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Experiments conducted at the Aerosol Interactions and
Dynamics in the Atmosphere (AIDA) chamber located in
Karlsruhe, Germany permit investigation of particle properties
that affect the nucleation of ice at temperature and water vapor
conditions relevant to cloud microphysics and climate issues. Ice
clouds were generated by heterogeneous nucleation of Arizona test
dust (ATD), illite, and hematite and homogeneous nucleation of
sulfuric acid. Ice crystals formed in the chamber were inertially
separated from unactivated, or “interstitial” aerosol particles with
a pumped counterflow virtual impactor (PCVI), then evaporated.
The ice residue (i.e., the aerosol which initiated ice nucleation plus
any material which was scavenged from the gas- and/or particle-
phase), was chemically characterized at the single particle level us-
ing a laser ionization mass spectrometer. In this manner the species
that first nucleated ice could be identified out of a mixed aerosol
population in the chamber. Bare mineral dust particles were more
effective ice nuclei (IN) than similar particles with a coating. Metal-
lic particles from contamination in the chamber initiated ice nu-
cleation before other species but there were few enough that they
did not compromise the experiments. Nitrate, sulfate, and organ-
ics were often detected on particles and ice residue, evidently from
scavenging of trace gas-phase species in the chamber. Hematite was
a more effective ice nucleus than illite. Ice residue was frequently
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larger than unactivated test aerosol due to the formation of aggre-
gates due to scavenging, condensation of contaminant gases, and
the predominance of larger aerosol in nucleation.

INTRODUCTION
One of the largest uncertainties associated with our current

understanding of climate is the relationship between aerosol
particles and cloud formation (Forster et al. 2007). Commonly
termed the indirect effect, it is known that changes in aerosol
properties can result in changes in clouds which, in turn, affect
the Earth’s radiative balance. It is believed that the net indirect
effect acts opposite that of greenhouse gas warming but the mag-
nitude is poorly constrained (Forster et al. 2007). The indirect ef-
fect can be subdivided into specific changes in aerosol properties
and some of these are relatively well understood. For example, it
has been shown that an increase in aerosol number density will
increase the number of cloud droplets while simultaneously re-
ducing their size. This results in a longer cloud lifetime, a higher
albedo, and a reduction of precipitation (Twomey 1974).

Glaciation, that is the initiation of the ice phase within clouds,
is less well understood. Ubiquitous sub-micrometer atmospheric
aerosols, most often composed of aqueous mixtures of salts
and organics, typically only experience spontaneous formation
of ice, termed homogeneous freezing, at temperatures below
−36◦C and saturations near that of liquid water (DeMott 2002).
It has been known for some time that certain materials induce the
freezing process at much higher temperatures and lower satura-
tions via a heterogeneous pathway (Pruppacher and Klett 1997).
These materials, termed ice nuclei, are normally insoluble and
refractory, such as mineral dusts and metal oxides (Pruppacher
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774 S. J. GALLAVARDIN ET AL.

and Klett 1997). More recently it has been shown that effloresced
soluble material, specifically ammonium sulfate and oxalic acid,
can act in the same manner (Abbatt et al. 2006; Zobrist et al.
2005).

Not all IN induce ice nucleation at precisely the same tem-
perature and saturation, however. Part of this is due to the dif-
ferent “modes” by which heterogeneous ice nucleation can take
place. At low saturation water vapor may deposit directly to the
ice nucleus (deposition mode) whereas at higher saturation an
IN can induce ice nucleation from within a water capsule (im-
mersion mode; Vali et al. 1978). A less well studied process
is that of ice formation due to an ice nucleus coming in con-
tact with a droplet or aqueous particle (contact mode; Cantrell
and Heymsfield 2005). Different ice nuclei exhibit different re-
quired conditions to induce ice nucleation in the same mode and
the same type of ice nucleus often exhibits different ice forma-
tion properties across the modes (Pruppacher and Klett 1997).
The presence of atmospherically relevant surface coatings (e.g.,
organics and sulfates) generally “deactivate” (i.e., reduce the
required temperature and/or increase the saturation) the ice nu-
cleation potential of an IN in deposition mode (Georgii 1963;
Braham and Spyers-Duran 1974; Pruppacher and Klett 1997 and
references therein). Complicating the issue further, different ex-
periments have shown very different ice nucleation requirements
for what appear to be the same type of particles. One atmospher-
ically important species for which there is a lack of consensus
on the point at which freezing begins is black carbon (DeMott
1990; Diehl and Mitra 1998; DeMott et al. 1999; Gorbunov et
al. 2001; Möhler et al. 2005; Dymarska et al. 2006).

