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Abstract. Atmospheric secondary organic aerosol (SOA) is that heterogeneous nucleation by glassy aerosol may com-
likely to exist in a semi-solid or glassy state, particularly pete with ice nucleation on mineral dust particles in mid-
at low temperatures and humidities. Previously, it has beeratitudes cirrus.

shown that glassy aqueous citric acid aerosol is able to nu-
cleate ice heterogeneously under conditions relevant to cir-

rus in the tropical tropopause layer (TTL). In this study we

test if glassy aerosol distributions with a range of chem-1 Introduction

ical compositions heterogeneously nucleate ice under cir-

rus conditions. Three single component aqueous solutiof he effect of aerosol composition and state on cirrus cloud
aerosols (raffinose, 4-hydroxy-3-methoxy-DL-mandelic acigformation is poorly quantified. Cirrus clouds are ubiquitous
(HMMA) and levoglucosan) and one multi component aque_throughout the upper troposphere and are known to have
ous solution aerosol (raffinose mixed with five dicarboxylic @ Significant impact on Earth’s climate (Baker, 1997; Liou,
acids and ammonium sulphate) were studied in both the 1lig-1986). The microphysical properties of cirrus in the ex-
uid and glassy states at a large cloud simulation chambefreémely cold (180-200K) tropical tropopause layer (TTL)
The investigated organic compounds have similar functionalNave received significant attention in recent years (Peter et
ity to oxidised organic material found in atmospheric aerosol@l- 2006). These cirrus are known to play a critical role in
and have estimated temperature/humidity induced glass trarflehydrating air entering the stratosphere (Holton and Gettel-
sition thresholds that fall within the range predicted for at- man, 2001; Jensen et al., 1996) and may also have a non-
mospheric SOA. A small fraction of aerosol particles of all negligible radiative impact on the planet (McFarquhar et al.,
compositions were found to nucleate ice heterogeneously i#000). The TTL is the region between°20 and 20 S in

the deposition mode at temperatures relevant to the TTLWhich the tropopause is at its highest altitudes (14—18.5 km)
(< 200K). Raffinose and HMMA, which form glasses at (Fueglistaler et al., 2009). Cirrus which forms in situ in the
higher temperatures, nucleated ice heterogeneously at tend-TL, rather than as the product of convective outflow, is hori-
peratures as high as 214.6 and 218.5K respectively. W&ontally extensive (up to 2km?), but very thin (200-300 m
present the calculated ice active surface site densityof deep) (Lynch et al., 2002). These clouds have very low parti-
the aerosols tested here and also of glassy citric acid aeros§l€ number densities (mer et al., 2009) making them op-

as a function of relative humidity with respect to ice (iRH tically thin and as such they are referred to as sub-visible
We also propose a parameterisation which can be used t8F sub-visual cirrus (SVC) clouds. Observations in-situ in-
estimate heterogeneous ice nucleation by glassy aerosol fglicate there is often significant supersaturation with respect

use in cirrus cloud models up te 220 K. Finally, we show t0 ice within these clouds (Peter et al., 2006aKer et al.,
2009), but only very rarely higher than the homogeneous
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ice nucleation threshold (&mer et al., 2009). Such obser- sulphate-organic residues, suggesting that organic-sulphate
vations were unexpected as the presence and growth of icgarticles are significant heterogeneous ice nuclei.
particles was expected to quench any supersaturation (Peter Crystalline ammonium sulphate particles have been shown
etal., 2006). to nucleate ice heterogeneously and it has been suggested
A number of potential mechanisms for the sustained su-that they could influence cirrus formation (Abbatt et al.,
persaturations observed in SVC have been suggested. Lal006; Wise et al., 2009, 2010; Eastwood et al., 2009; Jensen
oratory experiments have shown that a metastable phase et al., 2010). However, a recent study has shown that citric
ice, originally described as cubic ice, can crystallise fromacid, a glass forming organic tri-carboxylic acid, inhibits the
aqueous droplets at TTL temperatures (Murray et al., 2005gfflorescence of ammonium sulphate below 250 K, making it
Murray and Bertram, 2007, 2008; Murray, 2008a). More re- unclear how many crystalline ammonium sulphate particles
cent work has revealed that it is better described as stackingxist in the TTL (Bodsworth et al., 2010).
disordered ice (icdsg) (Malkin et al., 2012). This phase of The effect of chemical composition on the physical state
ice has a higher vapour pressure than the stable hexagonaf atmospheric aerosols and the subsequent effect of aerosol
polymorph (Murray et al., 2005; Shilling et al., 2006a) and state on ice nucleation are not currently well understood.
may allow a Bergeron-Findeisen like process, leading to dn addition to the familiar liquid and crystalline states, at-
low ice number density. Gao et al. (2004) suggested that thenospheric aerosol may also exist in semi-solid and solid
adsorption of nitric acid onto ice particles can interfere with amorphous states (i.e. lacking an ordered, repeating struc-
the uptake of water vapour, leading to supersaturations. It hagire) such as rubbers, gels or glasses (Mikhailov et al., 2009).
also been proposed that inorganic acids may form coatingg\queous solutions of surrogates for the highly oxidised or-
on frozen solution droplets that could slow the rate of ice ganic species found in atmospheric aerosol have been shown
particle growth (Bogdan and Molina, 2009, 2010). Magee etto become glassy solids at humidities and temperatures rele-
al. (2006) suggest that the uptake of water vapour by ice crysvant to a large part of the Earth’s atmosphere (Murray, 2008b;
tals in the TTL might be slow if the accommodation coeffi- Zobrist et al., 2008; Mikhailov et al., 2009). Glasses are
cient of water onice is very smak(0.0075). However, more  amorphous solids with extremely high viscosities; liquids are
recently the accommodation coefficient has been reported toonsidered to have become glasses if their viscosity exceeds
be > 0.1 at temperatures between 190 and 225K (Skrotzki,10'? Pas (Angell, 1995; Debenedetti and Stillinger, 2001).
2012). Barahona and Nenes (2011) have suggested that graturray et al. (2012a) present visual evidence of glass or
ity wave activity in the TTL might lead to a “dynamic equi- semi-solid formation in micrometer sized amorphous iodic
librium” in which ice production balances sedimentation re- acid droplets at low humidity. In their work, droplets were
sulting in low ice number densities and high in-cloud humid- subjected to mechanical force and shattered in a manner con-
ity. In their study it was found that dynamic equilibrium was sistent with a brittle glass. On humidification, the shattered
achievable when aerosol droplets froze homogeneously, budroplets took up water, returned to the liquid phase and re-
it was also found that heterogeneous nucleation by ice nucleiormed into droplets. Lower temperatures, higher solute con-
(IN) facilitated the onset of the equilibrium state. centrations and larger solute molecules capable of hydrogen
A number of modelling studies show that the heteroge-bonding all serve to increase solution viscosity. The high
neous nucleation of ice in the absence of gravity waves camass oxygenated organic compounds found in atmospheric
result in low particle densities and correspondingly long re-aerosol are therefore likely to increase viscosity and promote
laxation times for humidity (K&mer et al., 2009; Gensch glass formation under atmospherically relevant conditions.
et al., 2008; Khvorostyanov et al., 2006; Spichtinger and Evidence for natural aerosols existing in a solid amor-
Gierens, 2009; Spichtinger and Cziczo, 2010; Jensen et alphous state has been found in a number of studies. Cappa
2010; Ren and Mackenzie, 2005; Murray et al., 2010b).et al. (2011) found that heating ozone oxidiseginene
Measurements of the composition of unfrozen backgroundaerosol did not lead to a change in the aerosol’'s mass spec-
aerosol in the TTL and the composition of residues fromtra, which is not predicted by absorptive partitioning theory,
evaporated SVC ice particles show very low concentrationsndicating that the diffusion of molecules out of the aerosol
of species traditionally considered to be effective IN, such aswas retarded. Similarly Vaden et al. (2011) found that the
mineral dusts. Aerosol and ice particle residues are showmate of evaporation of secondary organic aerosol (SOA) at
instead to be largely composed of neutralised sulphateroom temperature was much slower than predicted by current
organic mixtures, the organic component being highly ox-kinetic models. Both Cappa and Wilson (2011) and Vaden
idised (Froyd et al., 2009a, 2010). DeMott et al. (2003) et al. (2011) conclude that their observations are consistent
show that at warmer temperatures (218-238 K), mineral dustvith aerosol existing in an amorphous solid rather than a lig-
makes up a much larger fraction (33 %) of the IN which nu- uid state. Shiraiwa et al. (2011) found that the chemical ag-
cleated ice particles heterogeneously, despite them only making of an organic aerosol proxy slows at lower humidity and
ing up a small percentage of the background aerosol (1 %they attribute this to the aerosol particles becoming semi-
including fly ash). DeMott et al. (2003) also showed that solid, which slows diffusion into the interior of the parti-
25 % of the heterogeneous ice residues were composed afes, reducing the reactive uptake. Virtanen et al. (2010) show
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that a large proportion of SOA generated in a plant chamber 3y
and aerosol sampled from boreal forest bounced off an im-
pactor, behaviour which is consistent with amorphous solid 280+
rather than liquid aerosol. They state that the tested SOA was
most probably glassy. Measurements using a similar tech- ]
nique show that laboratory generated SOA remained solid or ¥ 240
semi-solid at up to at least 50 % relative humidity with re-
spect to liquid water. The same study found that the addition
of sulphuric acid to the SOA resulted in a reduction in the hu-
midity at which the aerosols liquefied due to their increased ]
hygroscopicity (Saukko et al., 2012). 180
As discussed by Koop et al. (2011), other atmospheric
measurements have also shown that some carbonaceous
aerosols emitted during biomass burning exist in amorphous 10 09 08 07 06 05 04 03
solid or semi-solid states. These spherical particles behave Water activity (= RH,_ / 100)
like solids and are referred to as “tar balls” (Posfai et al.,
2004; Tivanski et al., 2007; Alexander et al., 2008). The Fig. 1. An aerosol state diagram comparing the estimated range
number of tar balls increases as biomass burning plumes agg the relative humidity induced glass transition threshold §RH
(Adachi and Buseck, 2011), which is likely to be related to for atmospheric SOA (grey area) (Koop et al., 2011) and thg RH
ongoing oligomerisation reactions between poly-carboxylicthr95h0|d3 (Zoprist et aI.., 2098) for .the gerpsols inye§tigated in this
acids that result in heavier molecules, which promote higheStudy. The solid black line is the ice-liquid equilibrium and the
viscosities. Tar balls have been found to have much in COm_dashed red line is the homogeneous freezing threshold for liquid

