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Abstract

The University of Toronto continuous flow diffusion chamber (UT-CFDC) was used to
study heterogeneous ice nucleation at the International Workshop on Comparing Ice
Nucleation Measuring Systems (ICIS 2007) which also represented the 4th ice nu-
cleation workshop, on 14–28 September 2007. One goal of the workshop was to5

inter-compare different ice nucleation measurement techniques using the same aerosol
sample source and preparation method. The aerosol samples included four types of
desert mineral dust, graphite soot particles, and live and dead bacterial cells (Sno-
max®). This paper focuses on the UT-CFDC results, with a comparison to techniques
of established heritage including the Colorado State CFDC and the AIDA expansion10

chamber. Good agreement was found between the different instruments with a few
specific differences attributed to the variation in how onset of ice formation is defined
between the instruments. It was found that when efficiency of ice formation is based
on the lowest onset relative humidity, Snomax® particles were most efficient followed
by the desert dusts and then soot. For all aerosols, deposition mode freezing was only15

observed for T < 245 K except for the dead bacteria where freezing occurred below
water saturation as warm as 263 K.

1 Introduction

The role of ice clouds in determining the global radiation budget is not fully understood
(IPCC, 2007). Part of the gap in knowledge comes from the lack of understanding20

or quantification of ice formation processes in the atmosphere, including those asso-
ciated with heterogeneous ice formation where solid substrates called ice nuclei (IN)
are involved in the ice forming process (Cantrell and Heymsfield, 2005). Difficulties
arise in quantifying conditions of heterogeneous ice formation because of the varied
composition and size distributions of IN found in the atmosphere. For example IN can25

span compositions from elemental carbon (soot), to biological aerosols (bacteria and
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pollen) and crustal aerosol (mineral dusts) (Andreae and Rosenfeld, 2008 and refer-
ences therein). Within each classification there are further variations based on aerosol
size, source or production method. For example, with desert dust manufactured to rep-
resent dusts emitted from Arizona it has been observed that the mineralogical compo-
sition varies with size of the particle (Vlasenko et al., 2005). Ice formation is dependent5

on the composition of IN, relative humidity, temperature and size of IN (Archuleta et
al., 2005; Dymarska et al., 2006; Kanji and Abbatt, 2006; Kanji et al., 2008; Kanji and
Abbatt, 2009a; Welti et al., 2009). In addition when investigated in the laboratory more
factors such as aerosol preparation and preconditioning as well as ice particle detec-
tion methods and observation time (also important in field studies) become potentially10

important factors to consider when reporting ice formation requisites. Finally, exposure
to trace species (organics, NH3, NOx, SO2, O3) may further modify the surface of IN
(Salam et al., 2007, 2008; Kanji et al., 2008).

Prompted in part by the outstanding questions/issues in the field (Laaksonen et al.,
1995; Szyrmer and Zawadzki, 1997; Cantrell and Heymsfield, 2005), a suite of labo-15

ratory studies have recently emerged on the study of heterogeneous ice nucleation.
These include studies isolating immersion freezing (Zobrist et al., 2006; Marcolli et al.,
2007) and condensation and deposition freezing (e.g., DeMott et al., 1999; Möhler et
al., 2005b; Abbatt et al., 2006; Dymarska et al., 2006; Knopf and Koop, 2006; Möhler
et al., 2006; Salam et al., 2006; Eastwood et al., 2008; Stetzer et al., 2008; Eastwood20

et al., 2009). In addition, field studies (Chen et al., 1998; DeMott et al., 2003; Cziczo et
al., 2004; Ansmann et al., 2005; Twohy and Poellot, 2005) have also played a vital role
in identifying aerosols that are good IN or most frequently associated with ice crystals
in the atmosphere. These studies serve to direct the type of systematic investigations
of heterogeneous ice nuclei in the laboratory setting.25

The general conclusions from laboratory and field investigations are that mineral
dusts are more efficient ice nucleators than soot type aerosols and for studies that
have included organics, oxidised organics are better at ice nucleation than reduced
(alkyl type) species (Kanji et al., 2008). However, there are a number of differences
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between results reported that arise from the different techniques used. These could
benefit from a more detailed comparison between experimental techniques to better
define the representation of ice nucleation results (Vali, 1975). Given the wide variety
of ice nucleation instruments used currently (see DeMott et al., 2010 for examples),
differences in ice nucleation observations will in part arise from the different techniques5

used. To isolate these effects, it is important 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 nucleation properties versus being
experimental artifacts.

