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Abstract. The University of Toronto continuous flow diffu- 1 Introduction

sion chamber (UT-CFDC) was used to study heterogeneous

ice nucleation at the International Workghop on Compar-The role of ice clouds in determining the global radiation
ing Ice Nucleation Measuring Systems (ICIS 2007) which budget is not fully understood (IPCC, 2007). Part of the gap
also represented the 4-th ice nucleation workshop, on 14—28 knowledge comes from the lack of understanding or quan-
September 2007. One goal of the workshop was to interdification of ice formation processes in the atmosphere, in-
compare different ice nucleation measurement techniques ugluding those associated with heterogeneous ice formation
ing the same aerosol sample source and preparation metho@here solid substrates called ice nuclei (IN) are involved
The aerosol samples included four types of desert mineraln the ice forming process (Cantrell and Heymsfield, 2005).
dust, graphite soot particles, and live and dead bacterial cell®ifficulties arise in quantifying conditions of heterogeneous
(Snomax®). This paper focuses on the UT-CFDC results,ice formation because of the varied composition and size dis-
with a comparison to techniques of established heritage iniributions of IN found in the atmosphere. For example IN can
cluding the Colorado State CFDC and the AIDA expansionSpan compositions from elemental carbon (soot), to biologi-
chamber. Good agreement was found between the differerftal aerosols (bacteria and pollen) and crustal aerosol (mineral
instruments with a few specific differences, especially at lowdusts) (Andreae and Rosenfeld, 2008 and references therein).
temperatures, perhaps due to the variation in how onset 0W|th|n each classification there are further variations based
ice formation is defined between the instruments and the difon aerosol size, source or production method. For exam-
ferent inherent residence times. It was found that when effiple, with desert dust manufactured to represent dusts emit-
ciency of ice formation is based on the lowest onset relativeted from Arizona it has been observed that the mineralogical
humidity, Snomax® particles were most efficient followed composition varies with size of the particle (Vlasenko et al.,
by the desert dusts and then soot. For all aerosols, depositiof005). Ice formation is dependent on the composition of IN,
mode freezing was On|y observed fBbx45 K except for the relative humldlty, temperature and size of IN (Archuleta et

dead bacteria where freezing occurred below water saturatiodl-, 2005; Dymarska et al., 2006; Kanji and Abbatt, 2006,
as warm as 263 K. 2009a; Kanji et al., 2008; Welti et al., 2009). In addition,

when investigated in the laboratory, more factors such as
aerosol preparation and preconditioning as well as ice par-
ticle detection methods and observation time become poten-
tially important factors to consider when reporting ice forma-
tion requisites. Finally, exposure to trace species (organics,
NH3, NOy, SO, O3) may further modify the surface of IN
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Prompted in part by the outstanding questions/issues in th&tetzer et al. (2008) and Kanji and Abbatt (2009b) for recent
field (Laaksonen et al., 1995; Szyrmer and Zawadzki, 1997examples. This in part responds to some of the suggestions
Cantrell and Heymsfield, 2005), a suite of laboratory studieshighlighted in the conclusions of the third workshop while
have recently emerged on the study of heterogeneous ice nl€1S, 2007 takes into account the other suggestions, such as
cleation. These include studies isolating immersion freezingsampling at different supersaturations and temperatures for a
(Zobrist et al., 2006; Marcolli et al., 2007) and condensationgiven aerosol type and maintaining a complete database on
and deposition freezing (e.g., DeMott et al., 199%HWer et  aerosol properties.
al., 2005b; Abbatt et al., 2006; Dymarska et al., 2006; Knopf In the current study we present the first detailed results
and Koop, 2006; Mhler et al., 2006; Salam et al., 2006; from the new University of Toronto continuous flow diffu-
Eastwood et al., 2008; Stetzer et al., 2008; Eastwood et alsion chamber (Kanji and Abbatt, 2009b), and compare these
2009). In addition, field studies (Chen et al., 1998; DeMott etresults to those from the AIDA cloud chamber performing
al., 2003; Cziczo et al., 2004; Ansmann et al., 2005; Twohy“expansion experiments” and to Colorado State University
and Poellot, 2005) have also played a vital role in identify- (CSU) CFDC. Details about the operation of these well-
ing aerosols that are good IN or most frequently associate@stablished ice nucleation chambers can be foundahlit
with ice crystals in the atmosphere. These studies serve tet al. (2006) and Rogers et al. (2001), respectively. Ad-
direct the type of systematic investigations of heterogeneouslitional modifications to the CSU CFDC occurred in 2006
ice nuclei in the laboratory setting. and are presented elsewhere (Eidhammer et al., 2010). In