. . . . . solution droplets (Koop et al., 2000). All the aerosols tested have
mon with humic-like complex organic acids, which have : : BT o
Ty values (the point at which Rgiand the ice liquid equilibrium

; L $
been shown to have very high glass tran.smon temperatureﬁwtersect) in the range predicted for SOA, indicating that they are
(Young and Leboeuf, 2000). Anthropogenic aerosol may alsqeagonable surrogates for glassy atmospheric SOA. For a more de-

exist as an amorphous solid; Roth et al. (2005) suggest thahjled explanation of aerosol state diagrams see Sect. 2.1.
up to 80 % of urban organic particulates may be in the glassy

state, based on the sorption behaviour of volatile organic
compounds. They suggest that this is likely due to the preshave much higheTé values (see Table 1 for a comparison
ence of oligomeric species in the aerosol. of their molecular structures aﬂg)_

Murray (2008b) and Zobrist et al. (2008) simultaneously These substances were chosen for study partly because
proposed that the homogeneous freezing of high viscositytheir chemical functionality is diverse and they are well char-
or glassy oxidised organic solution aerosol may be delayedcterised systems, but also because they are broadly repre-
or inhibited. However, cloud chamber experiments showedsentative of organic atmospheric aerosol. T"aa/a'ues of
that rather than inhibiting ice formation, glassy citric acid the aerosols chosen for study all fall within the range pre-
aerosols behaved as heterogeneous ice nuclei at temperatuigisted for atmospheric SOA (Fig. 1) (Koop et al., 2011)
lower than 208 K (Murray et al., 2010b). The aim of the ex- based upon the chemical properties of SOA derived from
periments presented in this paper was to test whether the abimeasurements made during the AMAZE-08 campaign (Gun-
ity to nucleate ice heterogeneously is a common property othe et al., 2009). Levoglucosan d81005), a monosaccha-
glassy aerosols, independent of chemical composition. In thigide anhydride, is a major component of biomass burning
study we tested to see if aerosols of four different chemicalaerosol and has been observed to make up as much as 60 %
compositions nucleated ice in the deposition mode. All of of the mass of aerosol from particular types of combusted
the aerosols that were examined become glassy under upiomass (linuma et al., 2007; Knopf and Rigg, 2011). Raf-
per tropospheric conditions. A useful measure of an aquefinose (GgH32016), a trisaccharide, has also been identified
ous solution’s ability to form a glass is the temperature atas a component of biomass burning aerosol (Decesari et al.,
which the glass transition occurs when the surrounding en2006; Wan and Yu, 2007). HMMA (§H1005s) is an aromatic
vironment is at ice saturation. This is given the symBpl  compound that is used as a surrogate for the water soluble or-
(Zobrist et al., 2008). It is a useful quantity as it provides ganic compounds found in atmospheric aerosol (Decesari et
a means of comparing different solutes glass forming abili-al., 2006). Raffinose/M5AS is a multi-component oxidised
ties under common atmospherically relevant conditions. Twoorganic/sulphate mixture and more closely represents inter-
of the aqueous systems that were studied, levoglucosan anghlly mixed atmospheric aerosol found in the TTL. The wa-

a multi-component aerosol (raffinose/M5AS, M5ASfive  ter activity and glass transition curves of all four atmospheric
dicarboxylic acids plus ammonium sulphate), hdyeval-  proxies used here are taken from Zobrist et al. (2008).

ues close to that of citric acid. The other two systems, raf-

finose and 4-hydroxy-3-methoxy mandelic acid (HMMA),

260

Levoglucosan

Raffinose/M5AS 7

Temperature
N N
o N
S o
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7
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Table 1. Molecular structures of the glass forming components of the four aqueous aerosols examined in this study with a@éascidted
uncertainties (Zobrist et al., 2008). The molecular structure]%rm‘ citric acid, a component of glassy aerosol previously tested by Murray
et al. (2010b) has been included for comparison (note that no uncertainn“gszviere available for citric acid). The bracketed percentages
next to the components of raffinose/M5AS aerosol indicate the individual species contribution by mass to the mixture.

Aerosol Component(s) Molecular structure T, /K | £/K
HMMA 4-Hydroxy-3-methoxy-DL- o 236.5 | 3.5
mandelic acid " o
O—CH,
OH
Levoglucosan (-)-1,6-Anhydro-f3-D- 211.7 | 111
glucopyranose
OH
Raffinose D-(+)-Raffinose pentahydrate /-\? 2406 |6.1
Raffinose/M5AS D-(+)-Raffinose pentahydrate See above 209.6 | 8.1
(50.00 %)
Malonic acid (15.35 %) M
HO CH
DL-Malic acid (7.35 %) "
Ny
HO
OH o
Maleic acid (7.05 %) )‘j\ )‘j\
HO — OH
Glutaric acid (8.85 %) Q e
HO)J\/\)]\OH
Methylsuccinic acid (3.70 %) o CH
MOH
HO
(o]
Ammonium sulphate (7.70 %) (NH4),SO,
Citric acid Citric acid m 211.8 | -
HO OH
OH
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2 Methodology An aqueous aerosol dispersion of the desired composition

was introduced into the chamber by nebulising 3-3.5wt %
In order to quantify ice nucleation by glassy aerosol, exper-pylk solutions with a compressed-air atomiser. The aerosol
iments were performed at the AIDA (Aerosol Interactions particle concentration reached an almost constant value of
and Dynamics in the Atmosphere) chamber at the Karlsruhepout 15 x 10* cm3 shortly after nebulising. Aerosol num-
Institute of Technology, Germany. The AIDA chamber is a per concentrations were measured using condensation par-
large (84 ), highly instrumented aerosol and cloud cham- ticle counters (CPC, TSI 3010, 3775, 3776). The CPC3010
ber in which the temperatures and humidities necessary fofyas used at pressures below ambient, allowing the aerosol
cirrus formation are accessible. The operation of the AIDA number concentration to be measured continuously during
chamber during deposition mode ice nucleation experimentgxpansion experiments. However, CPC3010 was unavailable
has been described in detail in the pasb(ier et al., 2006;  for some experiments; in these cases two other CPC instru-
Wagner et al., 2010) and will only be briefly discussed here. ments (CPC3775 and CPC3776) were used. These instru-

The temperature of the aluminium walls of the chamberments are only able to operate at ambient pressure so just
was controlled betweer 190 and 240K during this study. prior to each expansion the aerosol number concentration
This was achieved by using |IQU|d nitrogen to cool air within was measured for a period of time- 200 S). The aerosol
the chamber’s thermostated jacket. The gas phase water pagoncentration falls continuously even when not expanding
tial pressure Ru,0) in the chamber was controlled by a coat- pecause of sampling losses and deposition of particles to the
ing of ice on the vessel walls. The ice layer was depositedwalls. To account for this, a linear fit to the mean of the
after the chamber had been evacuates @01 hPa and then  CpPC3775 and CPC3776 concentration/time data was extrap-
flushed repeatedly with particulate free air to reduce the numolated to the time at which the expansion started. This esti-
ber of background aerosol particles¢d cni3. Purifiedwa-  mated initial aerosol concentration was then scaled with the
ter was evaporated into the evacuated chamber, which dejecreasing chamber pressure during expansion, providing an
posited as an ice layer on the cooled chamber walls. Temestimate of the aerosol number concentration during the ex-
perature sensors arranged vertically and horizontally in theyeriments. This estimate was compared with data from ex-
chamber determined the average gas temperature and ap@riments that used CPC3010 and was found to be accurate
embedded in the aluminium walls to determine the aver-to within 3—10%. The aerosol concentration during expan-
age wall temperature. The chamber was continuously stirredjon experiments was typically 5000-15 000¢n
by a fan and the measured gas temperatures are typically The aerosol size distributions were measured using both
within £0.3K (Wagner etal., 2011). The presence of internal an aerodynamic particie sizer (APS’ TS|) and a Scanning
sources of heat (heated sampling tubes, the mixing fan etcpobility particle sizer (SMPS, TSI) (Fig. 2). A particle
meant that the gas temperature was S|Ight|y hlgher than thgensity of 1.6 g cm® was assumed when Converting the
wall temperature, giving a relative humidity with respect to aerodynamic diameters measured by the APS into volume-
hexagonal ice (RH= pn,0/pice(T) x 100, wherepice(T) is  equivalent spherical diamete,{ (Hinds, 1999). The exact
the equilibrium vapour pressure over a flat surface of hexagdensities of the solution aerosol used are unknown, however
onal ice) of around 90-95 % at equilibrium. The equilibrium the assumed density is close to that of the crystalline forms
vapour pressure over a flat surface of hexagonal ice was cabf the species investigated. Spherical particles have mobility-
culated from the mean gas temperature using the parametegquivalent diameters (as measured by the SMPS) that are
isation from Murphy and Koop (2005). equal tod,. The aerosols used in this campaign had a mean
In order to produce supersaturated conditions, the pressurg, of around 0.170 um.

in the chamber was reduced by pumping air out of the cham- The onset of ice nucleation was observed in-situ using
ber using a pair of vacuum pumps. Heat conduction from thethe laser scattering and depolarisation instrument SIMONE
walls into the chamber was relatively slow and the expansionSchnaiter et al., 2012). Three photomultipliers mounted out-
was |n|t|aIIy close to adiabatic. This results in a decrease Ins|de the chamber’s thermal housing receive forward and back
the gas temperature, which causes the R¥increase. The  scattered lightfor; 2° to the incident beampaci; 178° to the
gas phase water partial pressupgifo) was determined us-  incident beam). The incident continuous wave laser beam has
ing absorption measurements from a multipath cell tuneablexn emission wavelength of 488 nm and is linearly polarised
diode laser (TDL) spectrometer (Wagner et al., 2010). Mea-ith its polarisation vector oriented parallel to the scatter-
surements opw,o using this system are found to be within ing plane. Light scattered in the 178° direction is decom-
5% of the actual value (Skrotzki, 2012; Fahey et al., 2009).posed according to its polarisation state by means of a po-
The total water content (ice and gas phases) was determingglrising prism. The intensities of the scattered components
using a chilled mirror hygrometer (MBW LX-373) which having a polarisation parallel tdack pa) and perpendicular
sampled gas from the chamber via a heated tube, returning, (Iback,pe) the scattering plane are measured. The backscat-
any sampled ice particles to the gas phase (Wagner et altering linear depolarisation ratié, is then defined as the ra-
2009, 2010, 2011). tio Of TpackpertO Iback,par The magnitude o8 is dependent

on patrticle size and shape; for perfectly spherical partiéles,
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In a companion paper we discuss the pre-activation of
aqueous aerosol under conditions relevant for the present

* Levo ICE02_46 i . . .