These results illustrate the need for more, and more compre-
hensive, studies of ice nucleation if we are to better understand
the indirect effect due to glaciation on the Earth’s radiative bud-
get. Towards this goal we describe here studies of ice nucleation
within the AIDA chamber (Möhler et al. 2006) during which
a single particle aerosol mass spectrometer was deployed. Ex-
periments presented in this paper were conducted with external
mixtures of heterogeneous ice nuclei such as Arizona test dust,
illite, and hematite. Sulfuric acid, a particle type that can only
undergo homogenous freezing, was used for comparison. Ice
crystals nucleated in the AIDA chamber were inertially sepa-
rated from the unactivated aerosols using a PCVI (Boulter et al.
2006). Chemical composition and size was determined by melt-
ing and evaporating the condensed-phase water and analyzing
the residual material with the Particle Analysis by Laser Mass
Spectrometry (PALMS) instrument (Cziczo et al. 2003; Cziczo
et al. 2006). Simultaneous measurements using complementary
AIDA facility instruments are also presented for comparison.

This technique is shown to be an additional tool for ongo-
ing efforts to better understand ice nucleation. The capability to
determine composition on a particle-by-particle basis allows for
differentiation where aerosol size, shape, and density are similar.
The detection limits of single particle mass spectrometry allow
for characterization of thin surface coatings and/or the occur-
rence of trace constituents which are undetectable in traditional

instruments used at the AIDA chamber. Finally, the sensitivity
of this technique allowed for the detection of scavenging pro-
cesses within the AIDA chamber which previously had not been
characterized but which may affect data interpretation.

METHODOLOGY

The AIDA Chamber
To investigate ice nucleation of various aerosols the AIDA

facility was operated as a dynamic cloud expansion chamber as
described in detail by Möhler et al. (2005a, 2006). The aerosol
vessel of 84 m3 volume is located in a thermally insulated hous-
ing (Figure 1) which can homogeneously be cooled to low tem-
peratures. The experiments described here, termed the IN08
campaign, were conducted during fall 2005. Cloud expansion
runs are started at a pre-selected constant temperature, either
about 254 K or 244 K for these experiments, atmospheric pres-
sure (about 1000 hPa), and almost ice saturated conditions main-
tained by a thin ice coating on the walls inside the aerosol vessel.
A mixing fan was used to keep the temporal and spatial temper-
ature variability in the vessel within ±0.3◦C.

Ice supersaturated conditions are achieved by pumping from
∼1000 hPa to ∼800 hPa within a few minutes. A typical data
set of an AIDA expansion run is shown in Figure 2 for experi-
ment IN08-34. The wall temperature Tw remains almost constant

FIG. 1. Overview of the experimental setup. For a complete description of the
technical characteristics of the AIDA chamber and the remainder of the available
instrumentation refer to Möhler et al. (2006).
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(a) 

 
(b) 

 
(c) 

(d) 

 
(e) 

FIG. 2. Time series of AIDA gas pressure (a), mean wall temperature Tw and
gas temperature Tg (b), relative humidity (c), solid blue line with respect to ice,
dashed black line with respect to water), aerosol and ice particle number concen-
trations (d), and fraction of ice particle to aerosol particle number concentration
(e). The aerosol number concentration (black line of panel d) was measured
with a condensation particle counter (CPC3010), the ice number concentrations
and fractions of panels (d) and (e), respectively, were measured with two optical
particle counters (WELAS and WELAS2, blue lines and triangles, respectively).
Data shown are for experiment IN08-34.

(panel a), whereas the gas temperature Tg (panel b) is lowered
during pumping expansion (panel a), and starts to rise again after
pumping stops due to heat fluxes from the warmer vessel walls.
The relative humidity with respect to ice RHi (panel c) is calcu-
lated from the actual water vapor partial pressure, measured with
a tunable diode laser instrument (Möhler et al. 2006), and the ice

saturation pressure at Tg (Murphy and Koop 2005). The aerosol
number concentration nae (black line in panel d) is measured
with a condensation particle counter (TSI Inc., type CPC3010)
directly sampling from the aerosol vessel through a horizontal
tube. Two optical particle counters (Fa. Palas, Welas type) are
connected to vertical sampling tubes below the aerosol vessel
and measure the ice particle number concentration concentra-
tions nice (blue lines and triangles in panel d). The ice active
fraction fice of the aerosol particles (panel e) is calculated as the
ratio of nice to the total particle concentration.

