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Abstract. The ice nucleation efficiency of propane flame The application of a sulphuric acid coating to the flame
soot particles with and without a sulphuric acid coating soot shifted the threshold of the onset of freezing towards that
was investigated using the aerosol and cloud chamber facilef the homogeneous freezing of sulphuric acid; for the mini-
ity AIDA (Aerosol Interaction and Dynamics in the Atmo- mum OC flame soot this inhibited nucleation since the onset
sphere). The test soot for cloud formation simulations wasof freezing occurred at colder temperatures and required a
produced using a propane flame Combustion Aerosol Stangreater ice saturation ratio; for the medium and maximum
dard generator (CAST, Jing-CAST Technologies). The or-OC flame soot, the addition of a sulphuric acid significantly
ganic carbon content (OC) of the test soot was altered in aeduced the freezing threshold.

reproducible fashion by changing the fuel/air mixture of the
generator. The soot content of ice nuclei was subsequently
investigated using a combination of a pumped counterflow
virtual impactor (PCVI) to separate and evaporate the icel
crystals, and a DMT single particle soot photometer (SP2)
to examine the mixing state of the BC containing ice residu-
als.

Introduction

Many studies of cirrus and orographic cloud formation have
focussed on the homogeneous freezing of supercooled sul-
: .- huric acid droplets as the major mechanisArcfuleta
Ice nucleation was found to be most efficient for uncoatedP )

et al, 2005 Field et al, 2001, Haag et al. 2003 Heyms-

soot of low organic carbon content% % organic carbon . i ' .
content) where deposition freezing occurred at an ice saturaf-'e'd and Miloshevich1993 Heymsfield and SabjrL.989

tion ratio Sice ~ 1.22 at a temperatuf® = 2266 K with 25 % Jensen et g11998 Marti and Mauersberged993 _Sassen

of the test soot becoming active as ice nuclei. Propane flamg‘nd DO‘?‘d 1_988 Tabazadeh et al1997). N_umerlcal ba-
soot of higher organic carbon content30% and~70% rameterisations have peen deve.loped to estimate 'Fhe ice crys-
organic carbon content) showed significantly lower ice nu_tallnumberhgohncentr:?]tlonsnd S'Zde fordglven _cond:tlor(;s, %r}d
cleation efficiency (an activated fraction of the order of a S0 utes, w e <_:_anht eznooe E?e hto eée[mrl]ne Clggo radia-
few percent in the experiments) than the low organic car—t'(ve proFe[tlggggat: ﬁr 2 3“& err1an2000 mf'm 3

bon content soot, with water saturation being required for oop €t al, Q Lohmann and rcher 9. However,

freezing to occur. Ice nucleation occurred over the range"@"y field studies have shown cirrus formation via heteroge-
Sice = 1.22-1.70, andl’ = 2232-226.6 K. Analysis of the neous freezing at conditions below the homogeneous freez-
I == 1. . i - . .

SP2 data sh d that the 5 % ; b tent 6?9 threshold DeMott et al, 1998 Heymsfield et al.1998
ata showed that the 5% organic carbon conten So-gogers ot 2] 1098 Seifert et al. 2003,

had an undetectable OC coating whereas the 30% organi ) ) .
In heterogeneously induced cirrus the maximum supersat-

carbon content soot had a thicker or less volatile OC coating. "' '~V 9%
uration is limited to values below the homogeneous freez-

ing threshold as the ice crystals grow by the uptake of wa-
Correspondence td: Crawford ter vapour. This results in optically thin layers of cloud
m (i.crawford@manchester.ac.uk) comprised of a low number of large crystals which are
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radiatively different to their homogeneously induced coun-1998 Dymarska et a).2006 Gorbunov et a].2001; Karcher
terparts Gierens 2003 Karcher and Lohmani2003. etal, 2007, Koehler et al.2009 Mohler et al, 2005ab). The
Given its ubiquity in the atmosphere, if soot behaves asdevelopment of the single particle soot photometer (SP2) has
an efficient ice nucleus (IN) then it may have potential to added to our ability to measure soot size and concentrations
impact climate by modifying the lifecycle and optical prop- with high sensitivity, and is ideally suited for this type of
erties of mixed phase and glaciated clouBgKott et al, analysis. Analysis of the SP2 data has allowed us to exam-
1997 Gierens 2003 Lohmann 2002 Lohmann and Fe- ine the mixing state and coating physical properties of the
ichter, 2005 particularly in sensitive regions of the globe produced test soot and to compare soots of different organic
such as the Arctic and Antarctic. Soot may offer significant carbon content. Since the SP2 measures both elastic scat-
concentrations of active IN in the lower troposphere whereter and incandescence it is possible to determine whether the
an increase in ice crystal number concentration may resulsample aerosol contains incandescent material, allowing the
in more rapid and frequent glaciation of mixed phase cloudsfraction of the aerosol population containing refractory black
by the Bergeron-Findeisen proces®fimann and Feichter  carbon to be estimated.
2005 Rogers and Yaul996 Schwarzenbock et al2001).
This would likely act to reduce cloud top albedo and in-
crease ice phase precipitation, reducing cloud lifetime. How
ever these effects are highly uncertain and estimates of th
forcings associated with IN are largely unknoviromann
2002 Lohmann and Feichtg2005 Penner et al200). The 1,4 simulation experiments were performed in the large
effects of soot will be of great significance if the type of S0t Aqro50l Interactions and Dynamics in the Atmosphere

emitted can act as an efficient ice nucleus or if once in the(AIDA) chamber facility Benz et al. 2005 Mohler et al

atmosphere it is_ processed in such a way as"to promote iCQOOS 20053 2006. The 8413 aerosol vessel (Fid) is en-
activation. Studies bfpeMott et al.(1999 andKarcher and  ¢jnsed within a large insulating box that can be chilled to a

