide and are covered by a Perspex chamber. The

Perspex chamber contains the lighting and the camera for observing the droplet freezing, it

is also connected to a supply of gas (either nitrogen gas or clean, dry air from a compressor)

so the level of humidity can be controlled and no frost forms over the glass slide during

the freezing experiment. Once the experiment is set up, the cold stage is cooled at a

rate of 1 � C min-1 until all of the droplets are frozen, this rate is chosen as it is the best

approximation of the cooling rates observed in moderate updraft convective clouds (Hader

et al., 2014), without the analysis process taking too long. The raw data outputs are the

temperature �le, taken from the EF600 with the recorded temperatures over the time of

the experiment, and the video �le, which consists of all the images taken throughout the

experiment.

From the µL-NIPI setup, droplet freezing is detected by the change in the light inter-

action by the droplet upon freezing. Since the light is situated above the droplets, they

initially appear dark. Upon freezing, the increase in light scatter from the frozen droplet

changes its appearance so that it appears light (Figure 2.2). The temperature at which

the droplet colour change occurs is recorded as the freezing temperature for each droplet

in the assay. This temperature is then used to calculate the fraction frozen,f ice, as shown
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Figure 2.2: The progression of a freezing experiment within the µL-NIPI. Image taken
from Whale et al. (2015).

below in Section 2.2.

2.1.2 FINC

The Freezing Ice Nuclei Counter (FINC) is a custom-built ice nucleation freezing assay

technique, used to investigate heterogeneous ice nucleation by immersion freezing, as de-

scribed by Miller et al. (2021). FINC was designed and built at ETH Zurich and its design

was based on the DRoplet Ice Nuclei Counter Zurich (DRINCZ) (David et al., 2019). The

setup consists of an ethanol bath (LAUDA Proline RP 845, Lauda-K•onigshofen) used to

cool the sample, with a mounted camera and LED lights for detecting freezing based on

changes in light intensity (Figure 2.3). Each cooling experiment consists of three 96-well

Piko PCR trays, with each well containing 10µL aliquots of the desired sample solution.

The custom-built frame is designed to hold the PCR trays so that the wells are fully

submerged in the ethanol cooling bath without any ethanol contaminating the solutions.

Due to density changes in ethanol as it cools, a reservoir of ethanol tops up the levels in

the bath during the freezing experiment. This top-up mechanism ensures that the wells

remain fully submerged in the ethanol throughout the duration of the freezing experiment

(David et al., 2019; Miller et al., 2021). The sample solutions are pipetted into the PCR

trays inside a laminar 
ow hood to reduce contamination. The PCR trays are then care-
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Figure 2.3: Image taken from Miller et al. (2021) with di�erent aspects of the FINC
setup including; (a) a photograph of FINC, (b) a model of custom-built frame which is inserted
into the Lauda bath, (c) a schematic of the bath leveller setup and (d) an image of the PCR trays
from the FINC camera showing the change in light intensity between liquid (red circle) and ice
(blue circle) in the wells.

fully transferred into the ethanol bath and cooled at a rate of 1� C min-1 until an endpoint

of � 32� C, and the camera takes an image every 0:2 � C (Miller et al., 2021).

Droplet freezing events from FINC are detected by monitoring the light intensity and

recording the temperature at which the greatest change in light intensity occurred. In this

case, the LED lights are underneath the droplets meaning that they initially appear light

and turn dark when they freeze (see Figure 2.3d). These freezing temperatures were then

corrected to take into account the observed di�erences in the recorded bath temperatures

and the temperatures experienced by the wells, as demonstrated by Miller et al. (2021).

The details of the corrections used are given in the relevant chapters (see Chapter 3).

2.2 Ice Nucleation Analysis

For each droplet freezing assay, the fraction of droplets frozen as a function of tem-

perature, or f ice(T), was calculated using the recorded and corrected droplet freezing

temperatures. This calculation is shown in Eq. 11, whereN (T) is the number of droplets

frozen at temperature T, and N total is the total number of droplets in the given droplet

freezing technique. The temperature at which 50% of the droplets were frozen (i.e. where

f ice(T) is equal to 0.5) is referred to as the average freezing temperature, orT50, and is

used to summarise the average freezing behaviour of a droplet freezing assay.

f ice(T) =
N (T)
N total

(11)

The total number of active sites above a given temperature,T, per unit sample volume,

also known as the cumulative concentration of ice nuclei, orK (T), was calculated based on
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calculations derived by Vali (2019). This K (T) value, as shown in Eq. 12, was calculated

as a function of f ice(T), where Vd is the volume of each droplet (in cm3).

K (T) = �
ln (1 � f ice(T))

Vd
(12)

To further quantify the ice-nucleating activity, it is possible to normalise the K (T) by

the volume of sampled air, the mass concentration of particles, the surface area concentra-

tion of particles or the number concentration of particles depending on what information

is available. Across this thesis, I will use all these methods to analyse the ice-nucleating

ability of my samples, so I will describe them generally here. For �lter-collected samples,

the concentration of INPs per volume of sample air,N INP (L -1), was calculated using the

volume of wash-o� suspension,Vw (cm� 3), and the volume of sampled air at standard

temperature and pressure,Va (cm� 3), as shown in Eq. 13.

N INP (T) = K (T) �
Vw

Va
(13)

The other samples in this thesis were analysed in di�erent ways depending on the

information available. Where the mass of the sample in suspension was known or could

be estimated, the active site density per unit mass,nm (g� 1), was calculated as a function

of temperature using the mass concentration within the suspension,Cm (g), as shown in

Eq. 14.

nm(T) =
K (T)
Cm

(14)

If the surface area concentration of the sample in suspension was known or could be

estimated, the active site density per unit surface area,ns (m � 2), was calculated as a

function of temperature using the total collected aerosol surface area,As (m2), as shown

in Eq. 15.

ns(T) =
N INP (T)

As
(15)

Finally, where the number concentration of particles within the suspension was known,

the ice-active site density per particle, nn (particle -1), was calculated as a function of

temperature using the total number of particles per droplet, Cn, as shown in Eq. 16.
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