The general conclusions from laboratory and field investi-addition, details of the experimental schedule and configu-
gations are that mineral dusts are more efficient ice nucleration of all instruments in the workshop can be found in
ators than soot type aerosols and for studies that have inMohler et al. (2008a) The differences between the CSU and
cluded organics, oxidised organics are better at ice nucleUT instruments are primarily the orientation and geometry
ation than reduced (alkyl type) species (Kanji et al., 2008).of the instrument and different detection criteria for ice crys-
However, there are a number of differences between resulttals. Comparison between the expansion, CSU and UT ex-
reported that arise from the different techniques used. Thesperiments covers the majority of the techniques used at the
could benefit from a more detailed comparison between exworkshop since six of ten total instruments represented were
perimental techniques to better define the representation cEFDCs. Note that results from the AIDA and CSU experi-
ice nucleation results (Vali, 1975). Given the wide variety ments along with results from other participants in the work-
of ice nucleation instruments used currently, differences inshop are also to be presented in this special issue, and we
ice nucleation observations will in part arise from the differ- only present a subset of these results to aid in the validation
ent techniques used. To isolate these effects, it is importandf the UT-CFDC data.
to eliminate variability that might arise from aerosol source,
preparation and sampling methods. It may then be possible
to determine which differences have meaning for ice nucle-2 Experimental
ation properties versus being experimental artifacts.