Lohmann(2003 suggest that the activation of ice upon so0t (g mperature of 238 K using conventional compressors. Evap-
may explain the formation of visible contrails behind aircraft. orating liquid nitrogen in the heat exchangers can further

Modelling studies bylensen and Too(1997 showed that | the chamber to a temperature of 183 K. The aerosol ves-
cirrus formed by homogeneous freezing is markedly differ- og| s initially evacuated to a pressure below 0.1 hPa and then

ent in behaviour to that formed by heterogeneous freezingggieq with particle free synthetic air to minimise the back-
mechanisms: homogeneously nucleated cirrus was shown t&round aerosol concentratioNg < 0.1 cm3). The chamber

be transient in nature, precipitating. quickly whereas cirrus,, 4|is are coated with a thin layer of ice which maintains a
formed by the heterogeneous freezing on soot was found i@ relative humidity of 90-95 % with respect to ice within

be much more persistent and diffuse. More recently studyne \essel under constant temperature and pressure condi-
les byKarcher et al(2007) concluded that the effect of air- {jons  Supersaturation with respect to ice can be achieved
craft soot on cirrus formation is highly complex and was de- through expansion cooling by reducing the vessel pressure

pendent on many emigsion and_environmental parametter%th two large pumps through a 10cm diameter pipe con-
the use of a microphysical-chemical model found that highacted to the top of the chamber. The cooling rate can be

concentrations of soot may increase the number of ice crysy4ried between 0.1 to 4 K mir}, assuming a dry adiabatic

tals and conversely low concentrations of soot coagulateqapse rate of 9.75 K km! this equates to updraft velocities
with background aerosol could significantly reduce ice crys-¢ 9 15ms? to 6.5ms? in the troposphere, respectively

tal number. It was noted that the source and ageing Processefiahler et al, 2003. Further details of the AIDA facility

were crucial factors in determining the ice nucleation effi- 5,4 its instrumentation can be found Mdhler et al, 2008
ciency of soot, stating that coated soot particles are poor iC‘%OOSab 2003 Wagner et a.2009. ’

nuclei when compared to their bare counterpaikar¢her Combustion soot aerosol was generated using a Jing-

etal, 2007. _ _ CAST Technologies Combustion Aerosol Standard (CAST)
. .There have been relatively few Igboratory studies eXaMyronane burner. Note in this paper we use the term “soot”
ining soot's behaviour as a potential IN partly due to the i, refer 1o all particles produced by the CAST generator and
difficulty in designing an experiment to probe the soot par-« g for material detected by the SP2 via laser-induced in-
ticles subsequently contained within cloud ice crystals and.angescence. The CAST generates the test aerosol within a
also because of the problems inherent in sourcing suitable ,_fow diffusion of propane flame and particle free sheath
and reproducible test soot. Investigations have used different;; in 4 total flow of 29 I min! at 1013 hPa and 273 K. By

experimeptal_techniques and_ different soot pr.oduction anq/arying the propane-air ratio, a range of soot containing of
characterisation methods which also makes direct comparign order of a few percent organic carbon content to organic

son of reported results difficult, however they all suggest that.;rhon contents of up to 80 % can be generated in a repeat-
soot may be a significant source of atmospheric IN as noted |« tashion $chnaiter et a)2008.

by Dymarska et al(200§ (DeMott, 199Q Diehl and Mitra

2 Experimental method

5.1 Cloud chamber and soot generation
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Fig. 1. Schematic of the AIDA cloud simulation chamber with
instrumentation for heterogeneous ice nucleation studies of soot
aerosols.
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The organic carbon content of the soot was determined us- o
ing an off-line thermographic technique. Combustion aerosol d_pm)
samples were deposited onto quartz fibre filters which were
then analysed over three temperature stages; in the first staggy 2 size distributions of CAST soot as measured with an SMPS;
low VOIat|I|ty oC Compounds were volatilised in 35Q he- 5% (triangle), 30 % (square) and 70 % (star) organic carbon (OC)
lium flow and then catalytically oxidised. The carbon frac- content after growth in the NAUA aerosol chamber prior to injection
tion was determined as Gby NDIR spectrometry; in the into the AIDA aerosol chamber. Area enclosed in grey shows the
second stage, the remaining less volatile OC compoundgetection range of the SP2.
were volatilised in a 650C helium flow; in the final stage
the remainder of the sample was burned in a B5®xy- AT
gen flow and the detected carbon fraction was classified as e & s s i g o
Elemental Carbon (EC), allowing the EC/OC ratio to be cal- T . ‘ . T .
culated. Organic carbon amounts given in this paper always 100 - } © OC, cusr |4
refer to the sum of both the volatile and less volatile fractions I A ECicsr
analysed thermographically. Further details can be found in