- Levo ICE02 45 ] study (Wagner et al., 2012). Under specific conditions it was

+  HMMA IN14_86b § observed that aerosol particles which had already nucleated
) > HMMA IN14_113b ] ice homogeneously would act as ice nuclei at around 105 %
£ *_Raffinose ICE02_37b| RH; in subsequent expansions, even after being held under
= x  Raff/M5AS IN14_75c | ] e H : _
= « RaflM5AS IN14_81b | ] subsgturated c.ond|t|ons forin excess of 30 min between ex
=) +  RaffIM5AS ICE02_21b| ] pansion experiments. Pre-activation was only observed in
5 = Raff/M5AS ICE0Z_22b| aerosol close to their predicté, so it was possible to de-
zZ Raff/M5AS ICE02_23b| | . . . .
< sign experiments in such a way as to avoid the aerosol be-

coming pre-activated. The results presented below for het-
erogeneous ice nucleation in the glassy regime are only for
- 3 aerosols which had not been frozen homogenously prior to

1o cooling or for aerosol which had been frozen homogeneously
Diameter / ym at temperatures too high for pre-activation to occur (which
was confirmed by performing a second expansion at the same
temperature to look for early ice nucleation). While this re-
duced the number of experiments that it was possible to per-
form within the time constraints of the campaign, it was nec-
essary in order to unambiguously avoid experimental arte-
facts relating to pre-activation.

Fig. 2. A comparison of size distributions of aerosols taken imme-
diately prior to experiments shown in Fig. 7. The average of the
mean volume-equivalent sphere diametépy 6f the aerosols was
0.170 £0.027 pm.

would be zero, in practice the obsenfbr unfrozen glassy
aerosols and liquid aerosols in this study was between 0.02.1 Aerosol state: glassy, liquid or crystalline
and 0.03. This small backgrouddvas due to a combination
of the incident laser light being only 99 % linearly polarised The four aqueous systems we selected for study have been
to start with, Rayleigh scattering by air molecules and minorcharacterised and the conditions under which they form
optical misalignments. Ice particles are aspherical and causglasses have been quantified (Zobrist et al., 2008). The state
a clear increase i. A change of at least 1% was used to diagram for aqueous levoglucosan is shown in Fig. 3. Plot-
infer the onset of ice nucleation (see Sect. 3.1 for an examted in this diagram are the ice-liquid equilibrium threshold
ple of the change i during an ice nucleation experiment) (solid black line) and the homogeneous freezing threshold
(Mbhler et al., 2003; Schnaiter et al., 2012). (dashed red line), which are both related directly to water
Two WELAS2000 optical particle counters (Palas GmbH) activity (Koop et al., 2000). The advantage of plotting the
were used to count and size single particles. These instrustate diagram in terms of water activity as opposed to con-
ments have already been described in detail elsewhere (Berfentration is that at equilibrium, the water activity of liquid
et al., 2005; Wagner et al., 2006). Each instrument measuregolution aerosol is equal to Ri(relative humidity with re-
a different size range for spherical particles with the refrac-spect to liquid water). Hence, if an aerosol particle is able to
tive index of ice (1.33); WELAS 1 covers 0.7—46.0 um and come into equilibrium with its surroundings rapidly, then itis
WELAS 2 covers 5.0-240.0 um. The optical sizes for aspherpossible to estimate the aerosol’s solute concentration based
ical particles (e.qg. ice crystals) should be considered approxon temperature and Rl However, if the aerosol particle is
imate as particle asphericity is not considered when relatinglassy or semi-solid, then diffusion of water into the particle
the scattering intensity to particle diameter. The total parti-Will be slower and it may remain out of equilibrium, making
cle number concentration measured with the WELAS 1 in-the water activity no longer equal to the RH(Mikhailov et
strument is used to infer ice particle number concentrationgl., 2009; Zobrist et al., 2011; Tong et al., 2011; Koop et al.,
(Nice) by applying a threshold size above which particles are2011).
assumed to be ice. In order to differentiate between ice par- The glass transition for aqueous levoglucosan solution
ticles and background aerosol the threshold has to be tune@derosol (solid green line) as a function of temperature and
depending on the size of the background aerosol and the rat@ater activity is also plotted in Fig. 3. This is taken from fits
of growth of the ice particles. At lower temperatures ice par-to experimental data provided by Zobrist et al. (2008), which
ticles do not grow as large because of the lower absolute huallowed the authors to calculate the solute specific constant,
midity. Consequently for experiments which took place be-k, from the Gordon-Taylor equation (Eq. 1) for the glass tran-
low ~ 200K it was not possible to apply a size threshold sition temperature of binary solutions (Gordon and Taylor,

to distinguish ice crystals from the larger of the background1952; Katkov and Levine, 2004). Using the valuecafeter-
aerosol particles. mined by Zobrist et al. (2008% (= 5.2 for levoglucosan) and

the glass transition temperatures of the pure form of each of
the components of the solutioffifg and 7y2), which in this

Atmos. Chem. Phys., 12, 8618632 2012 www.atmos-chem-phys.net/12/8611/2012/
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T T T T T T Under non-expansion conditions, the chamber water
280+ § vapour is almost in equilibrium with the ice layer on the
T walls. Consequently, the water activity of aqueous liquid so-

lution aerosols in the chamber, which are in equilibrium with
the gas phase, is therefore approximately described by the
ice-liquid equilibrium line shown in Fig. 3. The actual cham-
ber humidity was around 90-95 % RHiue 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 wa-
ter activity) side of the ice-liquid equilibrium line. For sim-
plicity, we depict the trajectory of the change in temperature
] and water activity of aerosol particles during chamber cool-
604—7 2 0 N ing/heating periods as being along the ice-liquid equilibrium
008 08 ey o 0t %8 line. The point at which Rland the ice-liquid equilibrium
T T T I - I I line cross Té) is a useful indication of the likely state of
0020304 05 06 07 08 09 095 aerosol particles before an expansion experiment. Aligve

Weight fraction levoglucosan (w,) the aerosol particles are likely to be liquid and below they are
likely to be in the glassy state.

Fig. 3. The phase diagram of levoglucosan solution aerosol. The . . .
black line is the ice liquid equilibrium line, the dashed red line is Aerosol particles were injected into the chamber when the

the homogeneous freezing threshold based on the water activity hdd3S .temperature was oboYig OT the aerosol typo_ being In-
mogeneous freezing criteria (Koop et al., 2000) and the green solivestigated. These liquid solution droplets equilibrated with
line is the humidity induced glass transition threshold gRifor the water vapour in the chamber. The concentration of liquid
levoglucosan solution aerosol, with associated upper and lower untevoglucosan solution aerosol injectecta237 K rapidly ad-
certainties (dashed green lines) based on uncertainties in the pgusted to around point A in Fig. 3. Slow cooling @ K h~1)
rameters used in the Gordon-Taylor equation (Eq. 1) (Zobrist et al. of the chamber walls allowed the water vapour within the
2008). The orange arrows represent idealised temperature/humidit¢hamber to remain equilibrated with the ice film on the wallls.
t_rajectories. The ice-liquid equ_ilibrium an_d homogeneous freezing-l—he viscosity of liquid near the glass transition increases
Ilnos are common to all solutions used in this study, bugR rapidly with decreasing temperature and decreasing water ac-
unique to each solution system. tivity (Angell, 2002; Murray, 2008a, b). At arounﬂé, the
aerosol water content will cease to respond to changes in hu-

case are watefTf; = 136 K, Johari et al., 1987; Kohl et al., midity. This is represented tentatively by the vertical dashed
2005) and levoglucosafig, = 2836 K, Zobrist et al., 2008), ~ &rrow in Fig. 3 betweeffg and pointC.