Renewed interest in ice nucleation research and the de2.1 The UT — CFDC
velopment of new instruments prompted The Fourth Interna-
tional Ice Nucleation workshop, ICIS 2007 (DeMott et al., Ice nucleation was carried out in a continuous flow ther-
2010). The goal of the workshop was to perform an inter-mal gradient diffusion chamber whose operation has been
comparison of ice nucleation measurement systems whileescribed in detail (Kanji and Abbatt, 2009b). Briefly, the
sampling aerosols of the same size distribution and source athamber, a CFDC with horizontal orientation whose inner
similar temperatures. The workshop took place at the AIDAwalls are coated with ice and temperature controlled by ex-
(Aerosol Interactions and Dynamics in the Atmosphere) fa-ternal re-circulating chillers, is fed with aerosols through a
cility at Karlsruhe Institute of Technology (Institute for Me- movable stainless steel injector. The aerosol constitutes 10%
teorology and Climate Research) in Germany, between 14-ef the total flow of 2.83 Ipm and the remainder is made up
28 September 2007. The third such workshop took place irof dry particle-free synthetic air. The temperature of both
Laramie, Wyoming in 1975 Vali, 1975). Some of the major walls is varied at similar rates such that the temperature in
conclusions from the third workshop were that supersaturathe centre of the chamber, where the aerosols are injected,
tion played an important role in determining the activation remains constant. Upon increasing the difference in temper-
of IN, further ice nucleation measurements must completelyature between the two walls, a supersaturation with respect
document aerosol properties and new instruments should urte ice develops in the chamber. When ice forms, the particles
dergo extensive testing, controls and validation by compar-grow to sizes beyond those of the aerosols and are detected
ison to pre-existing instruments before being implementedby an optical particle counter (Climet Instruments Model Cl-
for atmospheric sampling (Vali, 1975). In response to these?0). The counter can measure particles in two size bins, with
suggestions, new instruments are being validated before imdiameters greater than 0.5 and 5pm. However, due to the
plementation in laboratory or field studies, for example seesize distribution of sampled aerosols sometimes extending
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beyond 0.5 um, the smaller channel often displayed a higtsince ice crystals grow to substantially larger sizes (Wagner
background count and was not used in this work to determinest al., 2006). An in situ multi-reflection path tunable diode
the onset of ice formation. All experiments were RH scanslaser absorption spectrometer directly measures the water
where the average temperature at the centre of the chamb&apour concentration in the chamber volume. Uncertainty
was kept constant and the RH was increased. The tempeestimates in computed RH, arising mostly from the water
ature range of the experiments was 265-230K. The totalapour and temperature measurements;tae6% (Field et
number concentration of the aerosols was recorded with al., 2006; Mdhler et al., 2006).
condensation particle counter (CPC, TSI — 3010) that sam- The CSU chamber operates on the same basic principle as
pled at a flow rate of 1Ipm. Given the temperature rangethe UT-CFDC, however there are a few differences between
investigated, activation of aerosols could theoretically havethe two instruments, including the orientation, the detection
occurred to form either water drops or ice crystals in somelimit for what constitutes an ice crystal, and the presence of a
experiments. For more hygroscopic aerosols, water uptakeegion in the lower portion of the CSU-CFDC where droplet
can take place at conditions that are subsaturated with reevaporation is induced. The CSU chamber has a circular
spect to water. However, these particles would not grow in togeometry with two vertically oriented concentric cylinders,
the 5 um channel and are of no concern during this study. whereas the UT chamber is horizontal. Sample and sheath
To distinguish between the liquid and ice phases we deflows are injected into the annular gap between the outer
pend on the size of the activated particles and therefore useand inner cylinders, where the inner walls of the chamber
the large channel of the optical particle counter (OPC), whichare coated with ice and held at different temperatures. The
detects particles-5 um, to indicate ice formation. The resi- lower third of the chamber is actively controlled with both
dence time for the particles in the chamber was between 94iced walls at the same (cold wall) temperature so that water
11s, for the temperature range 265 to 230K, respectivelydroplets evaporate to sizes below the ice detection size before
For the residence times used, and based on the differentigdassing into the detector as long as the set pointRi8%
growth rates of ice and water, we have determined that theréDeMott et al., 2008; Eidhammer et al., 2010). At the inlet
is more than enough time for the ice particles to grow to 5 pmof the chamber an inertial impactor removes particles larger
with any water drops remaining well below 5pum in diame- than 1.2um. The detector was an optical particle counter
ter for T < 250K (Kanji and Abbatt, 2009b). In particular, (Climet, Cl — 3100) that detected particles larger than 2 um
for the residence times used at ICIS 2007, water drops woulds ice crystals. The CN counts from the CPCs used for the
grow to 5um atl" =250K, RHy >103%. Therefore, for all expansion experiments were also used to provide CN counts
experiments carried out &t > 250K, we do not have the for the CSU chamber. Residence times were 4 — 5 seconds
ability to attribute activation above water saturation specifi-in the chamber growth region, about half those in the UT-
cally to ice or water. CFDC. The RH uncertainty i£3%. For more details of the
Finally, the activated fraction was calculated as the ratio of CSU chamber at ICIS-2007 see Koehler et al. (2010)
ice counts from the 5um channel to CN counts. The errors
in all RH’s reported amount te-4% and mostly arise from 2.3 Aerosol preparation and sampling
the uncertainty of temperaturg-Q.1 K) measurements along
the walls of the chamber. All aerosol samples were originally contained in an aerosol
preparation and characterization (APC) chamber, a 8.7m
2.2 Experimental overview of AIDA expansion and evacuable vessel that is made of stainless steel and operated
CSU experiments at ICIS-2007 at room temperature. Except for the bacteria and soot, the
aerosols were dry dispersed into the chamber using a rotat-
The AIDA cloud expansion experiments operate on the prin-ing brush disperser (RBG 1000, Palas) in dry synthetic air
ciple of adiabatic expansions that result in rapid cooling(Mohler et al., 2006). For both the bacteria samples, aqueous
and thus increasing RH inside a 84 mylindrical chamber  suspensions were made in de-ionised distilled water 18°
(Mbhler et al., 2006). To simulate pseudo-adiabatic cool-Cit7 cells/ml) and dispersed into the chamber using a disper-
ing of rising air parcels, the pressure within the chambersion nozzle. The aerosol samples used were:
is reduced with a mechanical pump from 1000 to 800 hPa
which resulted in typical mean cooling rates of 1-2 K rrin 1. Arizona Test Dust (ATD) (Powder Technology Inc.,
Aerosol concentrations were measured using a CPC (TSI,  Minnesota, USA).
3010) that was modified to sample at low pressures. Ice
onset was reported when an increase in ice crystal numbers2. Saharan Dust (SD) a surface sample collected 50 km
were observed using a Welas OPC well described in Benz et north of Cairo City Egypt.
al. (2005). In addition the Welas OPC can detect particles
as small as 0.8 um and the ice threshold size is chosen to be3. Canary Island Dust (CID) a surface sample collected
sufficiently large so that the largest aerosol particles and any  near the town of Mala on the Canary Island of
liquid drops present are omitted from being counted as ice Lanzarote.
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4. Israeli Dust (ID) collected from Ramat Hashron, Israel
following a dust storm.