Schnaiter et al(20086. & _ $ ﬁ | d

1
1000

A mini-CAST (Jing-CAST Technologies) propane burner
was used for a subset of experiments which exhibit a slight
change in the composition of the same soot for the same ga:
flows. Figure3 shows the OC/EC ratios for a given C/O A
burning ratio as detailed iBchnaiter et ali20086. - g -

A comparison of the aerosol size distributions for each of 20 - A { g
the soots generated with the CAST and mini-CAST generator
is given in Fig.4. Note that the coagulation times of the "  — L ‘ . !
soot in the NAUA chamber before injection into the AIDA 92 04 08 0.8 L
chamber were longer for the INO9 case, which explains the

difference in modal diameters. _ , "y
S | d by the CAST d h . Fig. 3. Dependence of the particle composition (OC and EC con-
oot aerosol generated by the produces the rT""’Uort'ent) on the C/O atomic ratio in the burner. Full symbols indicate

ity of the number concentration in the sub-0.1 pm diametery,easyrements on samples from the NAUA chamber, open symbols
range. This soot is injected into a smaller chamber (NAUA, indicate samples taken directly behind the CAST burner. For further
3.7 m? in volume) at ambient temperatures where it is left to details se©chnaiter et al2008.

coagulate to form a number distribution with a modal mo-

bility diameter of approximately 0.3 um as measured with a

Scanning Mobility Particle Sizer before being injected into particles of up to 0.12um in diameter also being present
the AIDA chamber (Fig.2). Transmission Electron Mi- (Schnaiter et al2006. Comparison of this soot to previous
croscopy analysis showed the soot aggregates generated wisitudies is difficult as in many of the studies the aerosol pop-
the CAST to typically consist of small individual particles ulation was poorly defined. Thdohler et al.(20053 study

of aproximately 0.03 um in diameter with larger spherical using a comercial graphite spark generator found the primary

60 -

OC and EC [%]

www.atmos-chem-phys.net/11/9549/2011/ Atmos. Chem. Phys., 11, 95892011



9552 I. Crawford et al.: Heterogeneous freezing on propane flame soot

5000 a mean diameter of 0.24 urbymarska et al(2006 studied
4500 A minikCASTOC,, Q a multitude of different soot types using a flow cell arrange-
4 CASTOC, Y ment but only note that the majority of particles were be-
4 tween 1 and 20 um in diamet&aathoff et al(2003 investi-

A

r

A

A

4000

3500 gated soot generated using a Diesel engine which yielded pri-

mary particles smaller than 0.05 pm in diameter which were
aggregated (along with ammonium sulphate) to modal sizes
of approximately 0.25 um.

For the soot characterisation experiments, three distinctly
different soots were generated: (a) minimum organic car-
bon content soot~5 % organic carbon content by mass),
(b) medium organic carbon content soot30 % organic car-
bon content) and (¢c) maximum organic carbon content soot
(~60/70 % organic carbon content). Hereafter these classifi-
B cations for minimum, medium and maximum organic carbon
B 1400 content particles will be referred to as @@Csp and OGg
T {1200 respectively.
= During a subset of experiments the mini-CAST propane
r 800 burner was used and the propane flame soot particles were

'-_ o coated with sulphuric acid by mixing the soot aerosol with
0 a flow of synthetic air saturated with sulphuric acid vapour
a
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in a temperature controlled flow tube. Sulphuric acid vapour

j \ 20 was condensed onto the soot upon cooling of the saturated
10001 : - mixture in a temperature gradient flow tube; the temperature
*  min-CAST OC, ‘&

00 in the saturator was set to 56 and 45 C for the OG and

OCyo experiments respectively, the temperature of the mix-
ing region at the beginning of the coating tube was s&0
higher than the saturation region. Within the 1.5m long flow
tube (16 mm internal diameter) the temperature decreased to
o about 30°C. The total flow rate through the coating tube was

'i between 30 to 34 Standard Litres per Minute. The nucleation
1* of pure sulphuric acid droplets was suppressed by adjusting
o % the flow rates and cooling gradient profile.

100 ¥ i
omm-—z;‘ - 2.2 Cloud, aerosol and black carbon measurements
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Aerosol measurements were made by directly sampling from
Fig. 4. Comparison of size distributions of mini-CAST and CAST the AIDA chamber both prior to and during cloud simula-
soot as measured with an SMPS; 30 %/5 % (top), 80 %/30 % (mid-tion experiments. During cloud simulation experiments it
dle) and 90%/70% (bottom) organic carbon (OC) content afterwas possible to measure cloud particle residual aerosol us-
growth in the NAUA aerosol chamber prior to injection into the ing a Pumped Counterflow Virtual Impactor (PCVI), similar
AIDA aerosol chamber. Note: the coagulation times of the soot inin design to that described HBoulter et al.(2006. This in-
the NAUA chamber before inj_ection int_o the AIDA chamb_er were struyment produces a barrier flow to incoming sampled par-
anger for the INO9 case, which explains the difference in modal ticles allowing only those greater than a certain size (i.e.
diameters. with a characteristic momentum) to penetrate and be sam-