The ice-active fraction is a direct measure for the ice
nucleation efficiency of the aerosol added to the AIDA vessel.
If expansion runs with different aerosols are compared for the
same starting temperature and rates of pressure, temperature,
and humidity change, more active heterogeneous ice nuclei
show earlier ice formation onset, i.e., at warmer temperatures
and lower supersaturations, and larger ice-active particle frac-
tions fice (Möhler et al. 2006). The cooling rates applied during
the expansion runs discussed in the present work mimic that
of atmospheric air parcels ascending with a vertical velocity of
about 0.1 to 2 m/s. One of the advantages of the AIDA facility is
that ice nucleation processes can be studied at conditions which
are similar to those of ascending air parcels in lee wave or
convective clouds.

Ice nucleation within the AIDA chamber can be due to several
of the mechanisms described in the introduction. Deposition
nucleation is the probable mechanism below water saturation
and for particles that do not readily activate as droplets. For
conditions above water saturation and when droplets are present
immersion freezing can also take place. For those experiments
with aqueous particles and when the temperature drops below
−36◦C homogeneous freezing is also possible.

Pumped Counterflow Virtual Impaction
A PCVI separates a particle population into two size frac-

tions. Vacuum pumping draws particle-laden air into the PCVI
inlet, which then passes through a short constriction to accelerate
the flow. A counterflow of particle-free air creates a stagnation
region in the middle of the PCVI, which inertially separates
particles. Particles with high inertia pass through the stagnation
region and are sent to monitoring instruments. Low inertia par-
ticles are caught in the counterflow and are removed by the main
pump flow. Counterflow virtual impactors are characterized by a
50% cutpoint: the diameter where half the particles are transmit-
ted. Under non-turbulent operating conditions the PCVI cutpoint
increases with the pressure in the stagnation region (Boulter
et al. 2006).

Two PCVIs, one from NOAA and the second from AIDA,
which operated under slightly different conditions were em-
ployed in this study. The inlet-to-collection orifice distance
was 2.2 mm (NOAA) and 1.6 mm (AIDA). The AIDA model
had a 1.4 mm diameter inlet constriction, whereas the NOAA
model used a smaller 1.0 mm constriction. As a result, to reject
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776 S. J. GALLAVARDIN ET AL.

unactivated aerosol the NOAA PCVI generally required higher
counterflows (6–9 vlpm) and pump flows (9–15 vlpm) than the
AIDA model (1–2 and 10–12 slpm). Inlet flows were typically
4–8 vlpm (NOAA) and 8–11 slpm (AIDA), and outlet flows were
1–2 vlpm. The activated particle concentration inside the AIDA
chamber can thus be calculated using PCVI flows and pressures,
flows into the particle counters, and the chamber pressure.

This set of expansions marked the first time a PCVI was
used for inertial separation of particles from the AIDA cham-
ber. As such, activated particle transmission varied throughout
the study as optimum flow conditions were determined. Rep-
resentative transmission curves for the two PCVIs are shown
in Figure 3. To estimate the PCVI transmission curve, residue
concentrations measured downstream of the PCVIs were com-
pared to activated particle concentrations measured inside the
AIDA chamber over the course of the expansion. A sigmoidal
function was applied to the activated particle size distribution.
The sigmoidal function that resulted in the best match between
the total activated aerosol concentration and the residue con-
centration over time is considered the PCVI transmission curve.
Note that, while this is a best match, there can be multiple so-
lutions for the sigmoidal function to the distribution. The fit is
insensitive to the width of the sigmoidal function, but the 50%
cutpoint is constrained to less than ±1 µm. Size distributions
of activated particles were measured using either the FTIR for
liquid droplets (expansion IN08-20) or the SID-2 instrument for
ice crystals (IN08-13). Cutpoints were typically 4–7 µm diam-
eter so that activated particles were efficiently separated from
unactivated aerosol. Transmission efficiency decreased for ice
crystals larger than about 20 µm.