' Table 1. Size distributions of aerosol samples in APC chamber.

5. Graphite spark generated soot (GSG). Aerosol Type Approx. Size Number
) ) . Range (um) Mode (um)
6. Live bacteria (LB) and Snomax® (dead bacteria)
(Mohler et al., 2008b). ,&r_irzg)na Test Dust 0.02-2.00 0.20
Thg soot particles were produced by a commgrcial Graphite Spark 0.02—0.45 0.15
graphite spgrk generator (GfG 1000,. Palas) at maximum Generator Soot
spark capacn_y between_two pure graphite electrogles and with (GSG)
99.999% purity Ar flowing at 5.lem. Soot particles used Israeli Dust 0.03-3.00 0.30
were a surrogate for low organic carbon contertl(%) (ID)
ae_rosol and contained mostly elemental carbon. "I\/Iore de- Saharan Dust 0.03-2.00 0.30
tails on the soot aerosol can be found elsewheréh(ier (SD)
et al., 2005a). The bacteria come from cultures of Pseu- Canary Island Dust 0.02-1.50 0.20
domonas Syringae, in particular the Cit7 strdihe bacteria (CID)
were grown in a rn_lcroblology laboratory, W_ashed in a cen- Snomax® 0.04-15 0.10
trifuge before making an agueous suspension. Snomax® is (CID)
the same species but commercially processed, freeze dried Live B _ 0.04-2.00 0.10 and 0.70
and killed by gamma radiation. It is used in artificial snow (Ii\I/Be) acteria LAme 2 ando.

making.

Size distributions were measured (SMPS, APS 3021) and
are described in Table 1 for particles in the APC chamber. ) _ _
The upper sizes are based on assuming spherical equivalefistruments while sampling from either the APC or AIDA
particles of density 2.6 g cni¥ for dust and 1.4 g cmto pro- chamber (Fl_gs. 3-7). Fpr the bacteria samples we do not
cess the APS data. Note that size distributions in the AIDAPrésent an inter-comparison because of the small number
chamber were not identical to the APC chamber for every exOf €xperiments performed and because most were are at
periment even though particles in AIDA came from the APC T ~ 263K and R, ~100% where we believe UT-CFDC
chamber. For the bacteria samples, the bi-modal distributiorf@nnot distinguish between ice particles and water droplets.
arises from soluble material associated with the matrix of theOr all figures, the metric for comparison of results are the
bacterial solution and bacterial cells. Transmission electrorfRH’S for 0.1% of particles activating ice.
microscopy confirms that the bacteria were presentin the siz
range 0.4-2.0 um with the bacterial cells being on the orde
of 0.7 um.

The aerosols were typically sampled from the APC cham-
ber at ambient pressure, however there were also opport

?.1 General comparison of ice nuclei (IN) sampled

To infer modes of ice formation we assume that activation
below water saturation proceeded by deposition nucleation,

g . uaicknowledging that the specific influence of adsorption or
nities during the workshop to sample from the AIDA cloud condensation processes cannot be discerned there, and ac-

expansion chamber directly, in which case the aerosols Werg ~tion at or above water saturation proceeded by conden-
at lower temperatures than the APC chamber and at mucgation/immer:sion freezing to given that we do not know if

lower concentrations. Since the aerosol lines from the AIDAnuclei freezing during condensation of water drops at low
::hamber tott?e ziSpéggeC'Es[;gmg]mS were ?t room tedmpetrel‘émperatures are distinct from ice nuclei that would freeze
ure (except for the i ), the aerosols warmed up c1‘ollowing immersion at warmer temperatures. We refer to

room temperature prior to entry to the UT system. There Wa%reezing above water saturation as condensation instead of
also a chance to sample aerosols from the AIDA chamber af:

X S A . -_Immersion since we did not actively cool immersed parti-
ter a cloud expansion (i.e. ice activation) experiment. This

I d for the i tigati fice f ¢ o th " cles in the experiments discussed. In Fig. 2, for the higher
atowed for the investigation ot ice formation onto the parti- temperatures the dust aerosols are only active at or above
cles that did not grow to large sizes or activate at all during