pled. The recirculating particle-free dry barrier flow also
particles to be between 4 to 8 nm in diameter and these werevaporates the ice to leave the residual assumed IN, particle.
aggregated to around 0.09 um in a small chambashl and  Characterisation of the PCVI showed that the 50 % transmis-
Mitra (1998 used a kerosene burner in their study to producesion size Psg) was approximately 5um. Aerosol residuals
aggregates of 0.10to 0.12 um in diameter. No estimate of thevere analysed using a number of instruments but for this
primary particle size were made but it was noted by the au-work we focus on measurements of rBC core mass and as-
thors that 80 % of the particles produced were smaller tharsociated coatings made by a Single Particle Soot Photometer
0.09 um in diameter.DeMott et al.(1999 used comercial (SP2; DMT, Boulder, Colorado, USAB&Gumgardner et al.
Degussa lamp black carbon which quotes an average size @004 Schwarz et a).2006 Stephens et al2003. The SP2
0.095 um with aggregates being lognormally distributed withwas available for the first series of experiments examining
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soot (rBC plus any associated organics), but not the second Ice particle concentration and size was measured indepen-
series of experiments when soot particles were also coatedently with an optical particle counter (OPC) and a Cloud
with sulphuric acid. Aerosol is drawn into the SP2 where Particle Imaging probe (CPI; SPEC, Model 1). The optical
the air jet containing the sample intersects a Nd:YAG, in- particle counter (WELAS model 2000, Palas GmbH) is sen-
tracavity, continuous laser beath£ 1064 nm). Laser light sitive to ice particles in the size range of 1-20 um in diamater
scattered by sample particles of detectable size is detecteahd measured the size and number concentration from a ver-
by an avalanche photodetector (ADP) and related to particldical sample flow tube attached directly beneath the aerosol
size by means of calibration with polystyrene latex sphereschamber. A CPI was also mounted directly below the aerosol
(PSL). chamber and used to measure the concentration and size dis-
Refractory and strongly light-absorbing aerosol particlestribution of large ice crystals with diameter®p > 10 um,
(including black carbon) of sufficient size will absorb energy and to identify their morphology. The CPI instrument and
and become heated to their boiling or vaporization temperathe analysis techniques used are the same as those described
ture when they will start to incandesce. Emitted thermal ra-by Connolly et al.(2007, 2009.
diation is detected by narrowband (630-800 nm) and broad- The ice saturation ratiaS() was calculated from the wa-
band (350-800 nm) filtered photo multiplier tube detectors.ter vapour pressure, that was measured in situ by a tune-
The signals from these are amplified to produce low andable diode laser (TDL) absorption spectrometer. The instru-
high gain signals, increasing the instruments detection resment consists of a room temperature near-infrared tunable
olution range. The SP2 therefore provides a measure of theliode laser operating at a wavelength of 1378 nm and a
total particle size distribution which can be segregated intowhite multipath cell with 23—99 m optical patkl¢ert et al.
non-absorbing (purely scattering) particles and incandescin@005. The TDL system provides water vapour mixing ratio
(rBC-containing) particles. The time delay between the de-data with a time resolution of 1 Hz, an accuracytéf—10 %,
tection of scattering and incandescence signals from a singland a resolution in the region of 15 ppb as has been demon-
particle can be used as a proxy for the particle coating thickstrated during the international hygrometer intercomparison
ness since the coating must be ablated before the core cakquaVIT (Fahey et al.2009. The water vapour saturation
incandesce. The time delay is defined as the difference bepressure with respect to ice was calculated according to the
tween the maxima in a particle’s incandescence and elastiparameterisation dflurphy and Koop(2005.
light scattering signalst{ = fincandescence fscatte) (Moteki
and Kondg 2007 Schwarz et a).2006. A detailed inter-
comparison study of instruments measuring the black carboi3 Experimental parameters and soot characterisation
content of well characterised soot particles demonstrated that
the peak incandescence signal measured by the SP2 is prdwo sets of ice cloud nucleation experiments using CAST
portional to black carbon mass and that for a given mass th@nd mini-CAST propane flame soot particles with thesOC
incandescence signal is independent of particle morphologypCso and OGg content were carried out with and without
or mixing state $lowik et al, 2007). a sulphuric acid (SA) coating. Seven experiments in total
The SP2 was aligned and tested prior to the start of the exwere conducted without SA coatings during the campaign,
periment series and the instrument was calibrated daily bereferred to hereafter as INO9 (March 2006). The parame-
fore each series of experiments using glassy carbon spherders describing the experimental conditions and aerosol load-
(Alpha Aesar, density 1.42gcm) which were size se- ings for all the INO9 experiments are summarised in Table 1
lected using a DMA (TSI, model 3077), and polystyrene la- along with the conditions at the onset of freezing. The on-
tex sphere test particles to verify the calibration and opticalset of freezing conditions are defined as those where a given
alignment of the instrument. As configured in this experi- fraction of the test aerosol becomes ice active. In this work
ment, the SP2 typically detected single particles in a massctivation thresholds of 0.1% and 1% were initially used
range of 7-370fg, equivalent to particles with 0.19-0.73 umhowever given the low aerosol number concentrations for
rBC core diameters, calculated from the particle mass assumNO09 the 0.1 % activation threshold may possibly be biased
ing a rBC density of 1.8 g cr? however the CAST soot (rBC by background aerosol activation and so is excluded from the
plus associated material) may have densities of between 1.8nal discussions. Typical background activation concentra-
and 1.9 g cm® depending on OC content. The glassy carbontions from reference expansions were found to be approx-
particle calibration covered a mass range 20-250fg (0.27-4mately 0.5cnt3. A further series of 11 experiments (re-
0.65 um for soot density of 1.8 g cth (Bond and Bergstromn  ferred to as the IN11 campaign, November 2007) studied the
2006. The detectable size range for purely scattering parti-ice nucleation properties of mini-CAST propane flame soot
cles was 0.15-0.60 um diameter and PSL calibrations wergarticles with and without sulphuric acid coatings; the exper-
performed over a size range from 0.20-0.60 um. A detailedmental conditions for the IN11 experiment are summarised
description of the data processing and analysis procedureis Table 1.
developed for the University of Manchester SP2 is provided The OG and OGg flame soot were characterised both
by Liu et al. (2010 andMcMeeking et al(2010. prior to cloud expansion experiments at equilibrium in the