Renewed interest in ice nucleation research and the development of new instru-10

ments prompted The Fourth International Ice Nucleation workshop, ICIS 2007 (DeMott
et al., 2010). The goal of the workshop was to perform an inter-comparison of ice nu-
cleation measurement systems while sampling aerosols of the same size distribution
and source at similar temperatures. The workshop took place at the AIDA (Aerosol
Interactions and Dynamics in the Atmosphere) facility at Karlsruhe Institute of Tech-15

nology (Institute for Meteorology and Climate Research) in Germany, between 14–28
September 2007. The third such workshop took place in Laramie, Wyoming in 1975
(Vali, 1975). Some of the major conclusions from the third workshop were that su-
persaturation played an important role in determining the activation of IN, further ice
nucleation measurements must completely document aerosol properties and new in-20

struments should undergo extensive testing, controls and validation by comparison
to pre-existing instruments before being implemented for atmospheric sampling (Vali,
1975). In response to these suggestions, new instruments are being validated before
implementation in laboratory or field studies, for example see Stetzer et al. (2008) and
Kanji and Abbatt (2009b) for recent examples. This in part responds to some of the25

suggestions highlighted in the conclusions of the third workshop while ICIS 2007 takes
into account the other suggestions, such as sampling at different supersaturations and
temperatures for a given aerosol type and maintaining a complete database on aerosol
properties.
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In the current study we present the first detailed results from the new University of
Toronto continuous flow diffusion chamber (Kanji and Abbatt, 2009b), and compare
these results to those from the AIDA cloud chamber performing “expansion experi-
ments” and to Colorado State University (CSU) CFDC. Details about the operation of
these well-established ice nucleation chambers can be found in Möhler et al. (2006)5

and Rogers et al. (2001) respectively. Additional modifications to the CSU CFDC oc-
curred in 2006 and are presented elsewhere (Eidhammer et al., 2010). In addition,
details of the experimental schedule and configuration of all instruments in the work-
shop can be found in Möhler et al. (2008a). The differences between the CSU and UT
instruments are primarily the orientation and geometry of the instrument and different10

detection criteria for ice crystals. Comparison between the expansion, CSU and UT
experiments covers the majority of the techniques used at the workshop since six of
ten total instruments represented were CFDCs. Note that results from the AIDA and
CSU experiments along with results from other participants in the workshop are also
to be presented in this special issue, and we only present a subset of these results to15

aid in the validation of the UT-CFDC data.

2 Experimental

2.1 The UT – CFDC

Ice nucleation was carried out in a continuous flow thermal gradient diffusion chamber
whose operation has been described in detail (Kanji and Abbatt, 2009b). Briefly, the20

chamber, a CFDC with horizontal orientation whose inner walls are coated with ice and
temperature controlled by external re-circulating chillers, is fed with aerosols through
a movable stainless steel injector. The aerosol constitutes 10% of the total flow of
2.83 lpm and the remainder is made up of dry particle-free synthetic air. The temper-
ature of both walls is varied at similar rates such that the temperature in the centre of25

the chamber, where the aerosols are injected, remains constant. Upon increasing the

20861

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/20857/2010/acpd-10-20857-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/20857/2010/acpd-10-20857-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
10, 20857–20886, 2010

Results from the
University of Toronto
continuous UT-CFDC

Z. A. Kanji et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

difference in temperature between the two walls, a supersaturation with respect to ice
develops in the chamber. When ice forms, the particles grow to sizes beyond those of
the aerosols and are detected by an optical particle counter (Climet Instruments Model
CI-20). The counter can measure particles in two size bins, greater than 0.5 and 5 µm.
However, due to the size distribution of sampled aerosols sometimes extending beyond5

0.5 µm, the smaller channel often displayed a high background count and was not used
in this work to determine the onset of ice formation. All experiments were RH scans
where the average temperature at the centre of the chamber was kept constant and
the RH was increased. The temperature range of the experiments was 265–230 K. The
total number concentration of the aerosols was recorded with a condensation particle10

counter (CPC, TSI – 3010) that sampled at a flow rate of 1 lpm. Given the temperature
range investigated, activation of aerosols could theoretically have occurred to form ei-
ther water drops or ice crystals in some experiments. For more hygroscopic aerosols,
water uptake can take place at conditions that are subsaturated with respect to water.
However, these particles would not grow in to the 5 µm channel and are of no concern15

during this study.
To distinguish between the liquid and ice phases we depend on the size of the ac-

tivated particles and therefore used the large channel of the optical particle counter
(OPC), which detects particles > 5 µm, to indicate ice formation. The residence time
for the particles in the chamber was between 9–11 s, for the temperature range 265 to20