. a\[;vater saturation indicating that deposition mode freezing is
. ) . . " robably not the preferred pathway of ice formation. ATD
tional settling. Fig. 1 shows the relative positions of the CSU begins to show some ice activation below water saturation
and UT-CFDC chambers. at T <245K while SD and CID only become active in the
deposition regime al" <240K. When the temperature is
approximately 230 K both ATD and CID begin activating ice
crystals well below water saturation. There is some differ-
In Fig. 2, we plot all the ICIS results from UT-CDFC. ence in observed ice onset RH’s when comparing particles
We then compare our results to those from the differentsampled from the APC and AIDA chambers. For ATD, the

3 Results and discussion
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Fig. 1. Schematic of instruments arranged relative to sampling
chambers at ICIS 2007 at the AIDA facility at Karlsruhe, Germany. Fig. 2. Onset RH for 0.1% activated ice fraction as a function of
The height of the chamber spanned approximately 4 floors. Thdemperature for all aerosols sampled with the UT-CFDC. All data
UT-CFDC was one floor above the CSU-CFDC which was on theare based on the large particle channeb im). UT-CFDC data at
ground floor. Arrows indicate the direction of aerosol flow. For RHy >100% andl" >250K could represent ice and/or water acti-
details of analytic instruments coupled to the AIDA chamber seevation. Triangles: aerosol sampled from AIDA chamber. Squares:
Mohler et al. (2006) and Bhler et al. (2008). aerosol sampled from APC chamber. Stars: aerosol sampled after
a cloud expansion experiment in AIDA. Black line: Water satura-
tion (Murphy and Koop, 2005). Uncertainty in all data poitt4%.

AIDA (pre-expansion) onset is higher than those for APC
particles (see Fig. 2). This could be due instrumental vari-
ability since the data points fall within their levels of un-
certainty (£4%). In addition, the higher onset from parti-
cles sampled from AIDA could also pertain to the size of the
aerosol sampled. Since the UT-CFDC sampling line from the
AIDA chamber was much longer than the line from the APC 3.2 Arizona test dust
chamber, it is possible that large particles were lost while
sampling from AIDA. As reported in Archuleta et al. (2005); | Fig. 3 we plot results from experiments carried out with
Kanji and Abbatt (2009a) and Welti et al. (2009) larger parti- ATD from 256-223 K. Also shown are particle results from
cles lead to lower onset RHs of ice formation. Lower onsetsihe CSU chamber, the cloud expansion experiments and size-
would then be expected while sampling from APC. selected measurements made in our laboratory at University
The bacteria samples and Snomax® mostly activated abf Toronto (Kanji and Abbatt, 2009a). It is apparent that for
the 0.1% level around water saturatiorfat 260 K. Due to  most of the warmer temperature experiments ice formation is
the uncertainty in RH measurement it is not possible to statenly observed at water saturation or above, implying conden-
if freezing proceeds by condensation or deposition modesation freezing of ATD. Deposition mode freezing becomes
However, Snomax® activates ice well below water satura-apparent at about 240 K. Below this temperature the ice on-
tion, implying deposition freezing &t =247 K forming ice  set is well below water saturation. For the warmer temper-
at RH that is 10% lower than that required for SD, ID and ature work there is in general good agreement between the
CID at the same temperature. This is more active than alUT-CFDC, CSU-CFDC and expansion experiments. Note
of the dust particles sampled. Snomax® is clearly the mosthat some AIDA data are plotted at 100% RH because this is
efficient IN of all the samples. Note that the data points the approximate condition of ice formation during continued
at T ~ 263K are close enough to water saturation that thecooling following initial cloud formation. All particles are
UT-CFDC instrument could be measuring water activationimmersed by acting as CCN at undefined,RH100% dur-
and/or condensation freezing. ing these cloud expansions after which the relative humidity
At the lower temperatures GSG is also found to be activein the cloud is 100% due to activation of all particles despite
in the deposition mode. However, it is a less efficient IN thansubsequent freezing. To achieve comparative simulations
ATD or CID. Activation below water saturation for GSG is with the CFDCs operating at the same observation temper-
apparent a’ < 235 K. At warmer temperatures soot only ac- atures, it is necessary to achieve water supersaturations, the
tivates as ice crystals via condensation freezing at or abovealculated values of which are reported. Thus, although we
water saturation. Warm temperature data points have beeassume that the ice nucleation mechanisms are similar, it is

omitted from the comparison since not enough growth was
observed in the 5 um OPC channel to deduce 0.1% ice acti-
vated fractions, implying that GSG is a poor ice nucleus at
T >235.
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not clear if any significance can be ascribed to the difference Arizona Test Dust
between CFDC and AIDA RH in these cases. It would be 105 =l A
necessary to operate AIDA for repeated expansions at the | o o a i m
exact cloud onset temperatures where the CFDCs operated. ] e S g @ Ty O