www.atmos-chem-phys.net/11/9549/2011/ Atmos. Chem. Phys., 11, 95892011



9554 I. Crawford et al.: Heterogeneous freezing on propane flame soot

Table 1. Parameters of AIDA ice cloud simulations. INO9 experiments were performed using CAST propane flam@ydedhe AIDA
pressure before pumpingyo the AIDA gas temperature before pumpitdyg the AIDA aerosol number concentration before pumping. The
onset of freezing for 0.1% and 1 % of the aerosol population becoming ice active is given as a function of the AIDA gas tempgyature (
and the saturation ratio with respect to ice and wafeaidSw).

\ Experiment Parameters | 0.1%activation | 1% activation

Experiment| Type Pp,hPa Tgo,K Nagcm™3 | Tgk S Sw | Tgk S Sw

IN09_08 0GCs 989.9 228.9 210 2273 110 0.71 226.6 122 0.78
IN09_09 0GCs 989.6 228.9 131 2275 1.09 0.71 2264 1.23 0.79
IN09_18 OCzp 996.5 228.9 277 2269 1.21 0.79] 223.6 1.63 1.02
IN09_19 0OCzp 999.7 2291 195 2277 1.09 0.69 223.7 164 1.03
IN09_20 0OC3zp 995.0 228.9 132 227.7 1.07 0.69 2232 1.70 1.06
IN09_21 OCy;p 997.9 228.9 290 2245 1.48 093 2240 154 0.96
IN09_22 OCz;p 990.8 228.7 180 2243 152 095 2239 167 0.99

AIDA chamber and during cloud expansion experiments us-(Atg = —0.2 us, A Dgc = 0.03 um), however the BC core
ing a PCVI. We treat the particles as rBC “cores” associatedsize mode is broader and moves to larger mean sizes sug-
with organic coatings when interpreting the SP2 measuregesting either that larger soot-core particles activate prefer-
ments. The top left and 2nd left panels of Figshow the  entially or that all sizes activate with equal efficiency but
time delay, rq, between SP2 scattering and incandescencéhat the ice produced inertially scavenges additional unac-
signals for the Og and OGg soot particles prior to cloud tivated particles which increases the size of the residual core.
expansion as a function of the black carbon core size. Tha/ery few OGgg soot particles are ice active, typically 2—3 %
OG5 and OGg soot display significantly different time de- of the population, resulting in poor counting statistics for
lay characteristics; the modal value gf for the OG, soot  the PCVI residual measurement in this case, thus no mean-
is 0.6 us at an rBC core mass equivalent diameigyc of ingful comparison between the pre-expansion and residual
0.25um. data can be made. Artefacts from incomplete evaporation of
This is indicative of an undetectable coating and is sim-cloud particles in the PCVI are minimal for the @€oot; if
ilar to the time delays observed for uncoated calibrationthe coating thickness was increased by incomplete evapora-
particles. In contrast the Qg soot modalry is 5.8us at  tion it would be expected that there would be a significant
Dgc =0.19 um. Values of;y = 4.2 us are considered to be shift in the modal value ofy between the pre-expansion and
indicative of particles with a thick coating.is et al, 2010 residual particles. To test this severglprobability densi-
thus the OGg soot has a considerably thicker or less volatile ties of narrow core mass range (5 fg) were compared for the
coating than the O€soot. The BC core sizes for the @C pre-expansion and residual soot where no significant modal
were larger and more varied than the §9Goot which may  variation was observed, however, there were some outliers
be due to the bulk of the mass residing in the core consistingpreading to highy in the residuals, suggesting that a minor-
of a chain aggregate fractal morphology whereas thgOC ity of the residual particles have an increased coating thick-
soot has most of its mass residing in the coating. Previousiess. If the PCVI were to remove volatiles from the coating
work by Schnaiter et al(2006 showed that soot of similar then it would be expected that the modal valuefvould
organic carbon content to the @§Soot generated by CAST decrease which is not consistent with the observations, how-
contained spheroidal particles of sizes up to 0.12um in di-ever the SP2 may not be sufficiently sensitive to measure
ameter which were presented individually or in small aggre-such a decrease. Thg probability density integrated over
gates. the size range of the SP2 for the above cases is given in the
Analysis of the scattering and incandescence detected pasrd left panel of Figh where it can be seen that the ©&nd
ticles of the pre-expansion soot found that for thes®@Bot ~ OCgp 74 distributions are significantly different due to the
1 in every 420 particles exhibited no incandescence. For thélifference in coating thickness. The @&y distributions for
OCsp soot this was found to be approximately 1 in 21 parti- the pre-expansion and residuals are similar and any differ-
cles. These ratios describe the entire detectable populatiorgnces are likely to be due to differences in the measured size
of particles sampled but do not necessarily represent to todistributions of each case. This is also observed in thg OC
tal population of particles outside either the incandescencéncandescent mass probability distribution (3rd right panel,
(DBC =0.19-0.73 um) or scatteringd)(= 0.15-0.6 um) de-  Fig. 5) where fewer low mass particles are observed in the
tection limits of the instrument. residuals when compared to the pre-expansion sample, again