the glass transition temperatufgwas calculated as a func- ~ The evolution of aerosol composition differs when an ex-
tion of the weight fraction of levoglucosamw$). The weight ~ Pansion is started in the liquid regime compared to the glassy

fraction of waterws, is equal to - wy. We have also plotted  'egime. Liquid solution aerosol at point A (Fig. 3) take up
the upper and lower limits ofy (dashed green lines) calcu- Water and dilute as the chamber humidity rises with decreas-
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lated using the estimated uncertaintie iand 7g.. ing temperature (arrow between points A and B). This in-
creases the aerosol particles’ water activity until ice nucleates
w1Tg1+ %szgz at the homogeneous ice nucleation threshold (point B). The
Tg(w2) = —w1+ Turs 1) change in water activity on increasing humidity of a glassy
k

aerosol starting at point C is not clear since the uptake of
The solute weight fraction could then be converted to wa-water is dependent on the rate at which water molecules can
ter activity using a parameterisation provided by Zobrist etdiffuse into the aerosol particles. The rate of diffusion of wa-
al. (2008), based on vapour pressure measurements taken f@r in glassy solids is very slow (Koop et al., 2011; Tong et
solutions of differing concentration at a series of tempera-al., 2011; Zobrist et al., 2011) and once {id crossed lig-
tures between 313 and 289 K, which were then extrapolatediefaction of the aerosol particles may be delayed (Mikhailov
to lower temperatures. As water activity is directly equivalentet al., 2009; Tong et al., 2011). If the aerosol particles do
to relative humidity when at equilibrium, the calculatég  liquefy then they will freeze at the homogeneous nucleation
thresholds can be used to estimate the humidity and tempethreshold at point D. Nevertheless, prior to liquefying these
ature at which a liquid aerosol particle would become glassyaerosol particles will exist in a glassy state while in an ice
and vice versa. We refer to tifg threshold calculated here supersaturated environment.

as the humidity induced glass transition, 2tas this is of There is some uncertainty in the conditions under which
relevance in our experiments as the aerosol are subject to the aerosol particles exist in a glassy state and cease to be
more significant change in humidity than temperature duringin equilibrium on slowly cooling the chamber. This is due
expansions.
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to uncertainty in the position of the RHine. In addition  did not crystallise in a differential mobility instrument at low
to the upper and lower uncertainty limits for gHshown  RHiq (5%). X-ray diffraction measurements by Chatterjee
in Fig. 3 there is also an additional error in Rissociated et al. (2005) show no crystallisation of raffinose from freeze
with the conversion of solution concentration to water activ- concentrated bulk solutions cooled initially to 203K at 1K
ity, as it was necessary for Zobrist et al. (2008) to extrapolateper minute and then annealed at 241]5 {for raffinose so-
measurements of solution water activity to low temperatures|ution) for 8 h. This indicates that close rg raffinose does
Also, the enhancement of vapour pressure due to surface cunot crystallise. At room temperature, Tong et al. (2011) found
vature (the Kelvin effect) can become important for small that amorphous raffinose particles held-a % RHiq for ap-
droplets. However, at 243.15K a 100 nm pure water dropletproximately 6.5 h did not crystallise. In our companion study
would have a vapour pressure only 2.9 % higher than that obn the pre-activation behaviour of glassy aerosols (Wagner
a flat surface of liquid water, suggesting that the Kelvin ef- et al., 2012) freezing experiments conducted using 15wt %
fect is of secondary importance. This was calculated usingaffinose solution in oil emulsions within a powder X-ray
water density of 983.8kg ¥ (Wagner and Pruss, 2002), a diffractometer showed that homogeneous ice nucleation in
surface tension estimated using a parameterisation by Varhe droplets did not catalyse the crystallisation of the raffi-
gaftik et al. (1983) (which is consistent with nucleation data nose solute at 236 K.
well below the temperatures at which surface tensions have The raffinose/M5AS aerosol used in this study was com-
been measured, Murray and Jensen, 2010) and a saturatiggvsed of raffinose, five dicarboxylic acids and ammonium
vapour pressure for a flat water surface calculated using theulphate. Nucleation of one crystalline phase from complex
parameterisation provided by Murphy and Koop (2005). Fi- mixtures is likely to be further reduced as the presence of
nally, it should also be noted that the conditions under whichother solutes reduces the saturation with respect to any sin-
an aerosol particle will undergo the glass transition and gogle compound. For example, Bodsworth et al. (2010) show
out of equilibrium with the surrounding atmosphere are timethat the addition of more than 30 % citric acid (by mass) to
dependent. When given a longer equilibration time, a dropletammonium sulphate solution droplets inhibits their crystalli-
will remain in equilibrium to lower temperatures and there- sation at<250K. Even at room temperature, where crys-
fore greater concentrations. However, the viscosity of manyallisation is expected to be more likely, droplets doped with
aqueous solutions increases so strongly with decreasing tenmore than 50 % citric acid did not crystallise.
perature (because they are fragile liquids, which have much The available literature data strongly suggests that the
“sharper” glass transitions on cooling, Angell, 2002) that the highly viscous solutions used in this study did not crys-
glass transition temperature provides a very useful estimateallise even though they were highly supersaturated. This
of the conditions under which the dynamic arrest of the solu-is supported by the SIMONE depolarisation measurements
tion is expected. made during the campaign. This technique was used in
At low temperatures, the solution droplets in the AIDA previous studies at AIDA to track crystallisation in oxalic
chamber are highly supersaturated with respect to their soacid aerosols with similar size distributions to those in this
lutes’ crystalline phases. For example, the solubility of raf- study (Wagner et al., 2010). Concomitant Fourier transform
finose at 273K is 30gt (Hungerford and Nees, 1934) infrared spectroscopy (FTIR) measurements during experi-
(and will decrease at lower temperatures), whereas the prements with the oxalic acid aerosol confirmed that the entire
dicted aerosol composition when at ice saturation at 238 Kaerosol population had crystallised.
(based on water activity data from Zobrist et al. (2008) is Liu and Mishchenko (2001) performed T-matrix calcula-
782.5g 1. Under similarly supersaturated conditions, ox- tions for polydisperse, randomly orientated spheroidal and
alic acid or ammonium sulphate solution aerosol would becylindrical particles with a refractive index of 1.5. This re-
expected to slowly crystallise (Wagner et al., 2010, 2011; Ab-fractive index is consistent with that of crystalline sucrose
batt et al., 2006). This is important because crystalline solid(1.558) (Tong et al., 2011) and is likely to be similar to that
salts are known to catalyse ice nucleation (Wise et al., 2009of the species used in this study. They preseas a function
2010; Abbatt et al., 2006; Baustian et al., 2010; Shilling of the effective equal-volume-sphere radiugq{ (Hansen
et al., 2006b; Eastwood et al., 2009), as are crystalline hyand Travis, 1974) and the ratio of the spheroids/cylinders
drates (Wise et al., 2012). However, nucleation and crystalargest and smallest semi-axes. The changgtimat would
growth in highly viscous or glassy agqueous aerosol particledpe expected to result from the crystallisation of the aerosols
is much slower. For example, none of the species investigatedsed in this study, based on the calculations by Liu and
in this study were observed to crystallise during the experi-Mishchenko (2001) was assessed. The particle size distribu-
ments carried out on droplet in oil emulsions by Zobrist et tions shown in Fig. 2 were converted tgy values, which
al. (2008). In single particle trap experiments at 298 K, 10 umwere then adjusted to account for the longer wavelength as-
diameter levoglucosan particles did not crystallise when theysumed by Liu and Mishchenko (2001) (603 nm) compared
were dried to< 5% RHjq over the course of minutes (Chan to that used by the SIMONE instrument (488 nm). This gave
etal., 2005). Similarly, Mikhailov et al. (2009) showed that at r¢ values of between 0.26 and 0.33 um, with a megnof
298 K, aqueous levoglucosan droplets-0f00 nm diameters
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0.30 um. For spheroids and cylinders with &g value of 245
0.29 um, Liu and Mishchenko (2001) calculate a depolarisa- a
tion signal of at least 10 %, unless the crystallised particles 240/
had a very low degree of asphericity {.1-1.2). A value of

18 % was previously found for crystallisation of oxalic acid X 235
aerosols with similar size distributions (Wagner et al., 2010) %
(Exp. 2 in Fig. 4 therein). g 230
The detection limit for a change in depolarisation at AIDA 2 o]
is about 1%. No such change drwas observed during ex- @ £ pansion
periments with the aerosols used here or in the previous work 554 |
with citric acid aerosol (Murray et al., 2010b), strongly sug-
gesting the absence of crystallisation. If we assume that the 215 ; ; ; ; ; ; ;
crystallized particles have the same size and refractive index 0 5000 10000 15000 20000 25000 30000 35000 40000

and a reasonable depolarisation ratio of about 0.2 for these - Total Time /s
particles then 5% of the aerosol patrticles in the chamber T T
would need to crystallise in order to produce a detectable ¥ 230
change in depolarisation. A similar fraction of crystallites

would also be required for detection with FTIR extinction
measurements. One might therefore argue that the heteroge-3 226
neous ice crystal modes observed in our study were due to §
nucleation on a small subset of particles which had crystal- .
lized instead of forming a glassy solid. However, the follow-

ing experimental data provides strong evidence that this was
not the case. :

In order to further test if the solution aerosol were crys- 20
tallising we performed a dedicated experiment with raffinose Zg 10
aerosol in which raffinose solution was injected~a241 K
and the resultant aerosol was cooled to 217.5K over a pe-
riod of ~ 6 h before warming the chamber to 229 K, at which
point an expansion experiment was performed (Fig. 4a). If
raffinose had crystallised during injection of the aerosol orfig. 4. Panel(a) shows the experimental temperature/time series
during the subsequent temperature cycling, it would mostor raffinose aerosol cooled to 217.5K then warmed up to 229K at
likely have nucleated ice heterogeneously like other crys-which point an expansion was performed. Pgbgkhows the tem-
talline materials such as ammonium sulphate (Wise et al.perature and RH(solid black and blue lines respectively) as well
2009; Abbatt et al., 2006) and oxalic acid (Wagner et al.,as the temperature dependent threshold humidity at which homo-
2010, 2011). During the expansion, no significant heterogegeneous ice nucleation is expected to occur, based on AIDA exper-
neous ice nucleation was observed, witt cni 2 ice par- iments using Ilq_wd aqueousISOy aeros_ol (M‘Jhl_er et al., 2003)
ticles nucleating prior to a rapid increase Mye when the ~ (dot-dash blue line). Panét) shows the ice particle number con-
chamber Rkwas within 2% of the predicted homogeneous Centr_atlon,Nice: I_—|0n_"|ogene_ous ice nucleation was qbseryed at the

. . .. predicted humidity, indicating that the aerosol had liquefied on ex-
freezing thr?Shdd (base‘?' on AIDA freezing ‘?'ata for IIq.UId posure to increasing humidity, which would not have occurred had
H2S0y solution aerosol, Mhler et al., 2003) (Fig. 4b). This  j; crystallised.
offers very strong evidence that the raffinose aerosol did not
crystallise at low temperature and that any heterogeneous nu-
cleation observed in other experiments was not due to crys-
talline raffinose.

