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Abstract

Cirrus are thin upper tropospheric clouds that are composedlgwtiice particles. Due to their
extensive coverage of the Earthoés surface, t
balance. In the absence of a foreign surfaiteys ice particles can form via homogeneous ice
nucleation in liquid aquers solution aerosol droplets. Ice can also nucleate heterogeneously
when catalysed by the presence of solid particles, wd@ohaffect the physical properties of the
cloud, potentially resulting in high 4dloud humidity and low optical deptin orderto better
quantify the impact of cirrus on futurgimate 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 cmmdit It can be divided into two
sections:

1) The investigation of the ice nucleation behaviour of glassy aerddgotespheric secondary
organic aerosol (SOA) is likely to exist in a sesolid or glassy state, particularly at low
temperatures and humiditie®ver the course of two experimental campaigns at the AIDA
(Aerosoal Interactions and Dynamics in the Atmospheteud simulation chambgthe ice
nucleation properties of aerosols of five different glass forming compositions (citric acid,
raffinose,4-hydroxy-3-methoxymandelic aciqHMMA), levoglucosan, and a mixtuie
raffinose/M5AS) were studied. Tee organic compounds have similar functionality to
oxidised organic material found in atmospheric aerosol and have estimated
temperature/humidity inducedags transition thresholds that fall within the range predicted
for atmospheric SOA. Amallfraction of aerosol particles of all compositions were found
to nucleate ice heterogeneously in the deposition mode at tempera06&, which is
relevant to e tropical tropopause layer¥L). Raffinose and HMMA, which form glasses
at higher temperatures, nucleated ice heterogeneously at temperatures as high as 214.6 and
218.5K respectively.Using a 1D cirrus model, it was shown that nucleation on glassy
aersols may explain low ice crystal numbers and higbldud humidity in thel'TL. It was
also found that the ice nucleation efficiency of glassy aerosol particles became enhanced
after having been frozen homogeneously at temperatures closeirtaldss trasition
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 mihehast (KGalb, 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 aniadiexperiment.
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Chapter 1:Introduction

Chapter 1. Introduction

l.1Eart hdés at mosphere

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 eféext acts as a buffer against extreme
temperature changes during the diurnal cycle. These properties allowed the evolution of
terrestrial |l i fe forms and continue to

surface.

The atmosphere is mainly composedndfogen (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; atnta~0.4% water vapour averaged
across the whole atmosphe(#&/ayne, 200D The chemical composition of the
atmosphere is maintained on geological timescales by the biosphereby
photosynthesis), by release from and uptake to the material ofatmetEh 6 s cr u st
degassing of t h(8einfgd and éPandis 20P6Theereleaser of
anthropogenic pollutants since the industrial revolution has been shown to have had a
concerning affect on the Earthosleagagomos ph
trace gases such as chlorofluorocarb@Vayne, 200} which catalytically destroy
stratospheric ozone causing a hole in th
of evidence that shows increased emissions of the greenhouse gas@dossil 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 aaltitudeincreasesKigurel1.1). The lowest layer, the troposphere,
extends ~1&m in height at the poles and ~& at the equator. It makes up 90% o

the mass of the atmosphere and contains the vast majority of its water vapour and
aerosols(Wayne, 200D 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 stratosph{gvayne, 2000
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Figure 1.1 An example atmospheriemperature profile up ti
100km, adapted from Brasseur et @999.

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 &baizes
tens of micrometres to a few nanomet(8ginfeld and Pandis, 20P6l'hey originate

from the surface of the earth (primary atmospheric aerosol) and are also geimerated
situ (secondary atmospheric aerosdPyrimary aerosol is emitted directly from both
anthropg@enic and natural sources such as the soot from the combustion of fossil fuels
and biomass burning.€. natural wildfires) or mineral dust from desert regions blown
into the atmosphere by storrtisoren 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, 2006The 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 phaseecies 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 abslorbing incoming solar radiation.
The indirect aerosol effect is more complex and is concerned with aelogdl
interactions. This includes the modification of the radiative properties of existing clouds
by aerosol particles and the formation of ndauds (Twomey, 1974 Forster et al.,
2007 Albrecht, 1989 Baker, 1997 Rosenfeld, 2000Ramanathan et al., 200Baker
and Peter, 2008Insoluble particulates such as mineral dusts provide catalytic surfaces
for liquid water to condense upon andudmé 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 homogeneadusiyp the absence of
any foreign surfaces. Solid particles dagterogeneously catalyse the formation of ice
either from within liquid droplets or directly from the vapour phase, thereby acting as

ice nuclei (IN).

Aerosotcloud interactions are one of the largest uncertainties when predicting
change in the future cliate (Forster et al.,, 20Q7(see Figure 1.2). There is an
increasing understanding of the impact of CCN on clim@&erster et al., 20Q7
Ramanathan et al., 200lohmann and Feichter, 2008IcFiggans et al., 20Q6but the
role of IN in the indirect aerosol effect is still poorly underst@edrster et al., 20Q7
Baker, 1997 Cantrell and Hgmsfield, 2005 Baker and Peter, 2008

1.1.3 Clouds and the climate

Only 0.001% of sintheatntosphetelattasy onedirnegthe rastis in the
oceans (97%), polar ice caps (2.4%) and lakes and rivers ((M3&yne, 2000 The
atmosphere contains water in all three phasesa vapour, as liquid droplets and as ice
crystals. Cloudscan 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 Earth©os
from the surface and dett 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



Chapter 1:Introduction

clouds nucleate. There i® consensus on whether clouds will have a net cooling or
warming feedback in response to an increase in anthropogenidtG@s been stated

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

is doubled(Lohmann and Feichter, 2003-igure 1.2 summarises thestimatedglobal
averageadiative forcingof climate (the difference betweeadiant energyeceived by

the earth and energy-radiated to space) between 1750 and 2@868ociated 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
conside ed to be well enough understood that
forcing. In contrast, the effect of ice nucleation on cloud properties and formation is so
poorly understood that its impact on the climetdeld not evenbe estimated Solomon

et al., 2007.
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Figure 1.2 Radiative forcing of climate between 1750 and 2605 mechanisms and ager
discussed in Chapter 2 thfe IPCC Fourth Assessment Report: Climate Change 2007, Wo
Group I: The Physical Science Bag{Solomon et al., 2007 The diagram also includes tt

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
cimat e change,; by either dispersing or 0w
t he Eart hos (Lathdm eddl. ,i2008Vitchedl &nd Rirmegan, 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, 2009he World Meteorological Organisation
defines arus clouds based on theirdayi me vi si bl e mor phol ogy

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

bands. These clouds have fibrous (fair k e ) appearance, or a
(Lynch et al., 200 The name <cirrus is derived fr
ringlet of hairo. More generally, they a

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

altitude, thin, featureless clouds commonly found in the troftigach, 1996.

Cirrus clouds exist below the homogeneous freezing point of liquid water
(~236K) (Pruppaber and Klett, 1997and at altitudes abovekén (Baran, 2009 but
below the tropopause.i@s can also be divided into three broad-sategories based
on how they formjn situ cirrus which are widespread at all latitudes and form by ice
nucleation in supercooled droplets or on solid ice nudevil cirrus which are
common in the tropicsral arise from the outflow at the top of deep convective systems
and contrail cirrus that are associated with jet aircraft exhausteintzenberg and
Charlson, 2000

Cirrus c¢clouds cover ~30% of the Eart
tropics coverage is tygally ~607 70% (Baran, 2009 Wylie and Menzel, 1999
Stubenrauch et al., 2006assen et al.,008 Nazaryan et al., 200&.iou and Takano,

1994 Sassen and Comstock, 200Due to their ubiquity, they have a significant

I mpact on t he Ea (Baranp2009lioa,d 986 Miichelket ab.,al988 n c e
Fu, 2007 Zhang et al., 1999 as well as playing important roles in upper tropospheric
heat transfe(Ramanathan and Collins, 19%nd the transport of water vapour across
the tropopause into the stratosphglensen and Pfister, 2004 'he 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-ieffaadiation from

the surface is trapped versus the amount of shorter wavelength solar radiation that is
reflected back into spad®aran, 2009Lynch et al., 200 Changing the size of ice
particles alone has a massive effect on the net radiativadofdiodelling by Zhang et

al. (1999 found that smaller ice crystals gave a net cooling of approximately ¢
compared to larger crystals that resulted in a net warming of abo/+@0 (Baran,

2009. To be able to better quantify the iagb of cirrus on futurelimate 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 cantiaerosol particles. This
cooling can originate from the expansion of rising air parcels during large scale synoptic
uplift (Lynch et al., 200R More rapid temperature fluctuations caused by gravity waves
also lead to cirrus formatio(Barahona and Nenes, 2Q1lynch 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 honemyen 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 significantioadof
the cloudds ice par (Jenseh et aln 20xOwieiah wilk @lsoc e nt |
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, whichakél 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 retevaintus

clouds that formn situ. The main objectives were:

1 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.

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

of deposition mode ice nucleation.
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1 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 ahresults 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 provids 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 ofs 6aemopophlodd and presents the rati

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 EaffreMott et al., 201D The
production of ice particles can affect the properties and behaviour of low arAdweid
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 BergereRindeisen process) and then sediment, reducing the lifetime of
the cloud (Pruppacher and Klett, 1997 The release of latent heat from the
crystallisation of ligid 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, smir ice particles result in whiter cirrus, increasing the reflectivity

of the cloud(Lynch et al., 200

1.4.2 Homogeneous ice nucleation

Ice nucleation can occur homogenousky, 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 becaossecules at the interface do not have

all of their bonding interactits 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 forman 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 reas, the probability of forming a stable cluster scales with the
volume of the liquid. In larger volumes of waterd. ml), nucleation is likely to occur

close to the melting point of ice, whereas in very small dropletsuft+1in diameter)

such as those ftmd in the atmosphere, water is able to supercool to kZBian et al.,

2009 Kramer et al., 1999Demott and Rogers, 199Benz et al., 2005Murray et al.,

20103. 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 describedusing 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 generalfatiran be applied to other
situations such as the nucleation of ice from a gas supersaturated with water vapour.
CNT provides a model for calculating tigibbs free energyfor the formation of a
cluster of the new phase containingwater molecules¥G;) (Mullin, 2001). This
quantity is the sum of the Gibbs enengguired forthe formation of the interface
between ice and supercooled wateGs and theenergyreleased bythe forming of
bonds inthe new more thermodynamically stable bigkkphaseDGp.
Y@ Y@ YQ
Equationl.1

The energy of formation of the interface of a spherical clustarmoblecules of

radius,ry, is expressed as

YO 1“0t ¢
Equationl.2

where in the case of homogeneous ice nucleation from liquid vegtéunits:
Jcm?) is the interfacial tension (or surface energy) between the developing crystalline
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surface of ice and supercooled liquid water. The &iiobe energy for the formation of

the bonds in the cluster is given by

)

yo ! ‘g
Equationl.3

whereps andy, are chemical potentials of the solid and liquid phase

respectivelyThe difference irtchemical potentials can be expressed as

o Qv Ty
Equationl.4

wherek is the Boltzmann constari,is the temperature argis the saturation of
liquid water with respect to ice. The number of neales in the spherical cluster, can

be replaced with the expression

Equationl.5

where3s is themolecular volme of water Substitutingequation1.2 - Equation
1.5into Equationl.1 gives

[T

o . 0 o s
Y'Q ﬁlM]?fQVW
Equationl.6
The two free energy terms have opposite signs and varyryvitdausingk G; to

pass through a maximum once the radiushefctuster reaches a critical siEigure

1.3). Any cluster greater than or equal to this size is stable and therefore able to grow.
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+ve

Free energy, AG
o

Size of nucleus, r

Figure 1.3 The variation ofk G, kG, andk G, with radius €). The critical radiusr., is also

indicated. Adapted from Mulli2003).