The difference iy between the pre-expansion and resid- suggesting that the larger soot particles are preferentially ac-
uals for the OG soot is small,zg = 0.4 ps, Dgc =0.28 um  tivated. Previous studies have observed similar phenomena
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their larger surface area on which nucleation can occur. The
bottom panels of Figh show the optical particle size distribu-
tions for the pre-expansion aerosol containg rBC (black) and
without rBC (red, purely scattering particles). It can be seen
that the modal diameters are in agreement with the SMPS
measurements and that very few purely scattering particles
are observed.

OC, pre-expansion
7, [ns]
N o N £ (o] o
L
OC5 residual
T, [ns]

~o 05 1 0
BC core size [um] BC core size [um]

10 10 T 3.1 Influence of organic carbon content

-

A series of cloud simulation experiments starting at an ini-
tial temperature of 228 K and with constant pumping rates
were performed using the three test soots. The left hand col-
umn of Fig.6 shows a time series of temperaturg),(pres-
sure, (P), supersaturation with respect to icg.£) and water
(Swater), ice number concentratioriV(ce) measured with the
pre-expansion OC, WELAS OPC (black line) and CPI (blue line), and the per-
""""" " centage of the aerosol population that has become ice active
--------- residuals OCy, for the OG soot. For the O€ soot (experiment INOD8)
the onset of freezing occurs well below water saturation sug-
N gesting the particles are active as deposition freezing nuclei;
RO el approximately 25 % of the soot particles were observed to
Incandescent Mass [fg activate during this experiment. From the time series of par-
10° 10° ticle concentrations a formation rate sfl.20 cn3s~! was
subsequently calculated over the period from the initiation
of the ice phase to the maximum observed ice number. At
the onset of freezing the ratio of rBC to purely scattering
particles detected by the SP2 in the residual aerosol was ap-
proximately 7, indicating that the ice active aerosol largely
contains incandescent material, thus thes@@ot is ice ac-
tive. A subsequent expansion on the same test soot under

similar conditions (INO909) yielded a similar onset of freez-

Fig. 5. Characterisation of Soot Core Size and Coating Thickness of. . A - .
. . ing forthe 1% i ivation threshold within experimental
the OG and OGg flame soot. Top panels display the normailized g for the 1% ice activation threshold within experimenta

frequency of soot as a function of BC core diameter antbr the error. Wh_en Compared to theuonset of freezmg_for pure sul-
0Cs soot sampled at equilibrium in the AIDA chamber prior to a PhUric acid solution dropletsiohler et al.(2003 it can be
cloud expansion (left) and cloud particle residuals sampled during 25€€n that the OCflame soot acts as a deposition nucleus at
cloud expansion using a PCVI (right). The frequency is normailized much lowerSice than is required for homogeneous freezing
to the maximum observed frequency in the averaged sample. 2n@f solution droplets at the same temperature.

row panels display the same for the g3oot. 3rd row panels dis- The OGo flame soot (experiment INQ®8, Fig.6, mid-
play thezy probability density (left) and incandescent mass prob- dle column) displays somewhat different nucleation char-
ability density (right) at all BC score sizes for the ©@nd OGo  acteristics to the O€soot. The 1% ice active onset of

soot sampled pre-expansion at equilibrium and from PCVI residu-freezing occurs above water saturation with a significantly
als. Bottom panels display the optical size distributions of the Pre-|ower ice particle formation rate of0.05 ent3s~1 with

expansion O (left) and OGo (right) soot; black line is for BC only 1% of the aerosol being ice active. The ratio of incan-

containing particles (left axis) and the red line is for purely scatter-d i ticles t tteri ticles in th iduals al
ing particles only (right axis). Note different scales. The frequency . escent particles 1o scattering particies in the resiauals also

of 74 and incandescent mass are normalized by sample duration. 1S 10W (2060 %) although the counting statistics are limited.
Subsequent expansions on the same test soot (II90&nd

IN09_20) yielded a similar onset of freezing for the 1% ice

activation threshold within experimental error.
for dust particlesArchuleta et al(2005 reported size de- The right hand column of Figs shows the time series of
pendent ice activation efficiencies for several mineral dustghe OGg soot experiment (INO21). Similar to the Ogy
where they noted that larger particles consistently nucleate@xperiment, the onset of freezing occurs near water satu-
ice at lower humidity than smaller particles at the same tem-ation, however, the formation rate is significantly higher
perature.Mohler et al.(2006 also showed that larger dust at ~0.19cm3s~1. In this case 3-5% of the aerosol be-
particles are more ice active than smaller particles owing tocame activated. The majority of residual particles do not
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Fig. 6. Time series of temperaturd), pressure R), saturation ratio with respect to ice and wat§}, (ice crystal number concentration
(Njce) and percentage of the aerosol population active in the ice phase for #)e3@gy and OG flame soot.