At the beginning of the expansion, flows were adjusted to fix
the PCVI pressure to chamber pressure minus 60 mbar (AIDA)
or 850–950 mbar (NOAA). The pump flow and counterflow for
the AIDA PCVI were kept at a constant mass flow (increas-
ing volumetric flow) during the expansion. The NOAA PCVI
pump and outlet flows were regulated by throttled valves to me-
chanical pumps, and all volumetric flows decreased during the
expansion. The NOAA counterflow had to be periodically ad-
justed to prevent transmission of interstitial aerosol. The PCVI
pressure for both models decreased during the expansion, bring-
ing the cutpoint down to as low as ∼2 µm (Boulter et al. 2006)
while still maintaining efficient separation of ice crystals and
interstitial aerosol. Thus, during some time periods un-activated
particles were transmitted through the PCVI as the flows were
changed. These particles were removed from the data set and
specifics conditions and fractions are given in the description of
the relevant experiments. The PCVIs were mounted directly to
the bottom of the AIDA chamber inside the cooling volume so
that ice crystals were not heated during separation. From each
PCVI, transmitted ice crystals traveled 3.5 m inside a 7 mm i.d.
tube before exiting the chamber cooling volume, then through
a short section heated to 40◦C to evaporate the ice. Ice residue
was sampled by the PALMS, OPC, and CPC instruments (see
next sections).
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FIG. 3. Transmission efficiency for the PCVIs (a). AIDA curve (solid) is cal-
culated for IN08-20, and NOAA curve (dashed) is for expansion IN08-13. The
same NOAA curve is also plotted on an expanded scale (top axis) to show trans-
mission drop-off at large sizes. In (b) SID-2 total ice particle concentrations and
count median diameters are plotted over time for IN08-13. Applying the NOAA
PCVI transmission curve in (a) to the SID-2 size distributions (not shown) at
every time point in (b) gives the adjusted SID-2 total concentration curve.

Prior to expansion experiments, standard glass particles
(Merck, Darmstadt, Germany) were injected into the PCVI for
calibration and testing. Glass particles were occasionally ob-
served when sampling through the PCVI during expansion ex-
periments, although they were never observed during pre- or
post-expansion sampling. Presumably, glass particles that were
stuck to the tubing and PCVI walls were dislodged by large
ice crystals. These contaminants were removed from PALMS
spectra and OPC size distributions.
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PALMS
After heating, ice residue from the PCVI was conducted via

steel tubing and silicon conductive tubing to the inlet of the
PALMS instrument. The combination of the dry counterflow
air, heating of the sample flow behind the PCVI, and the labo-
ratory temperature outside the AIDA chamber caused evapora-
tion of the condensed-phase water of the ice crystals. PALMS
then allowed for the characterization of the size and chemical
composition of the ice residue at the single particle level. The
configuration of the PALMS instrument for ice nucleation stud-
ies has been recently described by Cziczo et al. (2006). Briefly,
the PALMS instrument focuses 200 nm–3 µm particles with an
aerodynamic lens. Once in the vacuum chamber, particles are
detected as they successively scatter the light from YAG timing
and detection laser beams (532 nm, continuous wave, 25 mW
each). The particle trajectory results in approximately one in ten
particles scattering light from the detection beam sufficient to
be detected by a photomultiplier. Depending on composition,
approximately 90% of these particles also scatter sufficient light
from the timing beam. The time between light scattering events
allows the particle velocity to be measured and from this the
particle vacuum aerodynamic size can be inferred (Wilson and
Liu 1980; Prather et al. 1994). The magnitude of the scattered
light from either beam can also be correlated to particle geomet-
ric size. The particle density can then be inferred by combining
the vacuum aerodynamic diameter with the magnitude of the
scattered light (Murphy et al. 2004; Moffet and Prather 2005;
Cross et al. 2007). Each light scattering event from the detection
laser triggers an excimer laser (193 nm, ∼4 mJ per pulse) that
desorbs and ionizes the particle components. The ions are ana-
lyzed by time-of-flight mass spectrometry at either positive or
negative polarity, thus providing compositional information for
that single particle. The PALMS hardware and software operate
sufficiently fast to record particle size and mass spectra at a rate
of up to 7 Hz.