Differentiating Equation1.6 with respect tar,, setting & Gy/dr, equal to zero
and then rearranging foy, yields the minimum radius required for a cluster to become

stable. This is termed the critical radius,

Equationl.7

Substituting Equation 1.7 into Equation 1.6 and simplifying gives the free

energy of formation of a critically sized clustermaw ice phas& Ghom

Equationl.8

10
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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 remai
liquid at temperatures below the freezing threshold for pure water drgp236K).

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 innfyeezi
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 activdy) (of the solution. Water activitgrovides an
oeffectived solute concentration as it
between the water molecules and dissolved species. Water activity is equal to the ratio
of the equilibrium vapour pressure of the solution and thdilegqum vapour pressure

of pure water at the same temperature.

b
I I [ L | I I I I
g . .
)] - \\ -
E ] - 4 RS O \\\ -
o | - \\ -
= N\
8_ 1 F SN \{ :
& . N
2 - Metastable \ 1
—~ . liquid \ -
| | L1 (o] I P T\
0 5 10 15 20 25 1.0 09 0.8 0.7 0.6 0.5
Molality (mol kg=1) Water activity

Figure 1.4 a) Melting (squares) and freezing (circles) temperatures for a variety of aq
solutions versus solution molality. b) Freezutgta shown as a function of water activithe
melting threshold is shown asddashed lineand the freezing threshold a solid lifeaken from
Koop et al(2000.

Figure 1.4 conpares 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 ityoMlhen converted

to the water activity scale, the freezing and melting points both collapse onto smooth

11
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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&y , is indepedent of the identity of the

solute as it is only a function of temperatufg&nd pressurepy

3¢
3¢

~

®w Y Q

Equationl1.9

whereR is the gas constant ahd "“Y] and* “Y¥| are the temperature and
pressure dependent chemical potentials in pure ice and pure liquid water respectively (in
Jmol™). Koop et al(2000 established that the freezing threshold (solid lin€igure
14b ) i's i1 dentical to the meltinagl dherve

freezing curve shown iRigureldb corr esapo0Bd5s t o

At equilibrium, the water activity of liquidolution droplets is equal to the
saturation with respect to liquid wate&;{) of the air that surrounds thelre( ay = Sig).
At a particular temperatur& is expressed as the ratio of the partial pressure of water
vapour (g o) and the saturation vapour pressofewater vapour over a flat liquid

water surfacery ; ¢)- The relative humidity with respect tmuid water (RHg) is

simply Si expressed as a percentage

N/ 2 (

Y
Meyy PTT

Equation1.10

The relative humidity can also be expressed with respect to hexagonal ice (RH
this is important fo deposition mode heterogeneous ice nucleation, see below). This
expression takes the same form as that for liquid water, buh?vith]Y replaced with
the saturation vapour pressure of water vapour over a hexagonal ice syirfade
Murphy and Koop (2005 provide parameterisations fafy ¢ and n .Y for
temperatures between 123 and 832
N/ 2

Y Y

(
T

©

Equationl1.11

12
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When supercooled concentrataeg €< 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 valuegf Riis result simplifies

the prediction of the conditions under which homugmis 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 atmosphesiaeg the

temperature olowering thehumidity at which it caroccur. Ice nuclei (IN) represent a

Ssubset of the atmosphereds aerosol popu

act as IN increases as temperature decreases anddr¢hsegPruppacher and Klett,

1997. The absolute number of IN has been foundctorelate with the number

concentration of aerosol particles larger thanOrbin diameter(DeMott et al., 201D

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

than the total aerosol concentration (at ~E§O(Szyrmer and Zawadzki, 1997

Pruppacher and Klett1997 outline some physical characteristics that increase the

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

M

Insolubility i 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 sulph@bbatt et al., 2006 do
nucleate ice. Hence thiharacteristic could be defined simply as the ability to
act as a surface.

Sizei IN need to similarly sized or bigger than the size of a critical ice germ and
are typically found to be 8.1 um in diameter.

Chemical bond$ the type and strength afailable chemical bonds between the
surface of the I N and the ice germ
Considering that ice is held together by hydrogen bonds of particular polarity
and strength, it is assumed that an effective IN woulde hamilar available
hydrogen bonding sites at its surface.

Crystallographyi 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 arragin the same geometry as that of the ice

13
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crystal €.g. silver iodide (Vonnegut, 194)) 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 bicetieformation of the

ice lattice and the IN surface.

1 Activesites | N may possess Oactive disppsed 6 t h
to ice nucleation due to specific physical properties. An active site may be a
morphological surface inhomogeneitych 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.

Thes criteria provide a useful framework for understanding what properties
might make certain partees more efficient IN. Currently however it is impossible to
accurately predict a materials IN ability based on its physical propéHm@3sse and
Mohler, 2012.

1.4.3.1 Modes of heterogeneous ice nucleation

Ice nucleation in the atmosphere occurs by a set of diffenechanisms which are
commonl y r enfoedreFgiel®). onmerson @denucleation occurs when

an insoluble INimmersed in a supercooled Uig droplet catalyses ice formation.
Deposition modewucleation becomes possible above ice saturation (1009 ®ith

water vapour depositing directly as ice upon the surface of a soli@dhNtact mode
nucleation occurgvhen an IN collides with a supewed liquid water droplet, causing
immediate ice nucleationCondensation modeucleationoccurs 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 icdéeation 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 tempeuag.

14
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A) Immersion mode

— @ 0 —©
B) Deposition mode
C) Contact mode

-— @0 0

D) Condensation mode
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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 (~28% Currently, the importance of each mode of
ice nucleation for cirrus formation has not been fully evaluated. A key area of
knowledge that is equired 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 freezénomogeneously once the humidity reaches the Koop threshold
(Koop et al., 200D 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 evéaomogeneous mode nucleation. Deposition mode ice
nucleation, which is the focus of this study, can only occur at humidities above ice
saturation (100% R

15
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1.4.3.2 Parameterising heterogeneous ice nucleation using CNT

As our understanding of the properties dfedent 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 differéNt 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 lQ |, is therefore smaller than

YO . This reduction in the é&e energy required for cluster formation can be
expressed by multiplyiny"O by a parameterfi) which has a value between 0 and

1

Equationl.12
Substitutingequationl.8 into Equationl.12 gives
o por ' Q
YO GEVN W
Equation1.13

When parameterising deposition mode ice nucleation the solid ice/vapour
i nt er f acigurib usedeas is the saturgtion with respect to ice. In its simplest
form, CNT assumes that ice nucleation is stochastic laatditt has an equal chance of
occurring at any location on the surface of an(f¢tcher, 1958 It assumes either that
all droplets or all particles are uniform (depending on which mode of ice nucleation is
being modelled). The value dife: is often based on ice clusters having a single,
common contact anglé)( between all ice embryos and the surface of a particular type
of IN (Pruppacher and Klett, 1997This is referred to as the single m o(Wleekler
and Bertram, 2002 Using this moded:is expresed as

¢ AllO¢ ATIO
T

0

Equationl.14

The singleU mo d e | has been used extensively
(e.g. Archutelaet al (2005, Eastwood et al(2008, Wheeler and Brtram (2012,

Chernoff and Bertranf2010) and has also been used to describe heterogeneous ice

16
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nucleation in atmospheric cloud modetsg( Karcher(1996, Jensen and Toof1997)

Jenseret al (1998, Hooseet al (20109, Hooseet al (20101). As it has been widely
used, the values of U do provide a somew
work does however suggest that caution should be taken when using théJsingteo d e |

as it does not alwayprovide an accurate description of the effect of changing the
surface area of an IN that is availalfi¥heeler and Bertram, 201.2To improve its
applicability in some cases, the single mo d e | has been modi fie
probability distribution functio-U  mo (Mardolli et al., 2007 Luond et al., 2010

which assume particlo-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 i, the ratecoefficientof heterogeneous ice nucleatidre; is defined

as the number of nucleation events per unit of surface area of material per anit tim
(e.g.cm?s?) (Pruppacher and Klett, 1997In this section, the nucleation rate by a
single, uniform IN type is considerede( the single stochastic model). For immersion
mode ice nucleation),e is just a function of temperature. For deposition mode
nucleation, Jnet is a function of both temperature and relative humidity. In both cases it

can be expressed as an Arrenhius equation that relaté6@ to

v VDQ E

Equationl1.15
wherek (JK™) is the Boltzmann constari, is the temperature (K) anf} is a

pre-exponential factor with units of cirs™. The rate at whiclparticles nucleate ice can

be defined as
2 ”_‘ :" é.E‘ ’ I
m LE Aid)
Equation1.16

For immersion moddreezing dN is the number of ice free liquid droplets
containing nucl eants;gthatifreeke ilmtimestd(Wagrercet al.Lar e a

20123. Between times; andt,, the number of unfrozen dropledecreasefrom N; to

17
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N.. Integmating the left hand side @&quationl.16 betweernN, andN; and the right hand

side betweety, andt; gives
6 0Qerd
Equationl1.17

wh e r tes t, gby. If the decay of the fraction of liquid droplets is approximately
exponential,lte nucleation rate can be derived from experimentaludsaibg thismodel
Examples of exponential decay are shown foolikée and silver iodidecontaining
dropletsin Figurel.6 (Wagner et al., 2012a
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Figure 1.6 Exponential decay of unfrozen water droplets contair
kaolinite and silver iodidevith time. Takenfrom Murray et al(20123.

When calculatinghe:tf or deposi t kiotme sufacd area piee tfree,
particle and N is the number of ice free particleAs the number of particles that
nucl eat e ti{ghlg) isdqual totNg-d\,, Eguationl.17 can be expressed as

Y0
G

&

p A

Equation1.18

Re-arranging gives

18
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Equation1.19

If the total number of particles is unknown (as is the case pererents
performed in Chapter 7Equation1.19 can be modified so that only the total surface

area needs to be known. The total surface #gas(the product ofis andN;, Hence

. 0
U —_—
Equation1.20
Substitutingequationl.20into Equationl.19 gives
v Y0ean
, L =5
V] :
” 0
Equationl1.21

When qNic/N; is less than 0.1Equation 1.21 can be simplified using an

approximation based on the Taylor series
1lp ®
if o ™
Giving

30

Equationl.22

1.4.3.3 Parameterising heterogeneous ice nucleation using the
deterministic model

Nucleationhas been shown to be a stochapticcess(Vonnegut and Baldwin, 1984

Broadley et al., 2032Murray et al., 201}, but it has been suggested that timee

dependenceof nucleation is of secondary importance when compared to particle

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

dependence allows a simpler apgb 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 Va(iLl971),(1994. A similar time independent quantification that
takes into accounthte sur f ace area dependence of
sur f ace sint @hicll\easfissti defipedl bydDeMot(1995. It has been used
more recently in a number of studies to parameterise nucleation by mineral dusts
(Connolly et al., 2009Lu6nNnd et al., 2010Broadley et al., 2032NVheeler and Bertram,
2012 Niemand et al., 2012lHoose and Mohler, 20}2volcanic ash(Steinke et al.,

2017 and marine diatomgAlpert et al., 2011 This singular parameterisation makes
the assumption that IN have localized acsites that are distributed evenly across the
surface of the IN. The active sites have specific activation temperatures and/or
supersaturations with respect to idée ice active surfacsite density is defined as
follows:

Equation1.23

wherefic, is the fraction of particles activated to ice at a specific temperature
and/or Sce. 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., 2011Vonnegut and Baldwin, 1984

1.4.3.4 Atmospheric heterogeneous IN

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

1 Mineral dusts- a mixture of many different discrete and aggregated mineral
types, the composition of which changes as it is transpoAadlyses of
snowflakes sampled at ground level found the particles at the centre of the flakes
to usually be clay mineral@umai, 1951 1961 1976 Kumai and Francis,
1962 Isono, 1955Rucklidge.J, 196b

1 Soot- the result of comhation such as biomass burning and is a common
atmospheric aerosqlSeinfeld and Pangj 2006. It has been increasing in
concentration since industrialisatiothavanchy et al., 1999 but is found

generally to be a less efficient IN than mineral diidymarska et al., 2006
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DeMott et al., 1999 Kanji and Abbatt, 2006 except for more oxidised
hydrophilic soot particle@oehler et al., 2009

1 Ash- from volcanic eruptions which is emitted in large quantities globally. A
good example is that of the recent eruptionEgfafjallajokull, the ash from
which was found to nucleate ice efficien(Bingemer et al., 201 5teinke et al.,
2011D).