For the UT-CFDC experiments it is generally observed ~ *7] 2" 'A‘A M
that the onsets of ice formation when sampling from APC 9+ &—post 2" exp
are lower than when sampling from AIDA, as addressed in _ 4] “‘":S:_I P
the previous section. For the CSU-CFDC experiments this§k 1 . = UT (APG)
difference between APC and AIDA is not observed. Itis pos- & *7] .1*3 ® UT (AIDA)
sible that because the CSU instrument used an inletimpactol 7 Rl 2 oo Eﬁf&)
while sampling, which was not used for the UT-CFDC, that 4] © if * AIDA-Expassion
the latter sampled larger particles from the APC chamber o] 0O 40 nm (Toronto)
than CSU. Simple calculations of the proportion of all par- i o ;ggﬁzgzzzg
ticles not sampled by the CSU instrument due to the pre- ®t+——7T—— 71T — T 7T T T 71 1

235 245 250 255 260

impactor 50% size cut average gave values of 0.05% (1.5
particles cnm®) for ATD size distributions from the APC
chamber. As support for this idea, we also plot in Fig. 3 data,:ig_ 3. Comparison of onset Ry for 0.1% activated ice frac-
collected at The University of Toronto using the UT instru- tion as a function of temperature for Arizona Test Dust aerosols
ment from an aqueous suspension of ATD (Kanji and Abbatt,between UT, CSU and AIDA experiments. UT-CFDC data based
2009a). For 100 nm particles deposition freezing is only ap-on 5um channel except for the size selected studies where back-
parent below 233 K. At 223 K, larger ATD particles are much grounds were low enough to use the 0.5um channel. UT-CFDC
more efficient at forming ice. Therefore, if sampling a poly- data at Rkl, >100% andr" >250K could represent ice and/or wa-
disperse sample, as was done in ICIS 2007, it is likely thatter activation. Numbers next to the stars indicate the order of the

lower onset RHs will be observed in the presence of largeicloud expansion experiment. Pre-exp and post-exp indicate sam-
particles pling from the AIDA chamber before and after successive cloud ex-

The data points between 233-231K in Fig. 3 shows a Sig_pansmn experiments. Error bars represent uncertainty in RH mea-

ii din RH ai hat th Il coll d ~Jsurements. Dashed and solid lines: Water and ice saturation, re-
nificant spread in given that they are all collected at Slm'spectively (Murphy and Koop, 2005). Dotted line: Homogeneous

ilar temperatures. For the UT data points when samplingreezing conditions for 0.1% 300 nm ammonium sulphate aerosols
directly from AIDA, there is a systematic increase in onsetin 10 (Koop et al., 2000; DeMott et al., 2009).

RH for each successive expansion experiment. Here, we be-
lieve that the loss of larger ice crystals, hence larger particles
to gravitational settling upon ice formation, leaves behind3.3 Saharan, Canary Island and Israeli dusts
smaller, less efficient particles (Kanji and Abbatt, 2009a;
Welti et al., 2009) for the 2nd and 3rd activations, thus requir- T0 assess the relative efficiencies of different dusts, three
ing higher RH to initiate ice formation. This is the reason for other mineral dust samples were studied. In Fig. 4 we plot
the Systematic increase in onset from experiment to experithe data for ice formation onto SD aerosol. Deposition mode
ment. Note that in F|g 3 the “pre-exp” and “post-znd exp” freezing is Ilkely occurring al' < 246 K above which freez-
data points are far apart enough that our uncertainties in mednd is only observed at or above water saturation for AIDA,
surement cannot be used to explain the differences. This i¥/T and CSU instruments. As with ATD, there is a decrease
also true for the difference between UT(APC)Tat- 231 K in onset RH as temperature decreases, indicating a change in
and “post-1st exp” data points. freezing mechanisms from condensation to deposition freez-
In some cases when sampling from APC, the CSU-CFDCIng. For the UT data points above water saturation, it is not
observes lower onsets than the UT-CFDC and this couldclear whether ice or water activation occurs because they are
be attributed to the detection abilities of the instruments.at the limit for when water droplets can grow large enough
The OPC used with the CSU detects ice particles that ardo be detected in the 5pm channel. For the data points ob-
larger than 2 um while UT detects ice particles that are largeserved below water saturation we can speculate the onset of
than 5um, thus requiring slightly higher RH% & 233K,  deposition freezing however the RH is still close enough to
RH, >76%) for particles to grow to a larger size. This ef- water saturation such that it is within experimental uncer-
fect would be more pronounced if activations occurred attainty. In fact, deposition mode freezing onto polydisperse