incandesce and only small cores are observed with low reet al.(2000. The time series of ice crystal number concen-
fractory BC mass fraction. Similar to previous experiments, tration for the OGg soot with sulphuric acid coating is shown
subsequent expansion experiments on the same soot did niot the left column of Fig8 where it can be seen that there is
yield significant differences in the onset of freezing. a sharp increase in ice crystal number concentration as mea-
The above experiments on the uncoated soot are sunfured by the WELAS shortly after the onset of freezing. The
marised in Fig.7 where the onset of freezing is shown as a RH at the onset of freezing along with the ice formation rate
function of temperature and ice saturation ratio. It can clearly(2.18 cnt3s71) indicates that ice is mainly formed by the
be seen that the GGoot became ice active as deposition nu- homogeneous freezing of sulphuric acid mixed with organ-
clei below water saturated conditions whereas thed@d ics from the flame soot. However, a contribution from im-
OC; soots required water saturation for ice nucleation to oc-mersion freezing cannot be ruled out.
cur. Soot types with IN thresholds above the water saturation The OGg mini-CAST soot was found to be inactive when
line can be considered as completely unimportant for heterouncoated. Ice activation behaviour was not observed until

geneous ice nucleation in the atmosphere. Si values of 2.2-2.387T = 2194-218.6 K,Sy, in excess of
1.3) was achieved, considerably higher than the results re-
3.2 Influence of sulphuric acid coating ported for INO9 using the CAST burner. The reason for this

is unclear; possible explanations are that the generated soot
The second series of experiments (IN11) examined how théS €xtremely hydrophobic or that the organic coating has un-
ice nucleating behaviour of mini-CAST propane soot par-dergone a glassy transition resulting in ice crystal growth
ticles was altered by the addition of a sulphuric acid coat-Peing significantly impeded which has recently been inde-
ing. It was found that the addition of the coating acted to Pendently demonstrated @obrist et al. (2008 andMurray
shift the freezing threshold of Qg soot to higher ice sat- (2008. When the Ogo soot is coated with sulphuric acid
uration ratios than were necessary for the uncoated soot ti1e onset of freezing occurs slightly above the homogeneous
become ice active as is shown in Fy.The uncoated O§ freezing threshold for sulphuric acid suggesting that similar
flame soot activated to form ice below water saturation byto the OGo case, the homogeneous freezing of the mixed
deposition nucleation in a similar fashion to the previous se-coating is the dominant process.
ries of experiments. When a sulphuric acid coating was ap- The uncoated Ogy mini-CAST soot became ice active at
plied the onset of freezing for 0.1 % of the aerosol populationwater saturation similar to the QgCAST soot. Subsequent
(IN11.24, Fig.9) occured at conditions typical of the ho- expansions on the same soot showed that significant IN ac-
mogeneous freezing sulphuric acid as characterisd<bop tivity required water saturation. The addition of a sulphuric
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I. Crawford et al.: Heterogeneous freezing on propane flame soot

9557

Table 2. Same as Table 1 but using mini-CAST propane flame soot. Values in italics are extrapolated from the 0.1 % activation data.

\ Experiment Parameters

| 0.1% activation |

1% activation

Experiment|  Type Pp,hPa Tgo, K Nggcm™3 | Tg kS Sw | Tgk  Si Sw
IN11_20 OCsg 997.1 228.8 1100 2251 132 0.84| 2248 136 0.86
IN11.21 OCgzo 995.2 228.8 775 2248 138 0.87| 2244 143 0.90
IN11.22 0OCsg 995.3 228.8 570 2245 142 0.89]| 224.2 147 0.92
IN11_24 OCgg W/SA 999.1 228.8 1500 2240 147 092 2239 148 0.93
IN11.25 OCzoW/SA  1000.2 228.8 1090 2249 138 0.87 - - -
IN11.26 OCqo 1013.1 228.5 1170 2222 >16 =>1.0 — — —
IN11_27 OCqo 1013.0 228.3 780 220.2 >22 >1.3 — - —
IN11.28 OCgo 1013.2 228.3 525 2185 2.48 1.50 — - —
IN11.30 OCgoW/SA 1015.1 228.1 1380 2234 147 092] 223.2 1.48 0.92
IN11_31 OCgoW/SA 10151 228.1 950 2235 147 092 2231 152 0.94
IN11_32 OCgoW/SA  1015.2 228.1 610 223.3 149 093| 2231 151 0.94
IN11.34 OCggwW/SA 1010.7 228.0 1210 223.1 151 0.94| 222.7 156 0.97
IN11_35 OCgoW/SA  1007.3 228.0 860 223.1 153 095 2229 156 0.97
IN11.37 OCgp 1002.0 228.2 1360 2194 =22 >1.3 — - —
IN11.38 OCgy 10004 228.0 930 | 2192 23 138 - - -
IN11_39 OCgo 1002.2 228.1 620 218.6 2.38 1.43 — - —

1% ice activation threshold

S
ice
-
I3
T
:

O *xEEED

IN09 08 OC,
IN09 09 OC,
INO9 18 OC;;
IN09 19 OC,,
IN09 20 OC,,
IN09 21°0C,,
IN09 22 OC,,

SA (ACP 2003)
FaidFico

Hom IN (4a=0.303)

acid coating required conditions for the onset of freezing that
were similar to those for homogeneous freezing of sulphuric
acid, again suggesting homogeneous freezing to be the dom-
inant mode. The results of the above experiments are sum-
marised in Fig9 where the onset of freezing is shown as a
function of temperature and ice saturation ratio. The mean
conditions at the onset of freezing are given in Table 2. The
addition of a sulphuric acid coating acts to impede the ease
with which the mini-CAST OGg flame soot will become ice
active when comparing IN120 to IN1124, however for the
second consecutive expansion on the test soot (IRPLand
IN11_25) little change was observed. The addition of a sul-
phuric acid coating to the Qfg and OCGg mini-CAST soots
resulted in a significant reduction in the threshold of the onset
of freezing, making them more active IN.

4 Summary and conclusions

H H I H
210 215 220 225 230 235

Temperature [K] The critical saturation ratios for the onset of freezing of

propane flame soot particles with and without sulphuric acid

Fig. 7. Summary ofl" andSjce for the onset of freezing forthe @QC  coatings as a function of organic carbon content were in-
OCgp and OGy flame soot particles during INO9 experiments. The yestigated. Ice initiation was achieved in cloud simulation

dashed line indicates water saturation as giveNlbyphy and Koop
(20095. For comparison the homogeneous freezing of pure sul-
phuric acid droplets are shown (ACP 2003) from previous AIDA
studiesMohler et al.(2003 along with the homogeneous freezing
threshold, (Hom IN) of supercooled solution dropl&isop et al.

expansion experiments with cooling rates betwedn? to
—2.1Kmin~1. For uncoated CAST soot, ice nucleation oc-
cured at a minimum threshold 6f.e ~1.22 atT = 2266 K
for the OG; test soot by deposition freezing. The g)Case

(2000, indicated by the solid line, whetsa is the fitting parameter ~ 'equired supersaturation with respect to water for ice forma-
used as described Mohler et al.(2003 to calculate the homoge- tion to occur as did the Ofg flame soot case. This suggests

neous freezing threshold.

that either the higher OC flame soots activate by condensa-

tion freezing or only act as freezing nuclei after liquid droplet
activation, which is in agreement with previous studies by
DeMott (1990 using flame soot particles. Itis suggested that

www.atmos-chem-phys.net/11/9549/2011/
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Fig. 8. Same as Fig6 but for mini-CAST OGq, OCgg and OGq flame soot with sulphuric acid coating.

28 the variation in ice activation threshold may be due to the
A \NMQOOC3u . . . ap sy
0.1% ice activation threshbid A 2o, different soot core sizes with larger cores exhibiting lower
AR thresholds.
+* A INT1250C, +SA .. . . .
aal L m mnsroo The addition of a sulphuric acid coating was observed
" IN11 38 OC, . .
o) gl iy to alter the ice nucleation threshold for all of the test soot.
22l |k =0 ol Mo For the mini-CAST OGp soot the coating acted to increase
IR o the activation threshold for the initial expansion, effectively
of > N800, making it a less active ice nucleus. This is in agreement with
e IN1130 OC,, + SA . H
g 5 N 810G, esA Mohler et al.(20053. For the subsequent expansion on the
18} A coated OGp soot the coating acted to slightly decrease the
___________________________________ Rl activation threshold when compared to the subsequent ex-
Ter o R 2 — pansion on the uncoated soot. The mechanism for this is
] —e— Bl e (e unclear.
14 @ d () . . . . o
A The addition of sulphuric acid coatings to the mini-CAST
120 , | ‘ v OCgp and O soots acted to significantly reduce the thresh-
old required for ice activation as the particles undergo ho-
1 i : : i i mogeneous freezing. This is in agreement with the work
210 215 220 225 230 235

Temperature [K] of DeMott et al.(1999, who showed that addition of mul-
tiple layers of BSO, to Degussa soot would reduce the
Fig. 9. Onset of freezing where 0.1% of the aerosol population RH,, required for ice nucleation by as much as 10%. This
become ice active for Ofg, OCgp and OG flame soot with (un- s contrary however to the result dMohler et al.(20053
filled markers) and without (filled markers) a sulphuric acid coat- who showed that spark generator soot became less efficient
ing. Da;heq Iing is water saturation; water saturation Pressure paN when coated with sulphuric acid. However, a key point
rameterisation given bjurphy and Koop(2003. For compari- - hore s that the uncoated spark generator soot was shown

son the homogeneous freezing of pure sulphuric acid droplets ar?O be a highly efficient IN, which is not true of the G

shown from previous AIDA studiesiohler et al.(2003, labeled ..
ACP 2003, along with the homogeneous freezing threshold of su-and OGo flame soot used here. Tidohler et al.(20053

percooled solution droplet€oop et al.(2000, indicated by the ~ Study notes that there is a discrepancy between their find-
solid line. ings and thédeMott et al.(1999 study and states that there

may be a relationship between the ice nucleation efficiency
of the soot and how it behaves when coated with sulphuric
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