1 Primary biological aerosols bacteria, pollens and fungal spores have all been
shown to act as INDespres et al., 20)1.2The bacteridl?seudomonas symgae
has evolved ice nucleating proteins on its surface as an aid to causing frost
damage to plants to release nutrigiMski et al., 1974 It has been found to be
a particularly efficient nucleator of ice at temperatures higher thaiK Z8@nji
et d., 2011 Hoose and Mdohler, 20)2

1 Metallic particles - have been sampled in ice cloud crystal residues
(Heintzenberg et al 1996 DeMott et al., 2008 Lead compounds have been
found to be particularly good ice nuclei, and may be of interest due to the
reduction of lead emissions from pet(@lziczo et al., 2009

1 Soluble inorganic crystalline particlessuch as ammonium sulphdt&bbat et
al., 2006 and sea sa(Wise et al., 201Pnucleate ice in the deposition mode and
are potentially important nuclei for cirrus formation.

1 Organic material - may also be involved in cirrus ice nucleati@austian et
al., 2012 DeMott et al., 2008 Studies show that crydline organic particles
such as oxali¢Wagner et al., 201@®011) and malonic acid¢Shilling et al.,
2006 as well norcrystalline humic aciqWwang and Knopf, 20)Inucleate ice

heterogeneously.

The efficiency of many IN species was compared in aneceview by Hoose
and Mo6hlen(2012. Figurel.7 is takenfrom that review and shows the huge variation in
the temperatur§. of ice nucledabn 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 Mohler (2012 recommend thato make comparison between different
studies easier, authors need to better record the size distributions, surface areas, fraction

of particlesfrozenand cooling rates for experiments.
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Figure 1.7 Example of the variation in heterogeneous ice nucleation onset temperatu
humidity (displayed as ice saturation))(S RH/100) for IN of various compositions (st
legend) in the deposition, condensation and immersiothesh The black solid line is the wal
saturation threshold and the dashed black line is the homogeneous ice nucleation tl
(Koop et al., 200p Figure taken from Hoose and M6h{@012).

1.4.4 Which aerosol particles form cirrus?

The composition ofaerosol particles ithe upper troposphere varies depending on
source region and on how much oxidative chemical atjiag haveundergongFroyd

et al., 2009h Due to the increased difficulty of high altitude sampling, measurements
of upper tropospheric aesol 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 tlad the most abundant

particles are internal mixtures of sulphate and organic sp@diephy et al., 1998
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Thisis in contrast to thetratosphereRigure 1.8), where the aerosol mostly consists of

concentrated (60 80%) aqueous sulphuric acid solution drop(&tsen et al., 1995
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Figure 1.8 Typical negative ion singiparticle mass spectra of stratospheric aer:
(A) and the upper troposphere (Baken fromMurphy et al. (1998. It can be seel
that the stratosphere is dominated by sulphate species whereas the upper trop
aercsol alsocontained organic species.. C2H2 fragment) including organic acic

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

The variationof the fraction of sulphate and organic species as a function of
altitude and latitude has also beamestigated using single particle mass spectrometry
(Murphy et al., 2008 The abundance of organic species in internally mixed organic
sulphate aerosol was higher at northern tropical latitudes Ky28ompared to regions

further from theequator Figure 1.9). Organicspecies 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 almostalways present in neutralized sulpliatganic particles, but not in acidic
aerosol. Mineral dust or fly ash was identified by the presence of thef®ék in the

mass spectra. Particleslym were found to have a SiOpeak 9% of the time,
compared tgarticles <L um, which only had Si@ peaks 0.2% of the time. Metallic
species such as lead have also been observed in much smaller quahiidsy et al.,

1998 Murphy et al., 2006
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Figure 1.9 Altitude vs. latitude cross secticadapted from Murphy et a
(2006 showing the variation of aerosol composition between pure sulp
in the stratosphere and internally mixed sulploaganic aerosol in the uppt
troposphere. Note the abundanukeaerosols containing large fractions

organicmaterialat tropical latitudes ~28l.

A more specific study of aerosol composition in the tropical upper troposphere
and specifically the TTL again using single particle mass spectrortgioyd et al.,
2009 found a clear transition at around W2 (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 sulpigeeic aerosol

on flights in which the TTL was not subject to unusual convective influence. The
remainirg fraction of aerosol particles was mostly particles originating from biomass
burning and also elemental carbae.(soot).

1.4.4.2 The composition of mid-latitude cirrus ice particle residues

Residues from evaporated ice crystals sampieditu 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 &km altitude above the Alps using aunterflow virtual impactor (CVI).

The residues showed enrichment in species consistent with minerakduSi) and

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

contained more sulphur.

A number of campaigns hawsed 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 nucleatio to be investigated at a set supersaturation and
temperature. Chen et 41999 used a CFDC to nucleate ice particles at 110% dRH
aerosol in the upper troposphere over Oklahoma, USA, which were then collected on
electron microscopy grids andapsed. 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 R3(preventing investigation of the
temperature regime most applicald 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 (233218K) and supersaturations up to and above the
homogeneous freezing limit. 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@ompared 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 fromotassium 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 enhancemtein mineral dust/fly ash (33%) and in metallic particles (25%).

. Homogeneous :
A Total Particles Heterogeneous IN
+ Heterogeneous IN g [ Sulfates and Organics

M Potassium and Carbon
OCarbon and Vanadium

E Mineral Dust or Fly Ash
B Metallic

@ Other

Sulfate-
Other
~N W Organic

o e e

e e

Mineral

Dust
Tropical Sub-tropical Sub-tropical
(dust impacted) (dust impacted)

Figure 1.10 A) The composition of background aerosol (left hand chart) and the residues
particles nucleated heterogeneously and homogenously (middle chart) salety
heterogeneously (right hand chart) from natural aerosol at cirrus temperatures (adapt
Demott et al(2003). B) Ice crystal residues from anvil cirrus atil24 km at tropical and sub
tropical latitudes (adapted from Froyd et(@010, subtropical data from Cziczo et gR004).

Anvil cirrus ice crystal residues c@ined disproportionately more mineral dust and sea

compared to the background aerosol.

Combining a CVI and a PALMS instrument, Cziczo et(2004 sampled and
analysed the residues of ice particles from anvil cimusitu during the CRYSTA-
FACE field campaign. Measurements were taken at between 5 &md it&cirrus over
land and ocean at latitudes of °1® 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 auweigheb
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 midatitude cirrus residuesiews 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 semarid regions such as tt&ahara, with annual total emissions of between

1000 and 3000 g (Goudie and Middleton, 2006A series of studies have investigated

the composition of atmospheric mineral dusts after transport from arid regions

(Prospero et al., 198Kandler et al., 202;1Delany et al., 1967Glaccum andProspero,

198Q Kandler et al., 2009Arnold et al., 1998Leinen et al., 1994 Figure1.11 shows

the averaged mineralogical composition of mineralt disn those studiegAtkinson

and Murray, 201p The aluminosilicate clay minerals, illite and kaolinite, make up over

half the sampled dust particles and quartz is the most abundaakayanineral.
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I Plagioclase
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Il Others
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Other
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17.89%

2.61%
4.21%

13.02% Clays

Figure 1.11 Average composition of atmospheric mineral di#gkinson am Murray, 2012

based on dust compositions from seiresitu 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 MoOHR012. Studies have focussed on
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natural deert dust samplese(g. Kulkarni et al.(2010, Connolly et a{2009), natural
clay mineral samplese(g. Murray et al.(2011), Zimmerman et al(2008), so called
surrogates for atmospheric dusts such as Arizona Test Dust (@IdMarcolli 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 belowk-26@he
deposition, immersion and wdensation modes. However, as many samples are
mixtures of different minerals it is not always clear exactly which minerals are
responsible for the observed nucleatiloose and Mohler, 2012Atkinson and
Murray, 2012. Particular care should also be taken when denisig 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, poténtatering its natural surface

properties.

A Dbetter 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 canatl@eved 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-HGprovided by the
Clay Minerals SocietfCostanzo and Guggenheim, 2)0ivas invetigated 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 (L&D0K) tropical
tropopause layer (TTL) haweceived significant attention in recent ye@pster et al.,
2006 Fueglistaler et al., 2009 These cirrus are known to play a critical role in
dehydrating air entering the stratosph@t®lton and Gettelman, 200Jensen et al.,
1996 and may also have a noegligibleradiative impact on the plan@#icFarquhar et
al., 2000. The TTL is the region between®0and 26S in which the tropopause is at
its highest altitudes (1418.5km) (Fueglistaler et al., 2009Cirrus clouds which form
in situin the TTL, rather than asetproduct of convective outflow, are extensive (up to
10° km?), but very thin (200 300m deep)(Lynch et al., 200 (Figure 1.12). These
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clouds have ver low particle number densitig@ramer et al., 2009 making them
optically thin and as such they are referred to as subvisible or subvisual cirrus (SVC)

clouds.

Subvisible cirrus layer|

‘-f

Figure 1.12 The layer of subvisible cirrus (SVC) as seen from the cockpit of NASASKB
during the CRAVE campaign (Costa Rica Aura Validation Experiment). Photograph cred
CPL. J. H. Bain of NASA Johnson Space Center and adapted from Lawsof2e08L.

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 aeomspbsition Figure
1.13) (Froyd et al., 201] Instead the residues of the SVC ice particles waeneddo be
overwhelmingly of neutralized sulphate internally mixed with organaterial. 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.@5n°>, this is very low compared to the total unfrozeackground
aerosol concentration of ~t@n>. 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 Secligh4.5.1for more possible
explanations for law ice particle number density in cold cirrus). However, due to the
|l ack of oO6traditional & | N ( shepdticlesgshatrmayn er a
have acted as heterogeneous IN was unclear.
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Figure 1.13 A comparison of the composition of unfrozen background aerosol particles
TTL (left hand chart) with the residue of ice crystals from SVC samiplegitu in the TTL.
Adapted from Froyd et afFroyd et al., 2010

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

Some dservations of water vapour concentrations in the upppospghere have found
unexpectedly high values dRH; both inside cirrus clouds and under clear sky
conditions(Peter et al., 2006 Kramer et al(2009 providea summary of the existing
studies at temperatures above 20 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, 1995Heymsfield et al., 1998Jensen et al., 2001
Gierens et al., 199%ierens et al., 20Q0@ayet efal., 2004 Gayet et al., 20Q6Haag et

al., 2003 Ovarlez et al., 20Q2Spichtinger et al., 20038pichtinger et al., 2004.ee et

al., 2004 Comstock et al., 2004Korolev and Isaac, 20Q065ettelman et al., 2006
Immler et al., 2008 Measurements made 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 indé and outside cirrus at temperatures relevant to the TTL

(< 200K) measured RHup to and exceeding the water saturation thresfiodily et

al., 1993 Gao et al., 2004Jensen et al., 20053ensen et al., 2006MacKenzie et al.,

2006 Popp et al., 2007 Lower, persistensupersaturations of ~30% with respect to ice
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were also observed in ice clouds and conti@lao et al., 2004for periods of at least
one hourLee et al., 2004

Based on the established understanding of ice nucleation microphysics, clear sky
humidities wold 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 ged 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 saturatio 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 tropogjitetes et
al., 200§. 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

emor.