230 K respectively. For the residence times used, and based on the differential growth
rates of ice and water, we have determined that there is more than enough time for
the ice particles to grow to 5 µm with any water drops remaining well below 5 µm in
diameter for T < 250 K (Kanji and Abbatt, 2009b). In particular, for the residence times
used at ICIS 2007, water drops would grow to 5 µm at T = 250 K, RHw > 103%. There-25

fore, for all experiments carried out at T > 250 K, we do not have the ability to attribute
activation above water saturation specifically to ice or water.

Finally, the activated fraction was calculated as the ratio of ice counts from the 5 µm
channel to CN counts. The errors in all RH’s reported amount to ±4% and mostly
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arise from the uncertainty of temperature (±0.1 K) measurements along the walls of
the chamber.

2.2 Experimental overview of expansion and CSU experiments at ICIS-2007

The cloud expansion experiments operate on the principle of adiabatic expansions
that result in rapid cooling and thus increasing RH inside a 84 m3 cylindrical chamber5

(Möhler et al., 2006). To simulate pseudo-adiabatic cooling of rising air parcels, the
pressure within the chamber is reduced with a mechanical pump from 1000 to 800 hPa
which resulted in typical mean cooling rates of 1–2 K min−1. Aerosol concentrations
were measured using a CPC (TSI, 3010) that was modified to sample at low pressures.
Ice onset was reported when an increase in ice crystal numbers were observed using10

a Welas OPC well described in Benz et al. (2005). In addition the Welas OPC can
detect particles as small as 0.8 µm and the ice threshold size chosen based on the
largest aerosol particles present for each experiment (Wagner et al., 2006). An in-situ
multi-reflection path tunable diode laser absorption spectrometer directly measures the
water vapour concentration in the chamber volume. Uncertainty estimates in computed15

RH, arising mostly from the water vapour and temperature measurements, are ±4–6%
(Field et al., 2006; Möhler et al., 2006).

The CSU chamber operates on the same basic principle as the UT-CFDC, however
there are a few differences between the two instruments, including the orientation,
the detection limit for what constitutes an ice crystal, and the presence of a region20

in the lower portion of the CSU-CFDC where droplet evaporation is induced. The
CSU chamber has a circular geometry with two vertically oriented concentric cylinders,
whereas the UT chamber is horizontal. Sample and sheath flows are injected into
the annular gap between the outer and inner cylinders, where the inner walls of the
chamber are coated with ice and held at different temperatures. The lower third of the25

chamber is actively controlled with both iced walls at the same (cold wall) temperature
(ice saturation) so that water droplets evaporate to sizes below the ice detection size
before passing into the detector as long as the set point RHi < 108% (DeMott et al.,
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2008). At the inlet of the chamber an inertial impactor removes particles larger than
1.2 µm. The detector was an optical particle counter (Climet, CI – 3100) that detected
particles larger than 2 µm as ice crystals. The CN counts from the CPCs used for the
expansion experiments were also used to provide CN counts for the CSU chamber.
Residence times were 4–5 s in the chamber growth region, about half those in the5

UT-CFDC. The RH uncertainty is ±3%.

2.3 Aerosol preparation and sampling

All aerosol samples were originally contained in an aerosol preparation and character-
ization (APC) chamber, a 3.7 m3 evacuable vessel that is made of stainless steel and
operated at room temperature. Except for the bacteria and soot, the aerosols were dry10

dispersed into the chamber using a rotating brush disperser (RBG 1000, Palas) in dry
synthetic air (Möhler et al., 2006). For both the bacteria samples, aqueous suspen-
sions were made in de-ionised distilled water (5×109 Cit7 cells/ml) and dispersed into
the chamber using a dispersion nozzle. The aerosol samples used were:

1. Arizona Test Dust (ATD) (Powder Technology Inc., Minnesota, USA).15

2. Saharan Dust (SD) a surface sample collected 50 km north of Cairo City Egypt.

3. Canary Island Dust (CID) a surface sample collected near the town of Mala on
the Canary Island of Lanzarote.

4. Israeli Dust (ID) collected from Ramat Hashron, Israel, following a dust storm.

5. Graphite spark generated soot (GSG).20

6. Live bacteria (LB) and Snomax® (dead bacteria) (Möhler et al., 2008b).

The soot particles were produced by a commercial graphite spark generator (GfG
1000, Palas) at maximum spark capacity between two pure graphite electrodes and
with 99.999% purity Ar flowing at 5.0 lpm. Soot particles used were a surrogate for low
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organic carbon content (∼10%) aerosol and contained mostly elemental carbon. More
details on the soot aerosol can be found elsewhere (Möhler et al., 2005a). The bacteria
come from cultures of Pseudomonas Syringae, in particular the Cit7 strain. The bac-
teria were grown in a microbiology laboratory, washed in a centrifuge before making
an aqueous suspension. Snomax® is the same species but commercially processed,5

freeze dried and killed by gamma radiation. It is used in artificial snow 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 equiv-
alent particles of density 2.6 g cm−3 for dust and 1.4 g cm−3 to process the APS data.
Note that size distributions in the AIDA chamber were not identical to the APC chamber10

for every experiment even though particles in AIDA came from the APC chamber. For
the bacteria samples, the bi-modal distribution arises from soluble material associated
with the matrix of the bacterial solution and bacterial cells. Transmission electron mi-
croscopy confirms that the bacteria were present in the size range 0.4–2.0 µm with the
bacterial cells being on the order of 0.7 µm.15

The aerosols were typically sampled from the APC chamber at ambient pressure,
however there were also opportunities during the workshop to sample from the AIDA
cloud expansion chamber directly, in which case the aerosols were at lower tempera-
tures than the APC chamber and at much lower concentrations. Since the aerosol lines
from the AIDA chamber to the respective instruments were at room temperature (ex-20

cept for the CSU-CFDC), the aerosols warmed up to room temperature prior to entry to
the UT system. There was also a chance to sample aerosols from the AIDA chamber
after a cloud expansion (i.e. ice activation) experiment. This allowed for the investiga-
tion of ice formation onto the particles that did not grow to large sizes or activate at
all during an expansion and therefore were not removed due to gravitational settling.25

Figure 1 shows the relative positions of the CSU and UT-CFDC chambers.
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3 Results and discussion

In Fig. 2, we plot all the ICIS results from UT-CDFC. We then compare our results
to those from the different instruments while sampling from either the APC or AIDA
chamber (Figs. 3–7). For the bacteria samples we do not present an inter-comparison
because of the small number of experiments performed and because most were are5

at T ∼263 K and RHw ∼100% where we believe UT-CFDC cannot distinguish between
ice particles and water droplets. For all figures, the metric for comparison of results are
the RH’s for 0.1% of particles activating.

3.1 General comparison of ice nuclei (IN) sampled

To infer modes of ice formation we assume that activation below water saturation pro-10

ceeded by deposition nucleation and activation at or above water saturation proceeded
by condensation freezing. In Fig. 2, for the higher temperatures the dust aerosols are
only active at or above water saturation indicating that deposition mode freezing is
probably not the preferred pathway of ice formation. ATD begins to show some ice
activation below water saturation at T < 245 K while SD and CID only become active15

in the deposition regime at T < 240 K. When the temperature is approximately 230 K
both ATD and CID begin activating ice crystals well below water saturation. There is
some difference in observed ice onset RH’s when comparing particles sampled from
the APC and AIDA chambers. For ATD, the AIDA (pre-expansion) onset is higher than
those for APC particles (see Fig. 2). This could be due instrumental variability since20

the data points fall within their levels of uncertainty (±4%). In addition, the higher onset
from particles 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 chamber, it is possible that large particles were lost while sampling
from AIDA. As reported in Archuleta et al. (2005), Kanji and Abbatt (2009a) and Welti25

et al. (2009) larger particles lead to lower onset RHs of ice formation. Lower onsets
would then be expected while sampling from APC.
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The bacteria samples mostly activated around water saturation, however for all tem-
peratures examined, at the 0.1% level, Snomax® nucleated ice below water saturation,
implying deposition mode freezing. Note that the data points at T ∼ 263 K are close
enough to water saturation that our instrument could be measuring water activation
and/or condensation freezing. Snomax® activates ice well below water saturation at5

T = 247 K, which is more active than all of the dust particles sampled, forming ice at
RHi that is 10% lower than that required for SD, ID and CID. Snomax® is clearly the
most efficient IN of all the samples.