Further experimental evidence of the lack of crystallisa- companion paper also shows the results of an expansion
tion of the glassy aerosols used in this study come from ouiperformed on raffinose/M5AS aerosol particles~a216 K
companion paper Wagner et al. (2012). In that study, run 1Qrun 4A, Fig. 12 therein), that had previously nucleated ice
(Fig. 5 therein) took place at 232 K using HMMA aerosol  when glassy. Again, after warming into the liquid regime,
that had previously heterogeneously nucleated ice when ithe only significant ice formation occurred homogeneously.
the glassy state at a lower temperature (in run 1B). In runThis again strongly indicates that the heterogeneous nucle-
1C, only significant homogeneous ice nucleation was ob-ation at lower temperatures was by glassy particles which
served. This shows that the glassy aerosol had liquefied owere able to liquefy on warming rather than by crystallites.
warming. Had the aerosol been crystalline it would still have In both cases, to ensure that those particles that nucleated ice
been expected to nucleate ice heterogeneously. Similarly, oun the first run were not lost by sedimentation, ice crystals
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‘ 180 mixture of 30.7 wt % malonic acig{ 99 %, 104.06 g moit,
x 2181a - F160 Merck Schuchardt), 14.7wt% malic acid (DL-Malic acid,
£ 28 140 >99.5%, 134.08gmol', Merck), 14.1wt% maleic acid
g 2144 1120 & (>99%, 116.07gmoit, Merck Schuchardt), 17.7wt%
£ 212, ’;80 < glutaric acid & 99 %, 132.11 gmol*, Merck Schuchardt),
= 210) ’ . 7.4 wt % methylsuccinic acid (99 %, 132.12 g mbl Sigma-
b, ’42006 g Aldrich) and 15.4wt% ammonium sulphate> 9.5 %,
| (40009 = 132.14gmot?, Merck). All solutions were made using
\ 138008 & 18.5MQ cm water and were passed through a sub-micron
| Total aerosol concentration [ 36005 % (0.45pum) particulate filter to remove particulates. Raffi-
| 3400~ 5 nose/M5AS, levoglucosan, HMMA and raffinose solution
80/c ! [0.020 aerosol havely at 209.6+8.1, 211.7+11.1, 236.5+3.5 and
" 60 [0.015 240.6 +6.1 K respectively (Zobrist et al., 2008) (see Table 1).
S 401 10010 ©
S 204 10.005 **
Of—i WELAS 1 sampling stopped |-0.000 3 Results and discussion
=) | T T T
S 0.25]
® 0.20] 3.1 Expansions with a liquid aerosol
5 0.15{
5 0.0/ The results of an expansion using raffinose/M5AS solution
g 0.05, aerosol are shown in Fig. 5. The aerosol in this experiment
5% 530 1000 1500 2000 2500 3000 was in the liquid state as the chamber gas temperature at the

start of the expansion (215.5 K) was well abCT\ge(209.6 K).
On expansion, the chamber pressure was reduced (orange
Fig. 5. A typical expansion experiment at the AIDA chamber using line, panel b), resulting in initially adiabatic cooling. As
liquid aqueous raffinose/M5AS aerosol. Paagkhows the temper-  the gas temperature dropped, Ritreased (black and blue
ature and Ri(solid black and blue lines) as well as the expected lines, Fig. 5a). In order for the water activity of the liquid
homogeneous freezing RHdash-dot blue line), based on AIDA aerosol particles to remain in equilibrium with the surround-
homogeneous freezing data from liquid aqueoysS&y aerosol  ing humidity, they must take up water. In the phase diagram
(Mohler et al., 2003). Pan¢) shows the pressure and total aerosol shown in Fig. 3, the arrow from point A to point B is an ide-
concentration (orange and burgundy lines). The ice particle numbegise 4 temperature/water activity trajectory of aerosol during
concentratl_on from WELAS 1 qnd the fraction of aeros_ol that froze an expansion. Liquid solution aerosol particles become more
are Shown inc) (black and red I!nes)' I(.d)’ the onset of 'Ce.nyde' dilute and freeze when they reach the homogeneous freezing
ation is seen as the sharp risgSicyan line). The time/humidity at . . .
the onset of freezing is marked with dashed black lines. thresho_ld. The onset _of freezmg was d.etectgd first as an in-
crease in the depolarisation ratio(blue line, Fig. 5d). This
onset is within~ 5% of the humidity of homogeneous ice
were sublimed quickly by refilling the chamber immediately Nucleation in sulphuric acid aerosol at the AIDA chamber
after pumping had stopped. (Mohler et al., 2003) (dotted blue line, Fig. 5a). Ice particles
These experiments and the literature discussed abov8rew rapidly into the size range detectable by the WELAS
strongly suggest that solute crystallisation from the aque-l instrument (ice particle number concentration, black line,
ous solution aerosols did not occur and instead the aerosofsid- 5¢). The fraction of aerosol that frozgic) is similar
were in either a liquid, semi-solid or glassy state dependingf© fice found previously for liquid citric acid solution aerosol
on chamber temperature and humidity. Hence, heterogeneod an expansion with a similar cooling rate (Murray et al.,
ice nucleation was due to the presence of glassy aerosol pag010b). The dilution of liquid aerosol on increasing iRél-

Time/s

ticles rather than crystalline particles. lowed by homogeneous freezing is the expected behaviour
for liquid aerosol particles (Koop et al., 2000;0Mler et al.,
2.2 Materials 2003; Murray et al., 2010b).

After nucleation, the supersaturation in the chamber was
The single component aerosols investigated were Raffinoseapidly quenched by the growth of ice particles, lowering
(D-(+)-Raffinose pentahydratez> 98 %, 594.52 gmoi!, RH; to well below the homogeneous ice nucleation thresh-
Sigma-Aldrich), levoglucosan +)-1,6-Anhydrog-D- old preventing any further nucleation. At the end of pump-
glucopyranosez 99 %, 162.14 gmoit, Merck Schuchardt) ing, heat from the chamber walls (which do not cool sig-
and HMMA (4-Hydroxy-3-methoxy-DL-mandelic acid, nificantly during expansions) caused the gas temperature to
98 %, 198.17 gmol, Alfa Aesar). The multi component rise, but the ice cloud persisted. The chamber was returned
aerosol was a 11 mixture of raffinose and M5AS — a to its starting pressure by refilling with dry, particulate free
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synthetic air. This rapidly reduced RHo well below 100 %
and completed the sublimation of the ice cloud, returrfing 255 —— ;

to its starting value. 250, & )

245

3.2 Expansions with glassy aerosol

run C|
hom. nucleation/\]

240
Aerosols in the glassy state showed very different behaviour % 2354

to that of liquid aerosol. This is illustrated by experiments

Temperature / K

230
at different temperatures that used the same HMMA solu- 225 |
tion aerosol. The aerosol was injected~aP47 K and then 220

subjected to an initial test expansion at a temperature above
the homogeneous freezing limit (i.e. no ice was nucleated) 215+
and then cooled belo®, (the experimental temperature pro- 2101 —
file is shown in Fig. 6a). An expansion was then performed
at~ 220K in which depolarisation measurements show that
the glassy HMMA aerosol nucleated ice at 120 %; Riell
below the expected homogeneous limit (Fig. 6b1l and b2).
The optical particle counter results show that the fraction
of aerosol activated to icefice) increased gradually up to
~0.005, a value similar to that found for heterogeneous
ice nucleation by glassy citric acid aerosol (Murray et al., b2 - Het
2010b). This indicates that the glassy HMMA aerosol parti- -
cles also nucleated ice heterogeneously. The aerosol was then
warmed back up to 232 K and underwent another expansion.
A concentration of 200 cf? ice particles nucleated at the
homogeneous limit, with only~ 1 cm2 nucleating earlier

runB
het. nucleation

0 10000 20000 30000
Time/s

Temperature / K

(Fig. 6¢1, and c2). There was a corresponding rapid increase X
in fice, Which reached- 0.05. <

These experiments also add further weight to the evidence ‘g
that the aerosol acted as IN whilst in the glassy state, rather g
than nucleating ice having crystallised. Had crystallisation  ~ ; ; [0.07
occurred in the aerosol population, it would be expected that ~ 2°01¢2- Hom ! 0.06
heterogeneous nucleation would have also been observed ine lgg: | 8;85;
the run at 232K. The presence of only the homogeneous § |, ; 003 3
freezing mode suggests that the glassy aerosol had lique- ¢ sol | 02
fied before any heterogeneous nucleation could occur (see 0] , 10.00
Sect. 3.3 for more discussion concerning the liquefaction of 100 0 100 200 300 400 500 600 700

aerosol during expansions). Time /s

Fig. 6. A comparison of the behaviour of aqueous HMMA solution
in expansion runs B and C. Parfe) shows the temperature profile
of the experimental series. The bottom panels show experimental

. . . data for runs B (started at 220.7 K) and C (started at 232.1 K). Pan-
Expansion experiments were repeated with aerosol of eaclé‘ls (b1) and(cl) show in each case the experimental temperature

of the four chosen compositions at a range of temperaturegng humidity (black and blue solid lines respectively). Patie23
above and b9|0V‘Té (see Table 1 for chemical structures and(c2) show the ice particle number concentratiofig, black
andT}). The results of these experiments are summarised ifine) and the fraction of the aerosol frozeficg, red line). The ex-
Fig. 7. All aerosol types were found to nucleate ice at humidi- pected humidity of homogeneous ice nucleation based on liquid sul-
ties below the homogeneous freezing threshold at temperahuric acid aerosol freezing data gMler et al., 2003) is indicated
tures well belowr, indicating that glassy aerosols of varying In panels Bl and C1 by dash-dot biue lines. The tima/@iets of
chemical composition are capable of heterogeneously nuclge nucleation are marked Wlth dashed black Ilnes.. In each case the
ating ice. _onsz_at was observ_ed as an increase o_f atleast 1% in t_h_e bgckscatter-