Kramer 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 d®&e
and 240K. To try and eliminate any possibility of instrumental error, the water vapour
data from the Lymatt OFLASHO® instrument and the
60OJSTERO6 were quality checked by slfere
60 F | Srdtbument that measured the total water vapour concentration including

sampled ice crystals (when in cloud).

The quality checked clear sldata 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 -dlatshed lines ifrigure 1.14A represent RHi at constant
H>O mixing ratios of 1.5 and @pmv respectively. These valuespresent the typical

values near the tropical tropopause. At TTL temperaturentis¢ measureBH; 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.
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Figure 1.14 Quality checked clear sky (A) and in cloud (B) humidities collected during
flights. Adapted fronKramer et al(2009.

The in cloud humidity frequenayata Figure1.14B) above~195K is clustered
around the ice saturation line, as would be expected when the aiisnadss coming
into equilibrium with the ice phase. Below 1H5there is a definite increase in the
number ofobservations fohumidity above 100% RH The trend to higher in cloud

humidity rises as the temperature decreases.
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The findings of Kramer et a(2009 indicate that previous measurements of
extremely high clear sky and in cloud supersaturations may be the dsult
experimental artefacts. Their data does however suggest that humidities above ice
saturation are commonplace in cirrus clouds at TTL temperatu8)(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 dabplets
TTL temperaturegMurray et al., 2005Murray and Bertram, 20Q0Murray, 2008a

Murray and Bertram, 20Q08More recent work has revealed that it is better described as
stacking disordered icéMalkin et al., 2012 This phase of ice has a higher vapour
pressure than & stable hexagonal polymorgMurray et al., 2005 Shilling et al.,

20063 and may allow a Bergerdfindeisen like process, leading to a low ice number
density. Gao et a(2004) suggested that the adsorption of nitric acid onto ice particles
can interfee 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.(875)(Magee et al.,

2006. Re@nt work has however found that the accommodation coefficienDi% at
temperatures between 190 and R2%Skrotzki, 2012. Barahona and Neng2011)

have suggested that gravity wave actiwvi
equi | iif which @& production balances sedimentation resulting in low ice
number densities and high-aloud humidity. In their study it was found that dynamic
equilibrium was achievable when aerosol droplets froze homogeneously, but it was also
found that hetergeneous 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 (Kramer et al.,, 2009Gensch et al., 2008Khvorostyanov et al.,, 2006
Spichtinger and Gierens, 2009pichtinger and Cziczo, 20l0ensen et al., 201&®en
and Mackenzie, 20Q5Murray et al., 2010p As discussed in Sectioi.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. Aerosloand ice particle residues are shown instead to be largely composed of
neutralised sulphaterganic mixtures, the organic component being highly oxidised
(Froyd et al., 2009&Froyd et al., 2010 DeMoitt et al(2003 alsoshow that at wamer
temperature§218- 238K) 25% of heterogeneolysnucleatedce particle residues were
compesed of sulphaterganic species. This suggest that the TTL cirrus residues may

also be from sulphaterganic aerosol that nucleated ice heterogeneously.

Crystalline ammonium sphate particles have been shown to nucleate ice
heterogeneously and it has been suggested that they could influence cirrus formation
(Abbatt et al., 2006Wise et al., 2009Eastwood et al., 200Wise et al., 2010Jensen
et al., 2019 However, a recent study has shmotat citric acid, a glass forming organic
tri-carboxylic acid, inhibits the efflorescence of ammonium sulphate belowK 250
making it unclear how many crystalline ammonium sulppatéicleswould exist in the
TTL (Bodsworth et al., 2030

If ammonium sulpate or other species are unable to crystallise from the
sulphateorganic 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 aerosgphrticleswhich do not
exhibit efflorescace (crystallisation on dryinggould exist in a solid or semsolid
amorphousi(e. non-crystalline lacking long range repeating molecular structure) states
such as rubbers, gels glasseslf 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 tle atmosphere.

1.4.5 Evidence for solid amorphous atmospheric aerosol

Evidence for natural aerospérticlesexisting in a solid amorphous state has been found

in a number of studie€appaand Wilson (2011 found that heating ozone oxidised
pineneSOAdi d not change t hendieadng tha the dffssioma s s s
molecules out of the aerosol was retarded. Similarly Vaden &dl) 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 theiobservations are consistent with aerosol existing in an amorphous

solid rather than a liquid state. Shiraiwa et(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 sersplid, which slows diffusion into the interior of the particles,
reducing the reactive uptake. Virtanen et al. (2010) show that a large propdr6OA
generated in a plant chamber and aerosol sampled from boreal forest bounced off an
impactor, behaviour which is consistent with solid rather than ligardsol. They state

that the tested SOA was most probably glassy (see Set#ob.1for 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 cegpéquid

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., 2092

As discussed by Koop et al. (201djher atmospheric measurements have also
shown that some carbonaceous aerosols emitted during biomass burning exist in
amorphous solid or sersplid states. These spherical particles behave like solids and
are referr e dPosfa et al.s200dMivanski ebah,|2008Atexander et al.,
2008. The number of tar balls increases as biomass burning plumésadazhi and
Buseck, 201}, which is likely to be related to ongoing oligomerisation reactions
between polycarboxylic 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 humiclike compkx organic acids, which have been shown to have very high glass
transition temperaturefroung and Leboeuf, 2000Anthropogenic aerosol may also
exist as an amorphous sglidoth et al.(2005 suggest that up to 80% of urban organic
particulates may be ithe 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 surrogateer fthe highly oxidised organic species found in
atmospheric aerosol have been shown to become glassy solids at humidities and
temperatures relevant t o aMurayy2008hbzZpbast t o f
et al., 2008 Mikhailov et al., 2009 Glassesre amorphous solids with extremely high
viscosities of >10'? Pas (Angell, 1995 Debenedetti and Stillinger, 200ITo put that

value into contetx Figure1.15 compareghe viscosities of some common liquids, solids

and semisolids.
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Figure 1.15 A schematic comparing the viscosities of some common liquids;s®ids and
solids. Adapted from Koop et 4R011).

The glass transition ia second order phase transition, which dgfisom first
order phase transitions (likaystallisation 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 liRgyure 1.16a). When the equilibrium
melting point (T,) 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 l, causing the l i qui d to Osupercool 6
crystallisation does occur, there is a sudden drop in H a(@tkihs and De Paula,
2009 (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 syste@® lowest energy stat@®ebenedetti, 199@ebenedetti and
Stillinger, 200). This is termed vitrification and occurs at the glass transition
temperatureTg). At Tg, there is a change in the slope of H and S on continued cooling
below Ty (red line,Figure 1.16). This is indicative of the glass transition and ug do
the molecules translational and-agentational degrees of freedom being essentially

stopped at experimental timescales.
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>

Enthalpy H, Entropy 5

>

Temperature

Figure 1.16 A schematic oflte change irnthalpy and entropy and isobariaheapacity tha
occurs during crystallisation and at the glass transiReproduced from Zobrist et al. (2008).

The Ty of a liquid depends on its chemical compositidfater has a low glass
transition temperatureT§¢= 136K (Kohl et al., 200p and will therefore act as a
plasticiser when mixed with species with higfigr reducingthe Ty of the resulting
mixture. Glass formation can occur therefore by the dehydration of liquid solution
droplets, with the glass transition occurring at a charetic humidity (RH) (Koop et
al., 201). Murray et al. (20123 present visual evidence of glass semisolid
formation in micrometer sized amorphous iodic acid droplets at low humidity. The
droplets were subjected to mechanical force and shaitesethanner consistent with a
solid. On humidification, the shattered droplets took up water, returned to the liquid

phase and reformed into droplefsgurel.17).

Lower temperatures, lower humiditiese( higher solute concentrations) and
larger solute molecules capable of hydrogen bonding all serve to increase solution
viscosity (Koop et al., 2011Zobrist 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 117 The behaviour eviscous$ srhgtassy @diceatid draplets
increasing humidity. Taken from Murray et @0128.

At equilibrium, the water activitya(,) of a liquid aqueous solutiomropletis
equal to the RI4/100 (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 gtaissy
semisolid materialsis extremely slov and gets slower as temperature decreases
(Zobrist et al., 2011Tong et al., 201;1Koop et al., 201l This makes it difficult for
glassy particles to efficiently take up water and dilute on humidification, resulting in a
much more gradual deliquescence thamwlalde crystalline aerosoF{gure1.18). The
humidity at which theyiquefy (or become glassy on dryin@lHg) is dependent on the
rate of increase dhe surrounding humiditgZobrist et al., 201;1Bones et al., 20)2A
fast increase in humidity results in a highergRgteen line Figure1.18c) compared to
RHy for slower increases in humidity (orange lin€png et al.(2011) observed that at
room temperature, sucrose aerosol particles returned to equilibrium upon ciRidging
in 10si 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 semisolids 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 parti@eses et al., 2012
Zobrist et al., 2011
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Figure 1.18 The effect of changing the surrounding humidityamamorphous solidMassis
equivalent tchygroscopiarowth factor which is equal to the ratio of the aerosol particle ra

at a given RH and the aerosol p@adld.i cl e b6

An aim of this project was to investigate the ice nuclegpi@perties 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 ubiquitougpper 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 pacle residues at mithtitudes 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, thinsubvisible 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 sulpigzieic
species ratherthan 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-selidi or solid
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amorphous (nowrystaline) state at temperatures relevant to the upper troposphere and
TTL (Virtanen et al., 201;,Koop et al., 201l This thesis reports on investigations into

the ice nucleating behaviour of glassye.(solid amorphous) aerosol particles under
cirrus conditionsat 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, &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 ®echnology, 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 parieofirst and second ICE
(Inhibition of CrystallisationExperiment) campaigns ICEQL1 (Chapter 4) and ICE02
(Chapters 5 and 6). The purpose of t his
mode of function during the ICE campaigns and the instrumentasiec to observe the

6at mosphericé conditions inside the cham
review of the AIlI DA c¢chamber 6 sAddiiagnbl elgtadedv e e
information on theAIDA chambercan be found in Méhler et gR2006§ 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 largg@4 m®), highly instrumente@erosol andtloud chamber
in which temperatures and humidities equivalent to those reqtorecirrus formation
are accessible.A cross sectional schematic of the chamber and associated

instrumentation is shown figure2.1.
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Figure 2.1 A schematic diagram of the AIDA chamber and its associated instrument
Adapted from Wagner et gr012h.

The temperature of the aluminium walls of the chamber was controlled between
~190 and 240 K during the ICEO1 and ICEO02 campaigns. This was achieved by using
l iquid nitrogen to coolostaed jackew iThehgasnphaseh e
water partial pressurd®(.o) 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
~0.01hPa and then flushed repeatedly with particulage &ir to reduce the number of
background aerosol particles tolem?®. 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 ichdw@ber 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 £0.8Magner etal., 201). The
presence of internal sources of heat (heated sampling tubes, the mixing fan etc.) meant
that the gas temperature was slightly higherkK)-than the wall temperature, giving a

relative humidity with respect to hexagonal id®H = pu20/pice*(T) 2 100, where
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pice* (T) is the equilibrium vapour pressure over a flat surface of hexagonabfice)
around 9895% at equilibriumThe equilibrium vapour pressure over a flat surface of
hexagonal ice was calculated from the mean gas temperature using the parameterisation
from Murphy and Koog§2009.