At the lower temperatures GSG is also found to be active in the deposition mode.
However, it is a less efficient IN than ATD or CID. Activation below water saturation10

for GSG is apparent at T < 235 K. At warmer temperatures soot only activates as ice
crystals via condensation freezing at or above water saturation. Warm temperature
data points have been omitted from the comparison since not enough growth was
observed in the 5 µm OPC channel to deduce 0.1% activated fractions, implying that
GSG is a poor ice nucleus at T >235.15

3.2 Arizona test dust

In Fig. 3 we plot results from experiments carried out with ATD from 256–223 K. Also
shown are particle results from the CSU chamber, the cloud expansion experiments
and size-selected measurements made in our laboratory at University of Toronto (Kanji
and Abbatt, 2009a). It is apparent that for most of the warmer temperature experi-20

ments ice formation is only observed at water saturation or above, implying conden-
sation freezing of ATD. Deposition mode freezing becomes apparent at about 240 K.
Below this temperature the ice onset is well below water saturation. For the warmer
temperature work there is in general good agreement between the UT-CFDC, CSU-
CFDC and expansion experiments. Note that some AIDA data are plotted at 100% RH25

because this is the approximate condition of ice formation during continued cooling fol-
lowing initial cloud formation. All particles are immersed by acting as CCN at undefined
RHw > 100% during these cloud expansions. To achieve comparative simulations with
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the CFDCs operating at the same observation temperatures, it is necessary to achieve
water supersaturations, the calculated values of which are reported. Thus, although
we assume that the ice nucleation mechanisms are similar, it is not clear if any signifi-
cance can be ascribed to the difference between CFDC and AIDA RH in these cases.
It would be necessary to operate AIDA for repeat expansions at the exact cloud onset5

temperatures where the CFDCs operated.
For the UT-CFDC experiments it is generally observed that the onsets of ice forma-

tion when sampling from APC are lower than when sampling from AIDA, as addressed
in the previous section. For the CSU-CFDC experiments this difference between APC
and AIDA is not observed. It is possible that because the CSU instrument used an inlet10

impactor while sampling, which was not used for the UT-CFDC, that the latter sampled
larger particles from the APC chamber than CSU. Simple calculations of the proportion
of all particles not sampled by the CSU instrument due to the pre-impactor 50% size
cut average gave values of 0.05% (1.5 particles cm−3) for ATD size distributions from
the APC chamber. As support for this idea, we also plot in Figure 3 data collected15

at The University of Toronto using the UT instrument from an aqueous suspension of
ATD (Kanji and Abbatt, 2009a). For 100 nm particles deposition freezing is only appar-
ent below 233 K. At 223 K, larger ATD particles are much more efficient at forming ice.
Therefore, if sampling a poly-disperse sample, as was done in ICIS 2007, it is likely
that lower onset RHs will be observed in the presence of larger particles.20

The data points between 233–231 K in Fig. 3 show a significant spread in RH given
that they are all collected at similar temperatures. For the UT data points when sam-
pling directly from AIDA, there is a systematic increase in onset RH for each succes-
sive expansion experiment. Here, we believe that the loss of larger ice crystals, hence
larger particles to gravitational settling upon ice formation, leaves behind smaller, less25

efficient particles (Kanji and Abbatt, 2009a; Welti et al., 2009) for the 2nd and 3rd ac-
tivations, thus requiring higher RH to initiate ice formation. This is the reason for the
systematic increase in onset from experiment to experiment. Note that in Fig. 3 the
“pre-exp” and “post-2nd exp” data points are far apart enough that our uncertainties
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in measurement cannot be used to explain the differences. This is also true for the
difference between UT(APC) at T ∼231 K and “post-1st exp” data points.

In some cases when sampling from APC, the CSU-CFDC observes lower onsets
than the UT-CFDC and this could be attributed to the detection abilities of the instru-
ments. The OPC used with the CSU detects ice particles that are larger than 2 µm5

while UT detects ice particles that are larger than 5 µm, thus requiring slightly higher
RHs (T = 233 K, RHw ≥ 76%) for particles to grow to a larger size. This effect would
be more pronounced if activations occurred at low RHs or at very cold temperatures
where ice growth rates were lowest.