While nucleation always occurred heterogeneously o ing linear depolarlsatllon rath, which is the most sensmve.lndlcaFor

f . Mor the presence of ice particles. This allows the detection of ice

glassy aerosol W_e” beIO\ﬂig, homogeneous nu_cleatlon Was particles before they have grown large enough to be counted by the
observed for raffinose and HMMA aerosols in expansionsywe| AS instruments.
11.7Kand 4.3K beIovTé, respectively. Aerosol particles in

3.3 Heterogeneous ice nucleation: a general property of
glassy aerosols
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Fig. 7. The experimental temperature — Rirhjectories for the expansion experiments for each aerosol type (solid black lines). Associated
with each trajectory is an ice nucleation onset determined using the depolarisation measurement (defined by a change in the depolarisation ra
tio of at least 1 % — for example see Fig. 5), with orange triangles representing homogeneous ice nucleation onsets and blue stars representin
heterogeneous ice nucleation onsets. The figures also show the aergsihirBstiolds (dashed red lines) and their associated uncertainties
(shaded blue areas) based on parameterisations from Zobrist et al. (2008). The point at whichsRes the marked 100 % Rlihe (dotted

black line) is equal td@ for that aerosol type. Also shown is the water saturation line (cyan dot-dot-dash line, shows wihgiis Bitual to

100 %) and the expected homogeneous freezing threshold (blue dot-dash line), based on the homogeneous freezing of sulphuric acid solutio
aerosol in the AIDA chamber (bhler et al., 2003).

expansions that start close to but still belﬂsgvmay take up cleate ice at 137 % Rt this temperature. In addition, the
water, which serves as a plasticiser, and liqguefy on crossingwo systems with highef; (raffinose and HMMA) nucleated
RHg. This solid-to-liquid transition is also known as amor- ice at higher temperatures than levoglucosan and the raffi-
phous deliqguescence (Mikhailov et al., 2009) and may occunmose/M5AS mixture, which have lowéF, values. For ex-
before ice can nucleate heterogeneously. Alternatively, theample, at 218.5 K HMMA nucleated ice heterogeneously at
estimates oiTé could be too high and the aerosol particles 120 % RH, whereas levoglucosan and raffinose/M5AS only
may have been liquid to begin with. Given the uncertainty in nucleated ice at the homogeneous limit. The impact of chang-
RHg it is not possible to categorically rule out either mecha- ing the aerosols chemical composition (and consequéb‘\)ly
nism. However, in the companion paper (Wagner et al., 2012pn the temperature at which the aerosol nucleate ice hetero-
we show that aerosol particles become pre-activated after thgeneously is further evidence that the ice nucleation observed
232 K HMMA and 229-235K raffinose experiments, which in this study is governed by the transition of liquid aerosol
we argue is related to glass formation and suggests that thesito glassy solid aerosol. Our findings also show that if at-
runs were indeed belowé. We suggest that the most likely mospheric aerosol were to undergo a glass transition then the
explanation for homogeneous ice nucleation in the highestemperature and humidity at which the aerosol would nucle-
temperature HMMA and raffinose runs (despite them start-ate ice would be likely to be dependent upon its chemical
ing below RH)) is that the aerosol particles liquefied before composition.
ice was nucleated heterogeneously. It was, very reasonably, predicted by Zobrist et al. (2008)
Some differences in the behaviour of aerosols of differ-that glassy aerosols would be unlikely to nucleate ice hetero-
ing compositions were observed. For example;&00 K geneously due to their “smooth convex surface that is dis-
raffinose/M5AS and raffinose particles both nucleated ice abrdered on a molecular level”. They surmised that such a
about 121 % RiHwhereas HMMA aerosol was found to nu- surface would lack the characteristics of efficient ice nuclei,
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such as a crystal lattice match with ice (e.g. silver iodide, 0.0045 —————————————————————
Vonnegut, 1947) or surface defects like cracks or pores. This ;0,01

Citric acid Murray et al. (2010)

study and the previous study using citric acid aerosol (Mur- { ¢ Raffinose/MSAS (200.0K)

. 0.0035- * Raffinose (199.6 K) .
ray et al., 2010b) show clearly that a small fraction of glassy ]« Raffinose (21456 1) .
aerosol particles of varied compositions are able to act as ice 73 00030+ HuvaasesK) i o

*  HMMA (2185K)

nuclei in the deposition mode. The surfaces of this subset fc: 0.0025-

“ H H » N 1
of glassy aerosol may therefore possess some “active Sites”s g 5,0 . c ]

o
that are able to stabilise nascent germs of the ice phase._é 00015 ) L ]
As suggested by Zobrist et al. (2008), the surface of glassy ¢ | - i e
aerosol particles is less likely to host defects such as cracks® 00010 . SR,
or pores that might support a critical germ of ice. However, 0.0005 :..__.": o L ]

all the aerosols tested in this study are aqueous solutions of  ;4y50
species that have numerous hydrogen bonding sites in the

form of OH groups and/or carboxylic acid groups. Both wa-

ter molecules and the solute species will be present at the
surface of the aerosol particles and be avallgb_le to hydrOgeF—'ig. 8. The fraction of aerosol that froze heterogeneously at tem-
bond to adsorbed water molecules, thus fulfilling the chem-peratyres above 198K during the expansion experiments shown in
ical bond requirements of an effective ice nucleus (Prup-rig. 7. At temperatures below 198 K, the ice crystals were too small
pacher and Klett, 1997). We propose that ice nucleation byto allow Nice to be inferred accurately from the WELAS data us-
the glassy aerosol in this study is catalysed by water and soing a size threshold, preventing the calculation fpf; for those

lute molecules that are arranged in a manner that happergxperiments. See figure legend for details. Bracketed numbers in
to provide a hydrogen bonding site that matches the cryslegend indicate the temperature at which the onset of ice nucleation
tal lattice of ice. Active sites such as these might occur agceurred in each case. The solid cyan line is the linearfie &

in any amorphous material with a degree of short range or-7211x107 (% RH) ~9.2688 x 10 for RH; = 121-1709% and
der (Elliott, 1990) and more ordered regions may serve aglice=0 when RH <121 %) used in Murray et al. (2010b) to pa-

a template for ice. Sites capable of nucleating ice mav b rameterise heterogeneous ice nucleation by glassy citric acid so-
p ) p 9 Y P8, tion aerosol, which was based on experiment 3 from that study,

rare, thus explaining why only Small fractions Of the _glassy in which the ice onset occurred at 200.5 K. Due to scatter in the ice
aerosols were found to nucleate ice. These active siteS Mayarticle concentration data, a certain amount of noise is present. The
be more or less common in glassy solution aerosol of differ-shaded region represents a region of uncertainty in which the signal
ent chemical composition, which would explain the observedto noise ratio is too low for an accurate estimation of the fraction
difference in ice nucleation efficiency of the aerosols testedfrozen.
in this study.

All of the aerosols tested in this study have Rtiresh-
olds that fall entirely or mostly in the predicted Rifange  at which temperature the aerosol were thought to be in an
for SOA (Fig. 1). This implies that the glass forming proper- amorphous solid state, which is consistent with our findings.
ties of the solution aerosols used here are comparable to those There are also a number of contrasting studies in which no
of atmospheric SOA. There is mounting evidence that SOAice nucleation was observed on SOA. Wagner et al. (2007) re-
generated in chambers and sampled from the atmosphere cg@ort no significant heterogeneous ice nucleation by the SOA
nucleate ice in both the deposition and the immersion modeén their study. Instead, the aerosol were only found to nu-
(Knopf et al., 2010; Wang et al., 2012;dMler et al., 2008). cleate ice close to water saturation. It was also found that
The fice values for thex-pinene derived SOA particles used SOA particles generated by the ozonolysis of a variety of
by Mohler et al. (2008) are consistent with those observed foralkenes did not nucleate ice heterogeneously in the deposi-
citric acid (Murray et al., 2010b) and those for the aerosoltion mode (Prenni et al., 2009). This may simply have been
investigated in this study (Fig. 8). In their study of amor- the nature of SOA generated in that experiment or it could be
phous SOA generated by the oxidation of naphthalene bydue to the experiments taking place at relatively higher tem-
OH radicals and then deposited on a hydrophobic substratgeratures (243 K), at which the aerosol may have been in a
Wang et al. (2012) observed that the SOA nucleated ice hetliquid rather than glassy or semi-solid state.
erogeneously in the deposition mode at temperatures below An interesting observation in this study was the apparent
~ 230K. The onset of heterogeneous ice nucleation was obeontinuation of the heterogeneous nucleation of ice parti-
served at between about 135 and 150 %.R#ove~ 230K, cles above the R{ithreshold, i.e. the point at which glassy
the aerosol particles were observed to take up water on inaerosol could be expected to liquefy. Ice particle production
creasing humidity. The change in behaviour of the particleswas observed above RHor levoglucosan, raffinose/M5AS
at ~ 230K was found to be related to the physical state ofand raffinose aerosols as well as for citric acid (Murray et al.,
the aerosol. Deposition nucleation occurred bete®30 K 2010b). The rate at which glassy aerosol take up water and

liquefy is kinetically limited by the diffusion of water from

I T T T T T T T T T T T T T T T T T T T T T 1
100 105 110 115 120 125 130 135 140 145 150 155
(%RH;
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the surface of the aerosol droplets into the bulk (Zobrist et

al., 2011; Koop et al., 2011). Tong et al. (2011) show that this *? Bifues 88
process was delayed by 10-100's of seconds in supermicrong** s [l
sucrose droplets at room temperature, which might be con- § - |l
sistent with our observation of ice particle production above gi:j 10
RHy. It should be noted however, that our experiments used .
much smaller droplets and took place at much lower temper- 0.008 108
atures, and therefore deeper into the glassy regime, both of «_ N 0.006 10
which may well affect any delay in water uptake. In order < AN 0004 g | | 10"
to explore this, “iso-humid” experiments were performed in =" A “ 0.002 10%
which the pumping speed was controlled in order to main- 0 0.000 10
tain the chamber humidity at close to constant; RE.0 %) e .
above RH, but below the homogeneous freezing threshold, Eii SN 130 o 10
for periods on the order of 500s. In separate expansions us- § ., ooz || w0
ing raffinose/M5AS and raffinose particles, starting at 202K 52w 10%
and~ 218K, respectively (Fig. 9), the ice nucleation onsets %% 102
(vertical dashed black lines) occurred just below or ayRH 8 000 o
(dot-dot-dash red lines) and then ice particle production con- s ooor
tinued after R was crossed. The ice nucleation onset for =3 looos™ .
the expansion using levoglucosan solution aeroselE0 K <2 ’ 10
occurred well above the Rfthreshold (Fig. 7), with ice par- O e e wo e 100 1o 10%
ticle production continuing as pumping went on (not shown). Time/s