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 resettin a decrease in the gas temperature, which
causeé the RH; to increag. The gas phase water partial presspiigo) wasdetermined
using absorption measurements from a multipath cell tuneable demix (TDL)
spectrometefWagner et al., 20)0 Measurements g0 using this system are found
to be within 5% of the actual val{8krotzki, 2012 Fahey et al., 2009The total water
content (ice and gas phases) was determined using a chilled mirror hygrometer (MBW
LX-373) which sampled from the chamber via a dedtibe, returning any sampled ice
particles to the gas pha@&’agner et al., 201@011 Wagner et al., 2009

An agueous aerosol dispersion of the desi@uposition was introduced into
the chamber by nebulising-33.5wt% bulk solutions with a compressad atomiser
(TSI). The aerosol particle concentration reached an almost constant value of about
15000cm shortly after nebulising. Aerosol number comizations were measured
using condensation particle counters (CPC, TSI 301%), 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 ICEO2 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 epansion 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,
providingan 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 withirB - 10%. The aerosol concentration during expansion

experiments was typally 5000i 15000cm>,

The aerosol size distributions were measured using both an aerodynamic particle
sizer (APS, TSI0.57 20um) and a scanning mobility particle sizer (SMPS,, TB011
0.9 um) (Figure5.8). A particle density of 1.6 cm was assumed when converting the
aerodynamic diameters measured by the APS into vekguéalent spherical
diametersd,) (Hinds, 1999. The exact densities of the solutiograesol 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 medgjlityalent diameters
(as measured by the SMPS) that are equay.to

The onst of ice nucleation was observad situ using the laser scattering and
depolarisation instrument SIMONESchnaiteret al., 2012 Three photomultipliers
mounted outside the chamberoés ther mal h
light (Itor; 2° to the incident beamiy,e 178 to the incident beam). The incident
coninuous 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 178direction is decomposed according to its polarisation state by
means 6 a polarising prism. The intensities of the scattered components having a
polarisation parallel tolgackpa) @and perpendicular tduhekpe) the scattering plane are
measured. The backscattering linear depolarisation ratiis, then defined as thatio
Of Ipackper tO lpackpar The magnitude of is dependent on particle size and shdpe;
perfecty spherical particle§, would be zero, in practice the obseryedor 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 witlRaylagh scattering by air molecules@minor optical
misalignmentsice particles are aspherical and cause a clear increpaséighange of
at least 1% was used to infer the onset of ice nucleation (See Chapters 5 and 6 for
examples of the changejinduring an ice nucleation experime®6hler et al., 2003
Schnaiteret al., 2012

Two WELAS2000 optical particle counters (OPC) (Palas GmbH) were used to
count and size single particles. Teesstruments are described in detail(Bgnz et al.,

2005 Wagner et al., 2006 Each instrument measures a different size range for

44



Chapter 2:Experimental for AIDA chamber campaig

spherical particles with the refractive index of ice (1.33); WELASovers 0.7
46.0um and WELAS2 covers 5.0 240.0um. The optical sizes fomspherical
particles €.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 Qum, the WELASL1 OPC is able mease the larger
unfrozen background aerosol particles, which are clearly present in the diameters
measured by WELAS 1n Figure 2.2 (top panel). To inferice particle number
concentrationsNce) from the WELASL 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 backgrounch#reghreshold

has to be tuned depending e size of the background aerosol and the rate of growth
of the ice particlesAt lower temperatures ice particles dot grow as large because of

the lower absolute humiditfConsequentlyt was not possibléo applya sizethreshold

to distinguish ice crystals from the larger betbackground aerosol particles. Where
possible, WELAS data was used to provide a lower limit fdge in experiments
which took placébelow ~200K. A comparison oNc inferred fom WELAS 1 and 2
during an ice nucleation eventsbown inFigure2.2 (bottom panel). It can be seen that
WELAS 1 measures marginally higher ice humber concentsatioe to & larger size

range
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Figure 2.2 Particle diameter (D, top panel) and inferred ice particle nur
concentration Nice, bottom panel) observed by optical particle counters WELA
(blue) andWELAS 2 (black) during an ice nucleation event (start of ice nucle:
inferred using SIMONE and marked by vertical dashed black line).

2.3 Materials

The ICEO1 campaign experiments used only aqueous citric acid aerosol. During the
ICEO2 campaign the following single component aerosols were Bséfinose(D-(+)-
Raffinose pentahydr at e ;Aldroh), ®eGogbycosd(8)4,652 g/
Anhydrob-D-gl ucopyranose, O 99 %, 162HMMA (4/ mol ,
Hydroxy-3-methoxyDL-mandelic acid, 98%, 198.17 g/mol, Alfa Aesar). Experiments

in ICEO2 also used a multi component aerosol first used by Zobrist(20a8, which

was al:1 mixture of raffinose and M5ASa mixture of 30.7wt% malonicacid © 9 9 %,
104.06 g/mol, Merck Schuchajdtl4.7wt% malic acid PL-Mal i ¢ aci d, O
134.08 g/mol, Merck 14.1wt% maleicamd (O 99 %, 116. 07 g/ mol , N
17.7wt% glutaric acid © 9 9 %, 132.11 g/ mo) 7.4wt¥e r c k
methylsuccinic acid 99%, 132.12 g/mol, Sigmaldrich) and 15.4nvt% ammonium
sulphate(®@ 9 9. 5 %, 1 3 2 .).1AM solgtioma inlboth chhepaignk were made

using 18.9MWcm water and were passed through a-subron (0.45um) 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 stadero$ol at specific
temperatures and humidities. All the agueous systems that were selected for study in the
ICEO1 and ICEO2 campaigns have been characterised previously and the conditions
under which they form glasses have been quantified.

In the ICEO1 ampaign, citric acid solution aerosol droplets were investigated
and the citric acid solution aerosol phase diagram is shown in Chapter 4. The glass
transition ) threshold for citric acidshown in Figure 4.2 is based on a fit to
measurements made by Maltini et(#97. That threshold was convertdtbm a
function ofsolutewt% to a function of,, using equation Al in Murray et gR008H.

The T4 thresholds for thesystems investigated in th€EO2 campaign (raffinose,
HMMA, levoglucosan and raffinose/M5AS, see Chapter 5 for detaigsg investigated

in detail by Zobrist et al. (2008). Based on differential scanning calorimetry
measurements maads emulsion samples, Zobrist et al. calculategl $olute specific
constant,k, from the GordosTaylor equation for the glass transition temperature of
binary solutions Equation2.1) (Gordon and Taylor, 195Xatkov and Levine, 2004
Using the solute specific valud k determined by Zobrist et al. (2008) and the glass
transition temperatures of the pure form of walgi € 136K (Johari et al., 198 Kohl

et al., 200} and the soluteT{y), glass transition temperatures were calculated as a
function of the weighfraction of the solutew,) and the weight fraction of watem;

(w1 =17 wp). Upper and lower limits offg were also calculated using the estimated

uncertainties ik and Ty, for each solute.

- p. .
W V% WP E
¥u
Equation2.1
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 etiessof temperatures

between 313 and 289 which were then extrapolated to lower temperatures. As water
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activity is directly equivalent to relative humidity when at equilibrium, the calculgfed
thresholds can be used to estimate the humidity and tataperat which a liquid
aerosol particle would become glassy and vice versaTJtimgesholds will be from this
point forward referred to as the humidity induced glass transitiong, &Hthis is of
relevance in our experiments as the aerosol are subjectmore significant change in

humidity than temperature during expansions.

An example phase diagram, in this case for agueous levoglucosan, is shown in
Figure2.3. 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 homogeneougifrgehreshold
(dashed red line), which are both related directly to water ac(iitpp 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 solutionsa is equal
to RHiq (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 aerosol 6s sol ad&kH.cHoweves ift r at
the aerosol particle is glassy or ultriacous, 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 Rii(Zobrist et al., 2011Tong etal., 2011 Mikhailov et al., 2009
Koop et al., 2011Bones et al., 2032
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Figure 2.3. The phase diagram of levoglucosan solution aerasdlthe idealised trajectory
an aerosol during typical experiments at AlDPhe black line is the ice liquid equilibrium lin
the dashed red line is the homogeneous freezing threshold based on the water
homogeneous freezing criter{&oop et al., 200p and the green solid line is the humid
induced glass transition threshold (§Rfbr levoglucosan solution aerosol, with associated u
and lower uncertainties (dashed green lines) based on uncertainties in the parameters u:
GordonTaylor equéon (Equation2.1) (Zobrist et al., 2008). The orange arrows repre:
idealised temperature/humidity trajectories. The-ligeid equilibrium and hmogeneous
freezing lines are common to all solutions used in this study, byisRithique to each solutio

system.

Under norexpansion conditions, the chamber water vapour is close to
equilibrium with the ice layer on the walls. Consequently, the waterityg of aqueous
liquid solution aerosols in the chamber, which are in equilibrium with the gas phase, is
therefore approximately described by the -ligaid equilibrium line shown in
Figure2.3. The actual chamber humidity was around 96% RH, 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 actiwitside of the icdiquid 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 avhich RH, and the icdiquid equilibrium line cross

(T) is a wuseful indication of the Iikel.}\
experiment. Abovd,06, t he aerosol particles are |
likely to be in the glassstate.

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 abdy® of t he aer ecsigatedThesepe b e
liquid solution droplets equilibrated with the water vapour in the chamber. The
concentration of liquid levoglucosan solution aerosol injected at K23apidly
adjusted to around point A Figure2.3. Slow cooling (~& hr?) 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 tramsi increases rapidly with
decreasing temperature and decreasing water ac(iitgell, 2002 Murray, 2008b
Murray, 2008a At viscositiesabove butlose tothe glass transition the composition of
the aerosol is likely cease to remain in equilibrium with the chamber humadity,
diffusion into and out of sensolid 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 did . Once the
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
Figure2.3 betveenTg0 and poi nt C. I n Chapter 4, t

which aerosol was injected wellbeldigd , f or det 422 s see Sect.i

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
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 cleamhgince t
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(&loop et
al., 2011 Tong et al., 201,1Zobrist et al., 201jland once R§lis crossed liquefaction of
the aerosol particles may be delaydtikhailov et al., 2009 Tong et al., 20111 If the
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aerosol particles do liquefy then they will freeze at the homogeneoadkeation
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 glasy state and cease to be in equilibrium on slowly cooling the chamber.
This is due to uncertainty in the position of the JRide. In addition to the upper and
lower uncertainty limits for R shown inFigure 2.3 there is also an additional error in
RH,y associated with the conversion of solution concentration to water activity, as it was
necessary for Zobrist et al. (2008) to extrapolate measuremergsludion 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
243.15K a 100nm pure water droplet would have a vapour pressure 2886 higher
than that of a flat surface of liquid water, suggesting that the Kelvin effect is of
secondary importance. This was calculated using water den€i88dkg m3(Wagner
and Pruss, 20QZurface tensionvasestimated using a parameterisation by Vargaftik et
al. (1983 (which is consistent with nucleation data well below the temperatures at
which surface tensions have been measyMdrray and Jensen, 20f0and the
saturation vapour pressure for a flat water surfacas calculated using the
parameterisation provided by Murphy and Koop (2068)ally, it should also be noted
that the conditions under which an aerosol particle will undergo the glasgitramand
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 maagussolutions
increases so strongly with decreasing temperature (because they are fragile liquids,
whi ch have much d&éshar pe (Adgellg20@)stisat therglass s i t i
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 ICEQ2
campaign
In Chapter 6 results are presented that show that the aerosols used in the ICEQ2

campai gn baecctainveatéeprée under conditions r el

Chapters 4 and 5. Under specific conditidnsas observed that aerosol particles which
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had already nucleated ice homogeneously would act as ice nuclei at as low @&H;05%

in subsequent expansions, even after being held under subsaturated conditions for in
excess of 30 minutes between expansipeaments. Practivation was only observed

in aerosol close to their predictégb , so it was possible to d
way as to avoid the aerosol becoming-acéivated. The results presented in Chapter 5

for heterogeneous ice nucleationthe 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-gmtevation to occur (which was
confirmed by performing a second expansai 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 artefactelating to preactivation. These
precautions were not followed during the ICEO1 campaign, resulting in the possibility
that the preactivation of aerosols could have occurred in the experiments described in
Chapter 4. There is however no clear evidencé pineactivation occurred during
ICEO1 and this is discussed in detail in Sectidh4
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Chapter 3: Development of the deposition mode
chamber (DMC)