3.3 Saharan, Canary Island and Israeli dusts10

To assess the relative efficiencies of different dusts, three other mineral dust samples
were studied. In Fig. 4 we plot the data for ice formation onto SD aerosol. Deposition
mode freezing is likely occurring at T < 246 K above which freezing is only observed
at or above water saturation for AIDA, UT and CSU instruments. As with ATD, there
is a decrease in onset RH as temperature decreases, indicating a change in freezing15

mechanisms from condensation to deposition freezing. For the UT data points above
water saturation, it is not clear whether ice or water activation occurs because they are
at the limit for when water droplets can grow large enough to be detected in the 5 µm
channel. For the data points observed below water saturation we can speculate the
onset of deposition freezing however the RH is still close enough to water saturation20

such that it is within experimental uncertainty. In fact, deposition mode freezing onto
polydisperse SD particulates that were deposited on a hydrophobic support at T =
233 K have been reported well below water saturation at RHw =73% (Kanji and Abbatt,
2006). Koehler et al. (2010) also report on deposition nucleation by SD particles at
lower temperatures in this special issue.25

In Figs. 5 and 6 data are plotted for ice formation onsets as a function of temperature
for Canary Island and Israel Dusts, respectively. The behaviour of these two dusts
is qualitatively similar to that exhibited for SD. In particular, there is a distinct shift in
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ice formation from above to below water saturation for SD and CID. This transition
temperature is roughly 248 and 241 K respectively, although the limited data make it
difficult to resolve a clear difference in the transition temperature between the two dusts.
In the case of ID, the temperature range examined by UT-CFDC was not large enough
to identify this transition. However, in the range presented, the data are consistent with5

the water saturation requirement for onset ice formation – similar to others. For the
lowest temperature runs of CID (T = 232 K) UT observes a higher (7%) onset RH than
CSU. This could be attributed to the delay that results in detection of 5 µm for UT ice
crystals compared to 2 µm for CSU. For warmer temperatures this “delay of onset” is
not observed and is consistent with faster ice crystal growth rates.10

3.4 Graphite spark generator soot

In Fig. 7 we plot the onset RH for 0.1% of GSG particles freezing as a function of
temperature. Ice formation was not detected in the UT-CFDC at warmer temperatures,
T > 235 K, for RHw < 110%, whereas ice formation was detected at the 0.1% thresh-
old for a few degrees warmer in AIDA and the CSU-CFDC. For UT data the activation15

of deposition mode freezing appears to be below 235 K. The GSG sampled from the
AIDA chamber resulted in the onset RH for the pre-expansion samples being higher
than post-expansion samples. However, the data points are within measurement un-
certainties and therefore no significance can be attributed to the difference in onset of
ice formation. From the expansion experiments, at T <234 K soot is observed to be an20

efficient IN as inferred by its requiring lower onset RHs, much below water saturation
with decreasing temperature. At T ∼ 234 K, the lowest RH is observed in the expan-
sion experiments (deposition freezing) while CSU required water saturation, with UT
coming in just below water saturation. There is a several percent RH discrepancy that
is not readily explained by measurement uncertainties when comparing expansion to25

CSU or UT data at about 234 and 230 K respectively. Quantitatively, the most variation
between all the results obtained from the three instruments being compared is ob-
served for GSG. This is especially true concerning the different results from the CFDC
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instruments and AIDA at below about 234 K. Figure 7 also shows data from Möhler et
al. (2005) for the same type of soot (GSG) as studied at ICIS 2007 and obtained using
the same expansion chamber. These data are in agreement with the current work at
warmer temperatures, however below 235 K the Möhler et al. (2005) study observes
ice formation well below water saturation. Below 235 K the AIDA results measured5

up to several percent lower RH onsets on average than we measured with CFDC in-
struments. This topic deserves further investigation in future studies. Data in Fig. 7
suggest a transition from condensation to deposition freezing for GSG at about 234 K
which is lower than the transition temperature for dusts (e.g. ATD at T =245 K). Finally,
there seems to be a requirement for water saturation to form ice on GSG in the mixed10

phase regime.

4 Inter-comparison of UT-CFDC, CSU-CFDC and expansion techniques

The results indicate that for all aerosol types sampled at ICIS 2007, the UT cham-
ber was in good agreement with AIDA expansion results, with the exception of some
differences being observed at low temperatures (T < 234 K for ATD and GSG) where15