There are several potential explanations for the nucleation
of ice above RH but below the homogeneous nucleation Fig. 9. Time series for ice production runs using raffinose/M5AS
threshold. Firstly, at the temperatures at which this behaviougC!ution aerosolal, a2)and raffinose solution aeros@1, b2)

was observed, and also at those found in the upper tropo1_'he temperature trajectories are shown as solid black lines in pan-

sphere, the absolute amount of water vapour for a given rel-els(al) and(b1). In these panels the Ritfajectories are displayed
P ! P 9 as colour mapped time series, the colour maps correspond the es-

ative hum|d|ty is much smaller than at room temperature.timated time taken for water molecules in the aerosol particles to
For this reason, the aerosol may take longer to liquefy thaniyse g5nm (the average radius of particles in this study), see
the 10-100's of seconds found in experiments performed Ussect. 3.3 for details. The humidity at which homogeneous ice nu-
ing glassy sucrose droplets at room temperature (Tong egleation is expected is shown in both cases as a dash-dot blue line.
al., 2011). This would also be supported by the observaRHg is shown as red dot-dot-dash lines. The ice particle number
tions of Zobrist et al. (2011), who found that sucrose viscosi-concentration §ice) and fraction frozen fice) are shown as black
ties increased strongly with decreasing temperature. In th@nd red lines respectively. The onset of ice nucleation is represented
presented iso-humid experiments the aerosol could therefor# €ach case by black dashed lines.
have persisted in the glassy state for the duration of the ex-

periments, allowing them to be available for heterogeneous

ice nucleation. To further investigate this possibility, we have

estimated the viscosity of the aerosol during the expansio _ kT

experiments using an approach set out by Murray (2008a, H0 = 67 N1 rH,0

b). The super-Arrhenius dependency of viscosity with tem-
perature §7) above the glass transition temperatufg) (at

an RH can be approximated by the Williams-Landel-Ferry

®)

wherek is the Boltzmann constant ang,o is the hydro-
dynamic radius of water (0.94; Murray, 2008a). Finally,

(WLF) equation: we estimateq the time, for a water molecule to Qiffuse a
root mean distancex() of 85 nm (the average radius of the
17.44[T — Ty aerosols used in this study, see Fig. 2) using the estimated
lo =lo —_— = 2 diffusion coefficients:
anr gnTg<51'6+[T_Tg]> 2 iffusi ici
x2
1
where viscosity is in cP and is the chamber gas temper- /= 6Du (4)
H,0

ature. The numerical values are typical for glass forming

systems (Debenedetti, 1996). The molecular diffusion coef- For both the experiments shown in Fig. 9 we have dis-

ficient for the water molecules in the aerosol was then estiplayed the time to diffuse 85 nm as a colour map overlaid on

mated based on the viscosity (converted to Pa s) using théhe RH time series in panels al and b1. From this it can be

Stokes-Einstein equation: seen that even at the highest humidities reached in the two
experiments, the time to diffuse 85 nm is estimated at days.

Atmos. Chem. Phys., 12, 8618632 2012 www.atmos-chem-phys.net/12/8611/2012/



T. W. Wilson et al.: Glassy aerosols nucleate ice heterogeneously at cirrus temperatures 8625

This is much longer than the duration of the experiments,3.4 Parameterising ice nucleation by glassy aerosol
suggesting that the aerosols would not have had time to lig-
uefy. Modelling studies are required to gauge the importance of
A second possibility for appearance of ice crystals aboveglassy aerosol in the nucleation of cirrus ice particles. The
RHgy is that all the ice particles nucleated below it only impact of heterogeneous ice nucleation by glassy aerosol on
grew to a sufficiently large size to be counted as an ice particirrus cloud properties at TTL temperatures has been mod-
cle by the WELAS instruments on a longer time scale. How-elled previously by Murray et al. (2010b). That study used a
ever, growth of ice particles under these conditions is mosbne dimensional cloud model and represented glassy aerosol
likely much more rapid than the duration of the iso-humid using a parameterisation based on a linear fit to the frac-
experiments; NMhler et al. (2006) estimate that the time taken tion of glassy citric acid solution aerosol which nucleated
to grow into the size range of the WELAS instruments afterice heterogeneouslyfice) during an expansion experiment
nucleation at the homogeneous threshold is 4 s at 223K, 8 at the AIDA chamber at- 200K between 121 and 170 %
at 210K and 50 s at 196 K. Also, the rapid production of ice RH;. Here we compar¢ice for aerosols tested in this study
crystals in the experiments with liquid aerosol indicate thatto the citric acid parameterisation. The paramefigs can
ice growth is unlikely to be a limiting factor. The third pos- only be used accurately if the size distribution in the appli-
sible explanation is that our estimate of the position of thecation is similar to the size distribution of aerosol particles
RHjy line is inaccurate and the aerosol remained in a glassyn the experiments. To aid the prediction of the ice nucle-
state throughout the experiment. While this possibility is dif- ation behaviour of aerosols with differing size distributions,
ficult to exclude for the data presented in this paper, experwe have calculated the ice active surface site densify (
iments with citric acid presented previously (Murray et al., (Connolly et al., 2009). This parameter takes into consider-
2010b) show that heterogeneous nucleation continued to ation the aerosol surface area and we present humidity and
much higher RiHabove the expected RHIn the citric acid  temperature dependewnd values for each glassy system. We
experiments greater pumping speeds were employed whichlso compares for glassy aerosol particles with other mate-
drove the RH to larger values than was possible with the rials for whichng values are reported in the literature.
pumping speeds used in this study. Slower pumping speeds
were used in the present study to avoid reaching the homo3.4.1 Parameterisations based on the fraction activated
geneous freezing threshold and therefore avoided the risk of toice (fice)
pre-activating the aerosol (see companion paper, Wagner et
al., 2012). In the citric acid experiments ice particles wereA comparison office for aerosols that nucleated ice hetero-
produced up te~40 %RH above our best estimate of BH  geneously at temperatures~ 200 K with the parameterisa-
which suggests that the uncertainties in the ice nucleatiortion for citric acid is shown in Fig. 8. Data are shown up to
onset humidity which were on the order of 15% Ridnnot  the point at which the relative humidity reached a maximum.
account for the nucleation of ice above the estimate¢y RH Peak RH in an expansion experiment is determined by the
line. pumping speed and the number of ice crystals nucleated as
Ice production at constant humidity might imply that the well as the humidity at which they start nucleating. In gen-
time dependence of nucleation on glassy aerosol is signifieral, the greater the pumping speed the higher the peak RH
cant. Indeed, recent work on ice nucleation in the immersionAs mentioned earlier, the peak Rk the published citric
mode by mineral dusts shows that time dependence may bacid experiments (Murray et al., 2010b) was larger than that
significant under atmospherically relevant conditions (Mur- achieved here because the pumping speeds used were greater.
ray et al.,, 2011, 2012b; Broadley et al., 2012). This may
be important in the TTL, because under the weakly forced3.4.2 Parameterisations based on the ice active surface
conditions found in this region a parameterisation neglect- site density {s)
ing time dependence (i.e. a singular parameterisation) may
under predict the number of ice nuclei. However, in order Nucleation is a stochastic time dependent process (Vonnegut
to generate iso-humid conditions the temperature was conand Baldwin, 1984; Broadley et al., 2012; Murray et al.,
stantly dropping in order to compensate for the loss of water2011, 2012b), but it has been suggested that the time depen-
vapour to the growing ice crystals. Hence, it is not possibledence of nucleation is of secondary importance when com-
to separate any time dependence from possible temperatupared to particle heterogeneity (Pruppacher and Klett, 1997;
dependence in these experiments, despite the®haining  Vali, 2008). The assumption of time independence under-
constant. Further work should be carried out to establish theins the singular model and provides a simple way to pa-
time dependence of ice nucleation by glassy aerosol and forameterise ice nucleation data. Connolly et al. (2009) define
now we provide a singular description for the parameterisans asns= —In(1 — fice)/o, Whereo is the surface area of
tion of ice nucleation by glassy aerosol. the aerosol present during an experiment. This is similar to
the volume based cumulative nucleus spectrum defined by
Vali (1971, 1994). The ice active surface site density has been

www.atmos-chem-phys.net/12/8611/2012/ Atmos. Chem. Phys., 12, 8&6B2 2012



8626 T. W. Wilson et al.: Glassy aerosols nucleate ice heterogeneously at cirrus temperatures

applied to a number of other experimental studies of differ- 5,4

ent deposition ice nuclei (Connolly et al., 2009; Saunders et g'tfff'cac'ih:ﬂ;:sa(vz;i- 5010) o 15551 ]
. . . * affinose . - .