An objective of thisproject was to build minstrumentfor the direct observation of
deposiion mode ice nucleation gparticlesof tens of micrometers in siz&he bench

top instrument would allow the investigation of the same particles over extended
periods of time and under controlled conditioBsita fromsuch an instrument would
compement O&6bul kd i ce nucleation measiea emen
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 Dolelkarni 2007
Kulkarni et al., 2009 Kulkarni and Dobbie, 2010 Ths instrumentwas a thermal
gradient diffusion chamber (see below for details) thaerated in a refrigerated cold
room Thiswas inconvenient and limited the length of time that it could be operated for
during experiments, so it was decided to modifintd liquid N, cooled bench top
instrument.This modification involved an extensive redesign and completely changed

the chamber6s mode of operation, resul ti:

3.1 Generating relative humidities with respect to ice

The cepositon of ice directly from the vapour phasan occurat temperatures below
273.15K providing that théhumidity is above ice saturation (RB 100%).The precise
humidity at which ice nucleation occurs is dependent on the surface properties of the
availablenuclei. At temperatures above the homogeneous freezing point of pure water
droplets (~23%K), it is possible for liquid water to condense if water saturation is
reached (where the relative humidity with respect to liquid wai€0%). This occurs
when theavailable surface lacks any suitable sites for deposition mode ice nucleation.
As the temperature decreasesn 273K the absolute amount of water vapatr100%

RH; decreases shagp(Figure3.1). At cirrus cloud temperatures (35K (Lynch et al.,

2002) there are orders of magnitude less water vapour at ice saturation tharkat 270
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This makes observing ice nucleation under cirrus conditbalienging, as controlling

such small vapour pressures requires a higher degree of precision.

100 4 E

0.1 3 4

0.01 4 E

1E-3 T T T T T T T T
180 200 220 240 260
Temperature / K

Figure 3.1 The partial pressure of water vapour as a function of temperature at Fl8%
Plotted using a parameterisatioh the saturation vapour pressure of water vapour ove
hexagonal ice surfag®urphy and Koop, 2005

Chambers for studying deposition mode ice nucleation can be broadly divided
into two classes; those which study awfl(e.g. Cziczo et. al(2003) or dispersion of
particles(like the AIDA chamber, see belovand those which place particles onto a
static norice nucleating surfacé.g. Dysmarska et. al(Dymarska et al., 2008 In
both cases the particles are then exposed to increasing supersaturation with respect to
ice, to simulate the processes by which atmospheric lamel dormation occurs. In
general, dispersion and flowing systems allow the analysis of large numbers of particles
on relatively short timescales (secornidminutes), which are then lost, whereas static
instruments sample fewer particles, for potentiaypger time periods (minutes
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 medelowever, being able to expose
potential IN to consistent conditionse( 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 irdevehen 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 Sekcddd (Broadley et al., 2012

An example of a dispersion type instrument is the AIDA chamber, which is
described idetail inChapter 2 A | WallHage 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 coolto temperatures belovat of the icadeposited othe chambemalls, generating
ice supersaturated condition&hambers that observe freezing in a flow of aerosol
particles use other methods of generating supersaturatibesfFINCH (Fast Ice
Nucleus Chamberinstrumentoperate 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 a{Bundke et al., 2008A more common technique for flowing
instruments is the continuous flow diffusiomamber (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 cylindgkschuleta et al., 2005and others a pair of
parallel plategHoyle et al., 2011Friedman et al., 2031CFDGCs are also used to study
ice nucleation during field measurements. These instruments take in a flovsiad
sampled aerosol, exposing it to supersaturations and can be coupled to single particle
mass spectrometers, allowing the composition of ice nuclei to be p{Ch&xto et al
2003 DeMott et al., 2008 Dispersion and flowing instruments often detect the

formaion of ice usindight scatteringdepolarisation 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 theparticles to ice supersaturation when they reach temperatures below the
frost point. Particles are usually observed using visible light microsddmpmmon
method ofgenerating water vapour is to saturgésby bubbing it through water and
then dilue it with a known quantity ofdry 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., 20Q@&astwood et al., 200&anji and Abbatt, 2006Kanji
et al., 2008 Prodicing 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 hagesource 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 TGD&eloped by Kulkarni et a{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 noib the supersaturated region between its
two ice covered plates. By raising their position in the chamber, particles were subjected
to increasing temperature and supersaturgiatkarni and Dobbie, 20)0TGDCs are
limited by not being able to access huriei <100%RH;, making it difficult to
perform repeated ice nucleation experiments upon a sample. This is particularly
important when observing whether particles becomeaptieated after an initial
freezing event (Se€hapters 6 and for more detail ad experimental results involving

pre-activation of glassy and mineral dust aerosol particles).

Another approach to generating water vapauwsitu is to control the temperature
of a single surface of ice sealed within an experimental chamber that wilh, athe
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 tgenera
supersaturations and raised to a temperature above that of the ice surface to generate
subsaturations. This technique was used by Shaw and M&S6§, Bryant et al.
(Bryant et al., 1959and Roberts and HallefRoberts and Hallett, 19880 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

thecell . This has been achieved using | ow
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generate water form an ice or water surface (depending on the tempej&ataa) and
Koop, 2006 Klein et al., 201D

3.2 Chamber concept

The decision was madhambérdromcacTGDCintd a chkambek a r r
that operates on the same principle as the chamber used by Roberts and1i96Bett

(see above) This would allow particles to be exposed to humidities below ice
saturation, enabling the investigation of IN ja&ivation behaviour as well as allowing
isothermal and isohumid experiments. The chamber generates a known partial pressure
of water vapouin situ using a single temperature controlled ice surface. Adjusting the
temperature of a sample of potential eeclei 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 Tdee humidity experienced by the

sample under investigation, Rfsanpie), is calculatedisingthe following equation:

I:zHi (TsamDI() = *pice(Tice) 3100

ice( sampl

Equation3.1

Wherep*ice(Tice) andp*ice(Tsampid 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 K{&G0D5. When the particles are at
the same temperature ag tlbe surface, they experience Rifi100%.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 highetemperature than the ice surface.

3.3 Description of the DMC

3.3.1 Chamber body

The chambebody has a volume of ~6&m° and consists of a PEEKlyether ether
ketone) thermoplastic dih Figure 3.2) sandwiched between two liquid,Nooled

plates. The plates are used in the control of the temperatures of the sample and the ice
film (Figure3.3). Thetop rimof the PEEK dish has an inset EPOi&thylene propylene

diene monomerrubber Gring that seals against the inner surface of the stainless steel
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top plate. The chamber is held togativy four machine bolts that run between the two
plates. These are tightened to ensure a good seal betweerritigeadd 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 we the particles under investigation with a microscope. The
chamber is kept well mixed by a continuously functioning &xial fan (SunonRS

components mounted in the base of the PEEK dish.

The PEEK dish has four ports, one of which is used to supplyawer 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 polymeshows it wihout the sample
holder in placeB shows the chamber in position on the bottom plate, with the sample hol

place. Note also the fan afalr ports, one of which the power cables for the fan exit throuc

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 d.coolan
The temperature of each plate is controlled using separate Eurotherm 2416 PID
(proportional integral derivative) temperature controllers linked to PT100 platinum
resistance thermometers (PRT), which in the case of the top plate is embedded in its
stairless 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 liguicbid a
pressurised dewar to flow through the plate. Both Eurotherm devices are controlled
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remotely by a PC via RS485 communicatports The PC uses software written in
Delphi by Trevor Ingham (Department of Chemistry, University of Leeds) which allows
contol 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/ 3done
heating mats (HolroydUK), which are controlled using a separate pair of CAL 3300
temperature controllers (CAL ControldK). 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 30mm square temperature controlled ice surface. Ice is deposited onto a
30x30x3mm | ayer of aluminium which -dape, s up
38W, 30mm 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 siténside 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 O6hotd side of the Pmmtier
deep port into which a narrow gaugetype thermocouple with an exposed junction is
placed. The temperature from this thermocouple is read using a Hart Scientific HS1560
precision thermometgsupplied 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 elx& thamber 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 |
element and both are surrounded by an insulating plastic Bng.his whole assembly i
attached to the surface of the top plate with a thin layer of thermal paste.
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The temprature of the ice film is controlled using a combination of the top

pl atebs Eurotherm PID controller and by
element using a bench top variable power supply. When a current is applied to the
Peltier device, oneide 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 t@ plate can be increased or decreased. During experiments, the
temperature difference was always kedOX, 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 th®EEK dish there is am hole into which slots the sample holding
assembly. This consists of a hollow copper rodyd diameter, which is open at one

end (for inserting temperature probes) and steps down tara diameter flat tip at the

other Eigure 3.5). The tip is putin contact with the underside of a asiised
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 sigle, 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 pdihteaded
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 geadadhcontact, 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 Figure3.3). The rod is engineered to fit snugly and be in good thermal contact

with the cooling plate, minimising any laghen 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 vaqur at the top. As discussed in Sectiofy the sample has to be the
coldest available point in the chamber in order to prevent ice nucleating somewhere else
andreducing 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

surfacei OH 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 uginigottom
pl atedbs Eurotherm PID controller. The te
using the HS1560 precision thermometer connected to a an exposed juntjmn T

thermocouple, which is pushed to the end of the hollow copper sample roi ignitil

direct physical contact with the copper at the end of the rod.

Figure 3.5 The sample holdeis designed to ensure a good thermal contact between the «

the copper rod and the underside ofdless 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 (38m) working range 10x objective (Optem MPlan, 10122)
mounted on a dual focusodule (Qioptig, 29908810),an internal focus module (Best
Scientific, BS2995-91-310), 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 (Opter@9928). The microscope is mounted on arb

vertical translation stage (LT1, Thorlabs) which allows the focus to betedjd$e tip

of the copper rod that is in contact with the glass coverslip has a diametemof The

field of view of the microscopes 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 (OpteSI 220) via an optical fibre. The light source is fitted with

an infrared 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. le webam modification was based on instructions published

by Gary Honis ahttp://ghonis2.ho8.com/lifecam/lifecaml1.html

3.3.6 LabView control and logging software

The HS1560 thermometer and microscope USB etanmare 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 thermocouples inluminium

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 také&ss for the HS1560 to meare from each
temperature channel and less than one second to capture a video frame, resulting in up
to a 6s offset between the temperature measurements associated with each frame. This
delay results in a negligible temperature offset at the rates dihgoosed in the

experiments described in this thesis (See Sedti®iTfor details).