low RHs or at very cold temperatures where ice growth ratesSD particulates that were deposited on a hydrophobic sup-
were lowest. port at7 = 233 K have been reported well below water sat-

uration at RH, =73% (Kanji and Abbatt, 2006). Koehler et
al. (2010) also report on deposition nucleation by SD parti-
cles at lower temperatures in this special issue.

Temperature (K)
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Fig. 4. Comparison of onset Riifor 0.1% activated ice fraction
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Fig. 5. Same as Fig. 4 but for CID. Dotted line: homogeneous

as a function of temperature for Saharan Dust aerosols between UTy 105 (DeMott et al., 2009).
CSU and AIDA experiments. UT-CFDC data based on 5 um chan-
nel. UT-CFDC data at Rl >100% andrl' >250K could represent

ice and/or water activation. Error bars represent uncertainty in RHyecurs close to but slightly below the conditions for homo-
measurements (see text for details). Dashed and solid lines: Wateéeneous freezing of soluble particles of the same sizes (see

and ice saturation respectively (Murphy and Koop, 2005).

248 and 241 K respectively,
difficult to resolve a clear difference in the transition temper-
ature between the two dusts.
ature range examined by UT-CFDC was not large enough t
identify this transition. However, in the range presented, the
data are consistent with the water saturation requirement fo
onset ice formation — similar to others. For the lowest tem-

freezing conditions for 0.1% 300 nm ammonium sulphate aerosols

homogeneous freezing line in Fig. 7). Since it is not expected

that these carbonaceous particles possess soluble mass con-
In Figs. 5 and 6 data are plotted for ice formation onsets adent to take up dissolved water, we believe that ice activation

a function of temperature for Canary Island and Israel Dusts,below water saturation represents heterogeneous nucleation

respectively. The behaviour of these two dusts is qualita!" thiS case. The GSG sampled from the AIDA chamber
tively similar to that exhibited for SD. In particular, there is a
distinct shift in ice formation from above to below water satu-

ration for SD and CID. This transition temperature is roughly

resulted in the onset RH for the pre-expansion samples be-
ing higher than post-expansion samples. However, the data
points are within measurement uncertainties and therefore no
although the limited data make isignificance can be attributed to the difference in onset of ice
formation. From the expansion experimentsTat 234 K

In the case of ID, the temper§oot is observed to be an efficient IN as inferred by its re-
Quiring lower onset RHs, much below water saturation with
decreasing temperature. At~ 234K, the lowest RH is
pbserved in the expansion experiments (deposition freezing)
while CSU required water saturation, with UT coming in just

perature runs of CIDI = 232 K) UT observes a higher (7%) below water sgturation. There is a several percent RH dis-
onset RH than CSU. This could be attributed to the delay thaf™ePancy that is not readily explained by measurement un-

results in detection of 5um for UT ice crystals compared to
2um for CSU. For warmer temperatures this “delay of on-
set
growth rates.

certainties when comparing expansion to CSU or UT data at
about 234 and 230K, respectively. Quantitatively, the most

" is not observed and is consistent with faster ice crystaVa”atiO“ between all the results obtained from the three in-
struments being compared is observed for GSG. This is es-
pecially true concerning the different results from the CFDC
instruments and AIDA at below about 234 K. Figure 7 also

3.4 Graphite spark generator soot

cles freezing as a function of temperature.

shows data from Nhler et al. (2005) . for the same type
In Fig. 7 we plot the onset RH for 0.1% of GSG parti- of soot (GSG) as studied at ICIS 2007 and obtained using