al., 2010; Steinke et al., 2011; Niemand et al., 2012). Itisa  25x10° « Raffinose 199.6K) o HVMA (185K) 8

particularly useful quantity as it provides a surface area inde- " Raffinose (2146 )

pendent measurement of a materials ability to nucleate ice. ~ 200"
It should be noted that when the singular approximation is N‘E 150"
applied to conditions of much slower cooling rate than were =~

employed in the experiment upon which the parameterisation 1 gy

was based, the description may lead to an underestimate of

the number of ice nuclei (Murray et al., 2011, 2012b; Von- 5.0x10°1 ¢ /e 1
negut and Baldwin, 1984). LA

In order to estimate the ice active surface site density for 004 7% T
glassy aerosols in our experiments it was assumed that the 120 125 130 135 140 145 150 155 160 165 170
glassy particles were spherical in shape, and the total sur- (%)RH,

face area of the aerosol was then estimated from size distri-
butions taken prior to the start of expansion (Fig. 2). The lossFig. 10.The ice active surface site densitiag)(for glassy aerosols
of aerosol particles during expansion has been accounted forhich nucleated ice heterogeneously (see Fig. 7). Linear fits to each

in our calculation by scaling the total surface area with thedataset are shown in the corresponding colour. The solid cyan line is
total aerosol number. ns for glassy citric acid aerosol calculated using the fraction frozen

The ice active surface site density for expansion eXperi_parameterisation from Murray et al. (2010b) (shown in Fig. 8) and
the size distribution for the aerosol used in the experiment upon

ments with glassy aerosol, including citric acid (based on the " L : .
L2 . . which the parameterisation is based. Table 2 contains equations for
parametensatlo_n Ofice from a previous Campalg_n' (Murray linear fits tons for aerosols from this study and glassy citric acid
etal., 2010b) (discussed above), are compared in Fig. 10. FQlg/os0l.
the glassy aerosols tested in this study,values at the on-
set of nucleation were similar{6 x 10° m~2). As humid-
ity rose, new ice particles nucleated and there is a corre- For comparisorys data for other atmospherically relevant
sponding increase ins. Peakns values varied, but for most ice nuclei is shown together with data for glassy aerosol in
glassy aerosols the maximum values were in the region ofig. 11. Arizona Test Dust (ATD, grey triangles) (Connolly
~1x10*m~2. Note that the peais depended on the maxi- et al., 2009), volcanic ash from the Eyjafjati#ll eruption
mum supersaturation attained in an experiment; for exampleggrey circles) (Steinke et al., 2011) and iron oxide nanoparti-
in the experiment with glassy raffinose aerosol at 199.6 Kcles (dashed grey line) (Saunders et al., 2010) have higher
(magenta stars), pumping was discontinued earlier and thigalues and are therefore more efficient ice nuclei than glassy
resulted in smaller maximums values (~2.5x 10°m~2).  aerosol per unit of surface area. While mineral dust is clearly
The rate of increase ofs with RH; and the humidity at a more effective ice nucleus, the number density (and there-
which nucleation was first detected were dependent on comfore surface area) of aerosol particles which are potentially

position of the aerosol and also the temperature at which thgjlassy far exceeds that of mineral dust in the upper tropo-
expansion took place. One notable difference is that the exsphere (Froyd et al., 2010).

pansions with HMMA aerosol had a more rapid rate of in-

crease ofis as the humidity increased than was found forthe 3.5 The impact of glassy aerosol on cirrus formation
other glassy systems. Fits to all of the calculatgdralues outside the TTL

shown in Fig. 10 are given in Table 2.

The range of observed onset humidities makes the paThe results presented here show that glassy aerosol can nu-
rameterisation of glassy aerosol for modelling purposes noneleate ice under conditions relevant for ice cloud formation in
trivial. The atmospheric aerosol particles in a particular loca-parts of the atmosphere which are warmer than the very cold
tion are likely to have a range of compositions and any thatTTL. In the following lines we explore the possibility that ice
are glassy are likely therefore to have a range of ice nuclenucleation on glassy aerosol might compete with ice nucle-
ating abilities. Ice nucleation will be dominated by the ice ation on mineral dusts at warmer cirrus temperatures. Start-
nuclei in the aerosol that can catalyse ice formation at theng with a total of 300 cm® aerosol particles and, based on
lowest humidities. Since citric acid is amongst the materialsthe measurements of DeMott et al. (2003) that 1 % of these
which nucleate ice at the lowest humidity it seems sensible tovere mineral dust particles and 86 % were organic sulphate
use the parameterisation for ice nucleation on aqueous citriparticles. We assume that mineral dust particles have a di-
acid in cirrus models. In addition, the fit to citric acid is valid ameter of 500 nm and the organic-sulphate particles have a
over the widest range of RHs which also lends itself to use indiameter of 150 nm. We also assume that only 50 % of the
models. organic-sulphate aerosol particles are glassy and that 50 % of

the mineral dust particles have been deactivated by coatings.
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Table 2. Parameters for the linear fits g shown in Fig. 10 and Fig. 11 as a function of RIIso included isns for glassy citric acid
aerosol, calculated based on a parameterisatiofy@fvs. RH (Murray et al., 2010). Note that each fit is only valid for the range of RH
shown in the rightmost column of the table.

Aerosol Temperature of ice nucleation onset/K Lineamfit£ mRH; + ¢) Valid RH; range for fit
m C
Raffinose/M5AS 2000 5.5815x8§0 —6.7861x 180 120.9<RH; <140.6
Raffinose 199.6 6.15127x80 —7.4095 x 180 120.4<RH;<123.4
Raffinose 214.6 3.65814x80 —4.74938x 160 132.8<RH;<150.0
HMMA 1985 1.45114x1B —2.03713x 18! 138.3<RH;<149.0
HMMA 2185 1.92381x18 —2.33764x 181 120.6<RH;<129.6
Citric acid 2005 6.00235x 80 —7.20796 x 160 121.0<RH;<170.0

-——— 4 Conclusions
[ ] Volcanic dust Steinke et al. (2011) - ]
1E144| w  Arizonatest dust Connolly et al. (2009) - E

- - - -Fe,0, Saunders et al. (2010) PPt E The main aim of this study was to compare the ice nucleating

1E13 4 I ] properties of a range of atmospherically relevant glass form-

P ing compounds under conditions relevant for cirrus cloud for-

L 1E12+ E mation. In a previous study (Murray et al., 2010b) glassy

E ] citric acid solution aerosol particles were found to nucle-
=" 1E11 4 o 3 ate ice heterogeneously at temperatures bélp\ithe glass
] transition temperature at ice saturation, 100 % )RHh this

B0 0, 3 study we tested the ice nucleation efficiency of atmospher-
ically relevant aerosol species Wiﬂg close to that of cit-

1E99e 3 ric acid (raffinose/M5AS and levoglucosan solution aerosols)
100 110 120 130 140 150 160 170 180 190 and species with much high&f (raffinose and HMMA solu-

(%RH tion aerosols). At temperatures200K all the aerosol types
acted as heterogeneous ice nuclei, catalysing ice production
Fig. 11.A comparison ofis for glassy aerosols from this study and P€low the homogeneous freezing threshold (Fig. 7). Raffi-
other IN species (see Fig. 8 legend for symbol details). Glassy citricnose and HMMA aerosol, which form glasses at temperature
acid aerosots is also shown (Murray et al., 2010a) (solid cyan line, above 200 K were also found to nucleate ice heterogeneously
see Fig. 10 caption for details). Linear fits to the data from this studyat higher temperatures (214.6 K and 218.5K respectively).
are shown in the corresponding colour. Volcanic dust@25K,  These results suggest that heterogeneous ice nucleation is a

(grey circles) (Steinke et aI._, 2_011),_Arizonatest dust (ATD) at 238—general property of glassy aerosols and that the temperature
248K (grey downwards pointing triangles) (Connolly et al., 2009) ot which they are able to nucleate ice is strongly related to
(note that these are revised figures for ATD, based on a re-analys.if.m_:‘ir glass transition temperature

by Niemand et al., 2012) and a parameterisationsdbr iron oxide .
nanoparticles at 190 K (grey dashed line) (Saunders et al., 2010) are In a very recent study Baustian et al. (2011) used Raman

shown. The parameters to the fitsdovs. RH for all of the glassy microscopy in conjunction with a humidity controlled cold

aerosols shown in this figure (solid lines) are included in Table 2. Stage to inve.stigate. the ice nucleat'ion properties of aque-
ous super-micron sized glassy particles. It was found that

glassy sucrose, dextrose and citric acid solution particles nu-
Using anns value for mineral dust of % 101°m~2 and a  cleate ice heterogeneously in the deposition mode. In addi-
value of 3x 10° m~2 for sulphate-organic aerosol at 125% tion, Wang et al. (2012) have also shown that SOA particles
RH; (see Fig. 11), we estimate that mineral dust and organicgenerated by the oxidation of naphthalene by OH radicals
sulphate particles would nucleate comparable numbers of icBeterogeneously nucleate ice in the deposition mode when in
particles (0.033 vs. 0.027 crd). The total number of ice par- an amorphous solid state. These results support our conclu-
ticles nucleated would be 0.060 cnT3, which is consistent  sion that heterogeneous ice nucleation is a general property
with the observed mean ice particle number density in mid-of aqueous glassy aerosol particles.
latitude cirrus (Kamer et al., 2009). This estimation suggests The onset humidity of heterogeneous ice formation was
amorphous solid organic aerosol could play a role in mid-found to be dependent on both the temperature and the chem-
latitude cirrus formation. ical composition of the aerosol used. With the exception

of raffinose aerosol, the heterogeneous ice nucleation on-

sets increased at lower temperatures. A wide range of onset
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This study shows that irrespective of their composition,
aerosols in the glassy state are very likely to nucleate ice he
erogeneously at temperatures relevant to the TS R{0 K).
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