Using Equation 3.1, the programalso calculates the RHhat the sample is
exposed to based on the last measured ice film and sample temperatures. When
performing experiments, the measured temperatures andcéloellated RIH are
displayed in a strip chart format along with the last captured video ff@igere 3.6). A
block diagram of the LabView program has also been inclugigdine3.7)
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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 rafed.1K min™. 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 ok @&tveen the
temperature measured by the HS1560 #mel 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

Due to their positioning, there is a slight separation between the thermocouples
and theice 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
eitherthe 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 RH
and the humidity/temperature experienced by theptamwas found to be dependent
upon the type and positioning of the sample thermocouple. This offset was quantified

using ice sublimation measuremewmsich aredetailed in Chapter.7

3.4 DMC experimental methodology

3.4.1 Materials

Ammonium sulphate (99.999%, Pumirc, Alfa Aesar) crystals were used in the
characterisation of the chamber humidity and the ice nucleation properties of a natural
kaolinite clay dust (KGdb, clay minerals society96% kaolinite, major impurities
anatase crandallite, mica, illite(Costanzo and @genheim, 200} were investigated

(see Chapter 7).

The surface area of KGkb has been well quantified in a humber of studies
using the BrunaueEmmettTeller (BET) gas adsorptiomethod(Dogan et al., 2006
Jaynes et al., 2003 hompson et al., 199Bereznitski et al., 1998-oster et al., 1993
ethylene glycol monoethyl ether adsorptigdaynes et al., 2005and atomic force
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microscopy(Bickmore et al., 2002 The mean average of the surface areas found in
these studies 1.8+ 0.8m? g(Murray et al., 201)L

3.4.2 Slide preparation

Siliconised hydrophobic coverslips (f#m diameter, 0.0&hm thick; Hampton
Research) were first immersed in chloroform and sonicated in a sonic bath then rinsed

in methanol followed by 18.81Y cm water and allowed to dry before being scoured
using a dry ice cl e@anSgstemsg.un ( SnoGunE |1,

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 wag deowin off using a stream

of zero grade bigas (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. Twasimilar techniques were used using suspensions ofKGa 18.5M Y

water with known weight percentages of clay; these are described below.

3.4.3.3 Nebulisation

Suspensions were nebulised using a homemade ratardid humidified chambefhe
sample holder, equigol 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 migiroplets 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. Afteinui2s the
nebuliser was switched off. The siakthe 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 gjda 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 @asadley et al.,
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2012. The mass of «c¢clay in the droplets was
volumes and the weight percent of the nebulised suspension. Given the surface area of
KGa1b per gram(Murray et al., 2011 and the mass of clay on the slide, the total
surfa@ 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 K& suspension was placed onto the centre of
the hydrophobic slide using a miesgringe. 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 calculated38e®23. Again, the
sample holder and slide were then covered and transferredwaitiveg 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 0y separate drogts
(Figure 3.8a). When only a single, larger droplet was deposited and allowed to
evaporate, the result was clay particles that mv@n area larger than that found for
the nebulised particles-igure 3.8). In both cases the amount of residue that remained

depended upon the iraticoncentration of the clay suspension.

Figure 3.8 A comparison of the results of depositing k@a mineral dust using a nebulis
(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 onraiaia face

of the Peltier assembly. This was achieved by cooling the Peltier tok-z6@
directing a flow of high purity nitrogen gas that had been bubbled througmB&m

water at the cooled surface. This caused a very thin layer of ice (no mor@. 1inam)

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 deplositdthmber

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 partibkeed. The

chamber at this stage of the experiment is picturédguare3.9.
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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 runniaty for
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 1& above that of the ice film.

After equilibration, the sample wacooled 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%RH;. After allowing the temperature of the ice surface to stabilise for
~30 minutes, the sample wasoled at a rate of 0K min, causing the sample to
experience increasing humidity, at a rate of about 1%'rfah ~240K). Once ice has
nucleated, the sample was warmed back up at a rate &f r@it™, allowing the
sublimation of the ice to be obsed. 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 wusing natural kaolinite dust are presented in Chapter 7.
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Chapter 4. ICEO1 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 spedieésoyd et al., 2009bFroyd et al., 2010
Particles containing oxygenated organic material may erish glassy state at
temperatures relevant to the TTEobrist et al., 2008Murray, 2008h Koop et al.,
2017). This chapter presents experiments performed during the ICEO1 campaign
performed at theAIDA (Aerosol Interactions and Dynamics in the Atmosphere)
chamber at the Karlsruhe Institute of Technolo@grmany The AIDA chamberis a

large, highly instrumented cloud simulation chamber that is capable of accessing
temperatures relevant to tA@L. During ICEO1 he behaviour of glassyqueous citric

acid aerosolwhen exposed to cirrus forming conditiowas examinedEvidence for
heterogeneous ice nucleation dgigssy citric acid aerosphrticles at TTL temperatures

is presented along wittmodelling datavhich 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 publiakeal letter
in Nature Geoscienc@Murray, B. J., Wilson, T. W., Dobbie, S., Cui, Z. Q:Jéiur,
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 cius conditions, Nature Geoscience, 3, 233, 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 #tady, sought financial support for it and wrote
the manuscript. SD led the modelling aspects in collaboration with SMRKA and BK.
OM led the AIDA team, which included MS, RW, SB, MN and HS, who operated the
AIDA chamber and associated equipment. BJM a@ a&sisted with the AIDA

experiments. VE and SW processed the AIDA water vapour data prior to analysis.
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Chapter 4:1ICEO1 campaign: Heterogeneous ice nucleation by glassy citricaaciusol

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
tropospherdMcFiggans et al., 2005This material is often highly oxidised and C=0,

OH and COOH groups are ubiquito&raber and Rudich, 2006Saxena and
Hildemann, 1996 Highly concentrated aqueous solutions of oxygenated organic
species can become sesalid or glassy tatemperatures relevant to cirrus cloud
formation (Murray, 2008b Zobiist et al., 2008 Mikhailov et al., 2009 Koop et al.,

2017). The aim of the ICEO1 experimental campaign was to investigate whether aerosol
in the glassy state affected the formation of iceiglas under cirrus condition€itric

acid @-hydroxypropanel,2,3tricarboxylic acid) was chosen for investigatiahue to its
similar functionality to compounds found in atmospheric aerosol and beitaugass
forming propertiesvhen in aremulsion hae been previously studig@urray, 2008h.

O OH
O O

HO OH
OH

Figure 4.1 Citric acid @-hydroxypropanel,2,3tricarboxyllic acid) was used as a proxy 1
atmospheric oxygenated organictaréal.

4.1.1 The citric acid/water aerosol phase diagram

The phasediagram ofaqueou<citric acid solutionaerosolis displayed in termsf the

citric acidweight percenbf the aerosol ifrigure4.2a. 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 wkich
nucleates homogeneously in citric acid droplets (dashed redNhejay, 2008p and

the threshold at which ice and liquid water are in equilibrium (solid black(Kap et

al., 200Q Murray, 2008b. Between these thresholds the liquid solution aerossisex

a metastable supercooled state. The; Rileshold, based on a fit by Maltini et al.
(1997, is marked as a cyan ddash line. Tiecitric acid solution aerosg@hasediagram

is alsoplotted as a function ofelative humidity with respect to liquid water (R
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(Figure4.2b). The chamber R}g/100 is equal to the aerosol water activiy)(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 arrowEigare 4.2a, epansions
starting belowTgd  ( w h e r-lguidt equdibriunctiereshold 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 gass#itm 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 poteqtiafdction of the
aerosol may be delayed due to the slow diffusion of water in glégeésist et al.,

201%, Tong et al., 20L;1Mikhailov et al., 2009Koop et al., 201 In Figure4.2b the

phase diagram is shown in terms of the chamber relative humidity with respect to liquid
water (RHq). The arrows are not dashed asytlstow the trajectory of thehamber
humidity during expansions rather than the aerosol composifiortest the effects of

the glass transition on ice nucleation, expansion experiments were performed at
temperatures above, bel ow and very <c¢l os
threshold
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Figure 4.2 @) Phasaliagram foraqueougitric acidaerosol particle as a function of temperat
and citric acid wt%with idealisedexperimentatrajectories for exansionsl i 5 shown as blacl
arrows. The dashed arrows represetrgjectories where the concentration of the aerosc
uncertain due to expansions starting below the glass transitioy) (8tdn dot dash lineAlso
shown are the homogeneous ice nucleation hiotdsbased on data from Murray et @008H
and the ice liquid equilibrium linéKoop et al., 200D b) showghe phase diagram as a functi
of RH;q. Above RH the aerosol concentration was in equilibrium with the chamber hum
therefore @ = RH;¢/100. The ice liquid equilibrium threshold is shown as a solatkline and
the homogeneous freezing threshidop et al., 2000is shown as a dasheedline.

As discussed in Sectigh4, expansion experiments actually start at humidities
just to the right of the ickquid equilibrium line due to the chamber Rt equilibrium
being 90i 95%.

4.2 Results and discussion

Aerosol was injected into the chamber which was at a temperature ofK;-2@&|
aboveTg0 . | mmedi ately after injection cease
CPC3010 was ~17508n°. By the start of the first expansion experiment this had
dropped de to sampling losses to ~1606®1. 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 akrosocentration at the start of
pumping was ~1@cm?®. It was necessary therefore to consider the total aerosol

concentration when comparingice data from different expansions. To allow more
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direct comparison the fraction of aerosol that frozg, was also calculatedit =
NicJ/total aerosol corentration). A typical sizelistribution for the citric acid aerosol

used in expansion runs described in this chapter is skoune4.3.
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Figure 4.3 SMPSsize distribution forcitric acid solutionaerosol particles taken immediate

prior to run 3. The red line is a log normal fit to the distribution.

The first expansiowith the aerosolstartedat 235K (well aboveTy9 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 a #43% RH. This is very close to the
thresholdat which otheritjuid solution droplets such as aqueous sulphuric acid aerosol
froze homogeneously at the same temperature in previous experiments at the AIDA
chamber(solid green lingFigure 4.4) (Mohler et al., 200Bwhich indicates that the
aerosb was indeed in the liquid statdfhe homogeneous threshold observed at the
AIDAisreferred to from now on as.Iltshowdbé Al DA
noted that there is a discrepancy between AIDA homogeneous threshold and the water
activity derivel homogeneous n uKobpeeta., i2@P This resukssnh o | d
AIDA observing homogeneous ice nucleation at lower humidities than the Koop line at
temperatures above ~2K0and at higher humidities below 2X0 This was behaviour
was observed for all the @mol compositions investigated during both the ICEO1 and
ICEO2 (see Chapters 6 and 7) campaigns and has also been found for a variety of other
liquid solution aeroso(Wagner et al., 2008Wagner et al., 2031 In this thesis,
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Chapter 4:1ICEO1 campaign: Heterogeneous ice nucleation by glassy citricaaciusol

homogeneous nucleation by the aerosols tested is always compared against the existing
AIDA data for sulphuric acigMoéhler et al., 2008 The issue is going to be addressed
directly in a forthcoming paper by the AIDA team.

220 MEPE S B A A A A A L o 3 3 3 33 3 Lo s 3 0 3 3 333 L o v 3 3 3 333 L 3
Ice active - - Experimental trajectory —— Homogeneous nucleation
fraction ] Water saturation A Ice onset (experiment 1-5)
3 200 4 \ @ Ice onset (experiment 6) N
3.5x10 ' % Ice onset (experiment 7)
= = Citric acid RHg
3.0x10° 180 4 N
2.5x10°
< 160 R
2.0x10° | T
nd
g 140 - =
1.5x10°
1.0x10° 120 4 B
-4
g 5.0x10 100
° 1.0x10* ——

Temperature / K

Figure 44 A summary of the results of expansion experiments during ICE@S. to
experimental RHtemperature trajectories are shown as dashed black lines. Depolar
thresholds are indicated on each experimetnégctory by orange triangles. For clarity, or
the depolarisation thresholds have been shown (blue diamond and star respectiv
experiments six and seven, which used different citric acid aerosols faboséd in runs 1 5
(see Sectiod.2.2. The size/colour of the overlaid bubbles shows the fraction of aerosol f
(fice) during the course of experiments5 The RH threshold for dric acid solution aerosc
(Maltini et al., 1997 Murray, 2008bis shown as dotdashcyan line.