UT-CFDC gave higher onset RHs of ice formation for 0.1% of particles freezing than
did the expansion chamber. This could partly be an issue of differences in the “resi-
dence time” of particles in each of the chambers. For the CFDC techniques, particles
pass through the chamber within seconds whereas in the expansion chamber, parti-
cles remain in the chamber throughout the experimental run that can last for a few20

minutes, albeit with continued cooling. Furthermore, the 0.1% ice-active fraction point
is 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 and T change may be more important than the overall
duration of the expansion experiment. For example, for the soot experiments, once25

the supersaturation had reached its maximum value in the expansion, the RH typically
started to decrease thereafter. However, the ice fraction still continued to increase.
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In comparing our UT-CFDC data to the CSU-CFDC results, there was generally good
agreement in the 0.1% freezing metric with a few small differences to be addressed.
For the UT chamber no inlet impactor was used and therefore some large particles
could have been present in the samples that were absent in the CSU experiments. If
this indeed was the case, it would offer an explanation for lower onset RHs observed5

with UT compared to CSU in some cases (see Figs. 4 and 7). However, there are
examples when CSU measures lower onsets than UT, in which case this could be
due to the ice crystal size detection criteria being higher for UT (5 µm compared to
2 µm for CSU). This would require higher RHs especially at colder temperatures and
associated slower ice crystal growth rates for ice formation to be detected. Given10

the different approach used to measure ice formation in the expansion and UT-CFDC
techniques, good 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.

5 Conclusions15

Ice nucleation results for four types of naturally occurring mineral dust samples,
graphite spark generated soot and bacterial aerosols (P. Syringae) in a horizontally
oriented parallel plate CFDC have been presented as a function of temperature. Ice
onsets were defined at 0.1% of aerosols activating as ice particles. It was found that
dusts are more effective at forming ice than soot in the range 253 K> T > 230 K. At20

warmer temperatures, circa 247 K, bacterial aerosols are found to form ice well below
water saturation, thus being more efficient than the mineral samples studied. The onset
of deposition freezing, where ice formation was observed below water saturation, takes
place at T ∼ 242 K for the mineral dust samples. At higher temperatures, water satura-
tion is required. Also presented are comparisons for the mineral dust and soot samples25

to two other instruments, the expansion chamber and a vertically oriented cylindrical
CFDC. Generally good agreement between the new UT-CFDC and the older more
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established techniques was achieved when uncertainties for each of the techniques
are taken into account, except for soot particles sampled at lower temperature. For
prediction of the onset for deposition mode freezing, the three experimental methods
agree on the approximate temperature range where this occurs. Significant differences
in absolute values were observed in the case of GSG soot particles (Fig. 7).5

This comparison has highlighted the advances made in ice nucleation studies. These
include being able to conduct experiments for at least two supersaturations and vali-
dating instruments before field and/or laboratory implementation. However, absolute
statements about definitive onset values are still challenging to make, since experi-
mental techniques operate in different modes. Clearly information on the full activation10

spectrum is also desirable. This work also suggests that rate of change of temperature
and/or RH (residence time) may play a role in ice activation measurements and could
benefit from future research.

Using a range of aerosol sizes also introduced further heterogeneity in samples stud-
ied during ICIS 2007. This is because larger aerosol particles will activate as ice crys-15

tals at lower RHs than smaller ones. Future ice nucleation workshops and studies
may benefit from using size selected aerosols of pure substances such as oxides (e.g.
silica and alumina) or pure clays (e.g. montmorillonite and kaolinite) that form a large
proportion of mineral aerosol.
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Table 1. Size distributions of aerosol samples in APC chamber.

Aerosol Type Approx. Size Range (µm) Number Mode (µm)

Arizona Test Dust (ATD) 0.02–2.00 0.20
Graphite Spark Generator Soot (GSG) 0.02–0.45 0.15
Israeli Dust (ID) 0.03–3.00 0.30
Saharan Dust (SD) 0.03–2.00 0.30
Canary Island Dust (CID) 0.02–1.50 0.20
Snomax® 0.04–1.5 0.10
Live Bacteria (LB) 0.04–2.00 0.10 and 0.70
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Fig. 1. Schematic of instruments arranged relative to sampling chambers at ICIS 2007 at
the AIDA facility at Karslruhe, Germany. The height of the chamber spanned approximately
4 floors. The UT-CFDC was one floor above the CSU-CFDC which was on the ground floor.
Arrows indicate the direction of aerosol flow. For details of analytic instruments coupled to the
AIDA chamber see Möhler et al. (2006) and Möhler et al. (2008).
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Figure 2. Onset RHi for 0.1% activated fraction as a function of temperature for 
all aerosols sampled with the UT-CFDC. All data are based on the large particle 
channel (>5 μm). Triangles: aerosol sampled from AIDA chamber. Squares: 
aerosol sampled from APC chamber. Stars: aerosol sampled after a cloud 
expansion experiment in AIDA. Black line: Water saturation [Murphy and Koop, 
2005]. Uncertainty in all data points ±4%.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 32