Ice formationthe same expansion chamber. These data are in agreement

was not detected in the UT-CFDC at warmer temperaturesyith the current work at warmer temperatures, however be-
T > 235K, for RHy <110%, whereas ice formation was de- low 235K the Mohler et al. (2005) study observes ice forma-
tected at the 0.1% threshold for a few degrees warmer irtion well below water saturation. Below 235K the AIDA re-
AIDA and the CSU-CFDC. For UT data the activation of sults measured up to several percent lower RH onsets on av-
deposition mode freezing appears to be below 235 K. Thiserage than we measured with CFDC instruments. This topic
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108 Isracli Dust 4 Inter-comparison of UT-CFDC, CSU-CFDC and
] A AIDA expansion techniques
104 -
n
100_'_______»_____‘_ _______________ I PR _ The results indicate that for all aerosol types sampled at ICIS
] 2007, the UT chamber was in good agreement with AIDA
96 ) expansion results, with the exception of some differences be-
& wnl m UT(APC) ing observed at low temperatureg & 234K for ATD and
i ] : i?gngEPC) ) GSG) where UT-CFDC gave higher onset RHs of ice forma-
E -Expansion

88 tion for 0.1% of particles freezing than did the AIDA expan-
o] sion chamber. This could partly be an issue of differences

] in the “residence time” of particles in each of the chambers.
80—/ For the CFDC techniques, particles pass through the cham-
] ber within seconds whereas in the expansion chamber, parti-

" - cles remain in the chamber throughout the experimental run
4461 AT A8 249 280 22 2 2 that can last for a few minutes, albeit with continued cooling.
Temperature (K) Furthermore, the 0.1% ice-active fraction pointis in a regime
with continuous increase of RH. Thus both CFDC and AIDA
results at this threshold may be affected by the rate of change
of RH, if time dependence is an issue here. The rate of RH
andT change may be more important than the overall dura-
tion of the expansion experiment. For example, for the soot

Fig. 6. Same as Fig. 4 but for Israeli Dust.

Gtaphite Spark Generator Soot experiments, once the supersaturation had reached its maxi-
e mum value in the expansion, the RH typically started to de-
1044 I crease thereafter. However, the ice fraction still continued
1 A 4 | to increase.
07 A' """ A In comparing our UT-CFDC data to the CSU-CFDC re-
G5, e s sults, there was generally good agreement in the 0.1% freez-
. - l ing metric with a few small differences to be addressed. For
S ] \osmp the UT chamber no inlet impactor was used and therefore
53 . ‘ . m  UT (APC) some large particles could have been present in the samples
] ks ® UT (AIDA) that were absent in the CSU experiments. If this indeed
8 * : ﬁgﬁgq , was the case, it would offer an explanation for lower on-
] " Mibtrerapooy  SetRHs observed with UT compared to CSU in some cases
] (see Figs. 4 and 7). However, there are examples when CSU
76 measures lower onsets than UT, in which case this could be
T O R L R S A W R due to the ice crystal size detection criteria being higher for
Tettperatines (&) UT (5 um compared to 2 um for CSU). This would require

higher RHs especially at colder temperatures and associated
Fig. 7. Same as Fig. 5 but for graphite spark generator soot. IceSlower ice crystal growth rates for ice formation to be de-
saturation line not applicable for presented scale. Pre-exp and postected. Given the different approach used to measure ice
exp indicate sampling from the AIDA chamber before and after aformation in the expansion and UT-CFDC techniques, good
cloud expansion experiment, respectively. consistency is observed when comparing results from pre-
expansion to post-expansion experiments. When instrument
uncertainties are taken into account, good overlap is found
for the onset RHs between the techniques.

deserves further investigation in future studies. Some of the

data in Fig. 7 suggest a transition from condensation to depo5 Conclusions

sition freezing for GSG at about 234 K which is lower than

the transition temperature for dusts (e.g. AT at 245 K). Ice nucleation results for four types of naturally occurring
However, the spread in the data between the three differentineral dust samples, graphite spark generated soot and bac-
technigues makes it difficult to definitely state the mecha-terial aerosols (P. Syringae) in a horizontally oriented parallel
nism of ice formation in these experiments. Finally, there plate CFDC have been presented as a function of tempera-
seems to be a requirement for water saturation to form ice oriure. Ice onsets were defined at 0.1% of aerosols activating
GSG in the mixed phase regime. as ice particles. It was found that dusts are more effective
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