After pumping finished, the nucleated ice particles were sublimated by refilling
the chamber with dry, filtered synthetic air. The chamber was then cooled t, 194
well belowTg06 and deep into region of sblmas pha:
expected to be glassy. An expansion was performed in which ice nucleation was
observed at 13% 11% RHi, well below the AIDA homogeneous threshold at this
temperature. Ice nucleation below the homogeneous threshold is consistent with the

solid glasy aerosol acting dseterogeneous ice nuclei.
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In the following runs the temperature was first increased slightly td<2G68ll
well within the glassy region (run 3andheterogeneous ice nucleation waseagain
observed with the onset of iceucleation at 12+ 6% RH. The aerosol was then
warmed into the liquid part of thehasediagram,andan expansion started at ~245
(run 4). At this temperature the aerosol was observed to nucleate ice only at the
predictedAIDA homogeneoudreezingthreshold, indicating that it had liquefied on
crossingRHy. The temperature was then reduced again for run 5, to just Gglow a t
208K; in this run a very small amount of heterogeneous ice nucleation was observed,

with ~1 cm® ice particles nucleatingdm just above 126 5% RH.

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) compate those in which the aerosol was in the
glassy state (run 3) is shown in detailFigure 4.5. Heterogeneous ice nucleation was
found to consistefyt produce many fewer ice particles than was observed in runs where
only homogeneous freezing was observed. In run 3, nucleation startinga6%2RH;
only produced Em? ice particles prior to the chamber humidity reaching the AIDA
homogeneous threslio This is small compared to the ~@@° that nucleated
homogeneously (at 1647% RH) 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 swiftlguenched, sharply returning Rtd near ice saturation. The
smaller number of ice particles nucleated heterogeneously by glassy aerosol could not

guench supersaturations as efficiently.

Thefraction of aerosol that nucleated i¢g: was calculated by diding Nice by
thetotal aerosotoncentration data from CPC30d0ring each experimenlt is shown
as the overlaid bubbles Figure4.4. After theonset of heterogeneous ice nucleation in
runs 2, 3and 5,fice increasednuch moregraduallyprior to homogeneous nucleation
The fractionof aerosol that nucleatade heterogeneously was small, with reacling
between 3 and 3:610° in runs 2 and 3The fraction that froze heterogeneously in

experiment 5 wasvensmaller, as many fewer ice particlesrenucleated.

79



Chapter 4:1ICEO1 campaign: Heterogeneous ice nucleation by glassy citricaaciusol

180
A
2161
160
x
05) 2141 L 140 §
= S
o L120
$ 2121
S
° . L 100
2104 - -
t 80
g0 B) Liquid aerosol e
! IR S he e * es R
! ..‘.:. .. S . < e ““'.‘:“"‘ LR .o
o 601 ° e e ..-..__ .
e . - O .
o _‘-'
: 404
S . Nucleation onset
o . RH =161(x7) %
© 204 . RH =161(x7) %
LS
0
202 180
N2 ' '+160
E 200+ E
> —
= 140 §
T 1981 -
3 i 120
(3]
'_
196 - | 100
D) Glassy aerosol
20+ . . .
* S, 0% .“ .
e Lad *
VE 154 . ‘e
o . . 0, v
= " Nucleation onset Lo
e 101 ' RH, = 123(6) % .
o ' S
o - -
. cee wn
g 5 3 o %0 ..:'“.‘ -
R ———
0 200 400 600 800
Time/s

Figure 4.5 Comparison ofan expansion in which homogeneousgleation occurred (Run ¢
panels A and B) with an expansion in which the glassy citric acid aerosol nucleat
heterogeneously (Run 3, Panels C and D). Panels A and C show the temperaturg(blatiR
and blue solid lines respectively), the Rihresiold (cyan dodotdash line) and th
homogeneous freezing threshold based on liquiiQdaerosol freezing at AIDAMOhler et al.,
2003 (blue dotdash line). Panels B and D shdiy. measured using the WELAS 2 instrume
Grey dashed | ines mark the onset of ice

In run 3, heterogeneous ice nucleation continued at humidities abqvéeRid
dot-dot-dash linein Figure4.5). This was also observed in runs 2 and 5 (although in the

latter case the ice concentration nucleated wassraegll). The continued nucleation of
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ice above Rig but below the AIDA homogeneous threshold suggests that the aerosol
did not liquefy on crossing RjHThis may be due to a delay in the uptake of water by
the aerosol, which is consistent with the slow ratediffusion observed in glassy
sucrose droplet&Zobrist et al., 2011 Tong et al(2011) show that the liquefaction was
delayed by 10$ 100sof seconds in supermicron sucrose droplets at room temperature.
Nucleation above R§imay also be partly the result of uncertainty in the, Rifeshold,
which could exist at a higher humidity.

There is further evidence of delayed water uptake by ultra wgsoo 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 nucledlioere is also recent
evidence that heterogeneous ice nucleation may occur after initial water (ptaike
et al., 2012 This is discussed further in Chapter Scasnucleation above Rfivas also
observed in the ICE02 campaigm experiments that useglassy solution aerosalf

different chemical compositions

4.2.2 Experiments using aerosol injected at temperatures below

~

T40
The aerosol used in rung b wasinjected into the chambeboveTy0 . wo fluns (6 and
7) were performed in which the aerosohsnnjected belowTy0 , 194 tand 20K
respectively In both casesxpansions were thestarted atthe same teperature.
Injecting the aerosol particldselow Tg0 s u b jheanaa e significantly different
equilibration process. The aerosol used for rufisSlwas cooled in the chamber at a
humidity of between 90 and 96 RH, causing the aerosol moentrationto roughly
follow the iceliquid equilibrium line (solid blue lineigure4.2) until approachindiyg
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 rapidlybefore hitting the glass transitionThis would
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potentially affect he 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 ab®y@(Figure4.4), as was the
observedfic, 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 d the forsationi ofice in mo d e
supersaturated (vapor) environmer{i/ali, 1985. It is reasonable to suspect that ice
nucleation by the glassy aqueous citric acid aerosol is sathlgy 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 aerosaifefeht 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 foun@hapters.

4.2.4 Could homogenous ice nucleation have enhanced the IN

ability of the aerosol used during the ICEO1 experiments?
In experiments performed during tHeEO2 campaigrthe aerosols tested were found to
become more efficient heterogeneousdfter having frozenhomogeneouyg close to
RHg. This phenomenon -aicst i d/ualt b disdussaderdetdisioi s 06 p
Chapter 6 Precautions were taken in the ICEOZ2ampaign tosepar ate Ono
heterogeneous ice nucleation frame-activaed heterogneous ice nucleatioihis was
not the case in the first campaiguo, it is necessary to-evaluate the ICEO1 datan tun
1, homogeneous nucleation wasll away from theRHgy andin the following run early
ice nucleation washot observed, indicatinghat no aerosobre-activationoccurred In
run 2 despite noise in the TDL humidity data, it is apparent that the AIDA
homogeneous nucleatidinresholdat ~170% RiHwas reachedHowever, here does not
appear to be rey sudden increase il after the hanogeneous thresholdas hit.

Instead the ice particle concentrationontinues to increase graduallguggesting
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continued heterogeneous nucleation. Had the aerosol becoraetipeged, itwould be
expected that the ice onset humidity in run 3 wouldreh closer to ice saturation
than is the caselhe fraction of aerosol that froze was also consistent with run 2. It is
reasonabléhereforeto assume that the nucleation observed in run 3 was heterogeneous

nucleation by glassy aerosol, rather than nuclediiopreactivated aerosol.

Preactivation might perhaps have been more likely for run 5, as it followed a
run in which ice nucleated homogeneously maldser to the glass transitio@nly a
very small fraction of aerosol nucleated below the homogené&oashold during this
expansion (< cm®). It is possible that thisvas the result of either pagtivation of a
small fraction of the aerosol tieterogeneous ice nucleation on glassy aerdsothe
humidity at the onset of nucleation waimilarto thatfound in run 3it 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 Sectibd.4.5.). Analysis of the residues ofce 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 dustction (sed-igurel1.13).

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 sulphateorganic 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 Kramer et &, 2009 Gensch et al., 2008
Khvorostyanov et al., 20Q06pichtinger and Gierens, 2Q08pichtinger and Cziczo,
201Q Jensen et al., 201&en and Mackenzie, 20057 possible explanation therefore
would be that the sulphateganic aerosol exist in a glassy state and a smatldreare
able to nucleate ice, like the citric acid aerosol tested during ICEO1. This would result in
low ice number density clouds formed from sulpbatganic aerosol, as observed by
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Froyd et al(2010. In sectior4.3, 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, Berndat€her, Benjamin Murray and Sardar
M.R.K. Al-Jumur a onalimensional cirrus cloud model was used to assess the effect of
heterogeneous ice nucleation by glassy aerosol on cirrus cloud under TTL contlitions.
produced garameterisation for heterogeneous ice nucleation by glassy aerosol based
on ICEO1 datal also processed and analysed the model output and contributed to its

interpretation.

4.3.1 Modelling methodology

This study Advamakd RafideSimalati@n<CedAPSGN-1D, (Karcher,

2005, a onedimensional column model withagrangian tracking of ice crystals in
which aerosol microphysics can be explicitly described. The model was initialised using
idealised temperature and pressure profiligure 4.6, panels A and B). A layer of

cirrus cloud was forced between 17.1 and Xme6using a RiHstep function(panel C)

The temperatures, pressures and humidities used in the model were all within the range
of measurements madim aircraft in the TTL(Jensen et al., 20Dp8Advection was
simulated in the model by apphg a uniform cooling rate to the whole colurdnmass
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).
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Figure 4.6 Temperature, pressure, REnd HO mixing ratios used in the initialisation
APSCm1-D. All values are within the range of TTL in situ measuremépeter et al., 2003
Jensen et al., 2008

An aerosol particle number concentration of 100°emas used, all with 106m
diameters. Homogeneous freezing of the liquid aerosol was governed by the water
activity freezing criteria for liquid solution droplets found by Koop et al., (20@0Q}he
liquid aerosol would freeze if the modelled humidigached a defined, temperature
dependent threshold. Heterogeneous ice nucleation by the glassy aerosol particles was
basedon a parameterisation of the fraction of glassy citric acid solution aerosol that
nucleated ice in the ICEO1 experimental campaign. A linear fitused to describk.
as a function of RHrom run 3, which started at ~262(Figure4.7). For most model
runs a 1:1 ratio of glassy to liquid aerosol was used §0cm™ glassy and 5@m>
liquid). During sensitivity tests (see below) the impact of reduthe fraction of glassy
aerosol to 10% was tested. For comparison, runs were also performed in which all the

aerosolparticles werdiquid.
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Figure 4.7 The parameterisation of heterogeneous ice nucleation by glassy aerosol use
cirrus modelling. It is a linear fit th. as a function of RHrom run 3. The fit has the equatic
fie = 7.7211 x 10 RH,(%) 1 9.2688 x 16. It is valid for RH from 121 to 170%. When RF
<121%,fice= 0.

4.3.2 Modelling results

The model output provided:S(the ice saturation ratio = RH00), Nice, the mean ice
particle effective radius R) and the ice water content (IWC) as a function of altitude
and time.Theseoutputs were plottedhitially as colour maps on altitude/time axes
(Figure4.8).
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Figure 4.8 Example nodel results fofS, N, 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 0.7 hr*, 100cm® aerosol concentration and were initialised using the

profiles inFigure4.6
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