Fig. 2. Onset RHi for 0.1% activated fraction as a function of temperature for all aerosols
sampled with the UT-CFDC. All data are based on the large particle channel (>5 µm). Triangles:
aerosol sampled from AIDA chamber. Squares: aerosol sampled from APC chamber. Stars:
aerosol sampled after a cloud expansion experiment in AIDA. Black line: Water saturation
(Murphy and Koop, 2005). Uncertainty in all data points ±4%.
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Figure 3. Comparison of onset RHw for 0.1% activated fraction as a function of 
temperature for Arizona Test Dust aerosols between UT, CSU and AIDA 
experiments. UT-CFDC data based on 5 μm channel except for the size selected 
studies where backgrounds were low enough to use the 0.5 μm channel. 
Numbers next to the stars indicate the order of the cloud expansion experiment. 
Pre-exp and post-exp indicate sampling from the AIDA chamber before and after 
successive cloud expansion experiments. Error bars excluded for clarity (see 
Figure 4). Dashed line: Water saturation [Murphy and Koop, 2005]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 33

Fig. 3. Comparison of onset RHw for 0.1% activated fraction as a function of temperature for
Arizona Test Dust aerosols between UT, CSU and AIDA experiments. UT-CFDC data based
on 5 µm channel except for the size selected studies where backgrounds were low enough to
use the 0.5 µm channel. Numbers next to the stars indicate the order of the cloud expansion
experiment. Pre-exp and post-exp indicate sampling from the AIDA chamber before and after
successive cloud expansion experiments. Error bars excluded for clarity (see Fig. 4). Dashed
line: water saturation (Murphy and Koop, 2005).
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Figure 4. Comparison of onset RHw for 0.1% activated fraction as a function of 
temperature for Saharan Dust aerosols between UT, CSU and AIDA 
experiments. UT-CFDC data based on 5 μm channel. Data points above water 
saturation could be water or ice activation. Error bars represent uncertainty in 
RH measurements (see text for details). Dashed line: Water saturation [Murphy 
and Koop, 2005].  
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Fig. 4. Comparison of onset RHw for 0.1% activated fraction as a function of temperature for
Saharan Dust aerosols between UT, CSU and AIDA experiments. UT-CFDC data based on
5 µm channel. Data points above water saturation could be water or ice activation. Error bars
represent uncertainty in RH measurements (see text for details). Dashed line: Water saturation
(Murphy and Koop, 2005).
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Figure 5. Comparison of onset RHw for 0.1% activated fraction as a function of 
temperature for Canary Island Dust aerosols between UT, CSU and AIDA 
experiments. UT-CFDC data based on 5 μm channel. Error bars represent 
uncertainty in RH measurements (see text for details). Dashed line: Water 
saturation [Murphy and Koop, 2005].   
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Fig. 5. Comparison of onset RHw for 0.1% activated fraction as a function of temperature for
Canary Island Dust aerosols between UT, CSU and AIDA experiments. UT-CFDC data based
on 5 µm channel. Error bars represent uncertainty in RH measurements (see text for details).
Dashed line: water saturation (Murphy and Koop, 2005).
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Figure 6. Comparison of onset RHw for 0.1% activated fraction as a function of 
temperature for Israeli Dust aerosols between UT, CSU and AIDA experiments. 
UT-CFDC data based on 5 μm channel. Error bars represent uncertainty in RH 
measurements (see text for details). Dashed line: Water saturation [Murphy and 
Koop, 2005].  
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Fig. 6. Comparison of onset RHw for 0.1% activated fraction as a function of temperature for
Israeli Dust aerosols between UT, CSU and AIDA experiments. UT-CFDC data based on 5 µm
channel. Error bars represent uncertainty in RH measurements (see text for details). Dashed
line: Water saturation (Murphy and Koop, 2005).
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Figure 7. Onset RHw for 0.1% activated fraction as a function of temperature for 
graphite spark generator soot. Pre-exp and post-exp indicate sampling from the 
AIDA chamber before and after a cloud expansion experiment respectively. Error 
bars represent uncertainty in RH measurements. Dashed line: Water saturation.  
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Fig. 7. Onset RHw for 0.1% activated fraction as a function of temperature for graphite spark
generator soot. Pre-exp and post-exp indicate sampling from the AIDA chamber before and
after a cloud expansion experiment respectively. Error bars represent uncertainty in RH mea-
surements. Dashed line: water saturation.
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