OPC and CPC
To supplement the PALMS counting and sizing capabilities

a white light particle counter (Climet 208 outfitted with a multi-
channel analyzer) and condensation particle counter (TSI model
CPC3010) were mounted in parallel. The two utilized CPC3010
instruments, one connected to the AIDA PCVI and the other
directly sampling from the AIDA aerosol vessel, were mod-
ified and calibrated for reduced pressure sampling (Seifert et
al. 2004). The OPC monitored aerosol size distributions from
0.3 to ∼6 µm diameter, but counting efficiency decreased be-
low ∼0.4 µm. The OPC was calibrated using polystyrene la-
tex spheres (Duke Scientific, Fremont, CA, USA). Mie scat-
tering calculations were performed to convert raw diameters to
equivalent sphere diameters for sulfuric acid, mineral dust, and
hematite. Densities and indexes of refraction were 1.05 g cm−3

and 1.59 for latex spheres, 1.7 g cm−3 and 1.4 for sulfuric acid
aerosol, 2.6 g cm−3 and 1.5 for mineral dust, and 5.3 g cm−3and

2.94 for hematite. All aerosol types were assumed to be non-
absorbing. For most experiments the aerosol size distribution
extended below the lower size limit of the OPC. Therefore, total
residue concentration measurements reported here are multi-
plied by a scaling factor (typically ∼1.5–3) that was determined
by comparing the OPC and CPC concentrations prior to each
expansion. A constant scaling factor was used for each exper-
iment, although the scaling factor may have increased slightly
over the course of some expansions. Additionally, all OPC and
CPC total residue concentrations are multiplied by a factor of
2.0 to help account for particle loss to the PCVI and tubing
walls. This factor is based on previously observed losses in the
PCVI (Boulter et al. 2006) and to the tubing between the AIDA
chamber and the analytical instruments. This factor is used to
facilitate comparisons with other techniques, not to draw conclu-
sions regarding absolute concentrations. The OPC drew 0.5–1.0
vlpm from PCVI outlet line in parallel to PALMS. There was
no observable change in counting efficiency over the range of
experimental flows and pressures.

Test Aerosols
We present experiments conducted during the AIDA ice nu-

cleation campaign IN08 with Arizona test dust, hematite, illite,
and sulfuric acid. ATD and sulfuric acid aerosols were chosen
because their ice nucleation ability has already been investigated
at the AIDA and other chambers (Möhler et al. 2003; Möhler
et al. 2005; Archuleta et al. 2005; Möhler et al. 2006). ATD
is known to be an effective heterogeneous ice nucleus whereas
sulfuric acid only freezes homogeneously (i.e., at higher ice
supersaturation and temperatures only below −36◦C). An ex-
ternal mixture of hematite and illite was chosen because these
particles are chemically distinct and thus can be differentiated
with PALMS. Since both particle size distributions were similar
it would not be possible to differentiate them with the current
AIDA facility instruments, however. Hematite was synthesized
at the AIDA facility. The illite and ATD samples were obtained
from B+M Nottenkämper (Munich, Germany) and PTI Pow-
der Technology, Inc. (Burnsville, MN, USA), respectively. The
mineral particle samples were directly dispersed into a flow of
particle-free (<0.001 particles per cubic centimeter) dry syn-
thetic air either with a rotating brush generator (RBG1000, Fa.
Palas) or a small scale powder disperser (SSPD, TSI Inc.). The
synthetic air originated from compressed gas cylinders with less
than 3 part per million (ppm) water vapor and less than 0.5 ppm
hydrocarbon content Larger dust particles were removed in an
inertial impactor with a cutoff diameter of about 1 µm be-
fore the aerosol was added to the aerosol chamber. The sul-
furic acid particles were generated by first saturating a 2 l/min
flow of synthetic air with sulfuric acid at about 140◦C. Sulfu-
ric acid/water droplets nucleated upon cooling of the saturated
mixture and were directly added to the cloud chamber through
a Teflon tube.
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TABLE 1
Experimental conditions

Experiment Aerosol System Size & Concentration
PALMS
PCVI Day

Start
Time

T0

(K)

IN08-19 AIDA chamber background Background particles: 0.25/cm3 NOAA 21.11.05 9:52 243.6
IN08-20 SA SA: mode 600 nm 33/cm3 NOAA 21.11.05 12:15 243.6
IN08-21 SA SA: mode 600 nm 28/cm3 AIDA 21.11.05 14:00 243.7
IN08-22 SA + ATD (ext.) SA: mode 600 nm ATD: mode

600 nm 38/cm3
NOAA 21.11.05 17:00 243.8

IN08-23 ATD ATD: mode 450 nm 300/cm3 NOAA 22.11.05 10:35 253.8
IN08-24 ATD ATD: mode 450 nm 210/cm3 AIDA 22.11.05 13:25 253.9
IN08-25 ATD + SA (ext.) ATD: mode 450 nm SA: mode

600 nm Total: 300/cm3
NOAA 22.11.05 17:20 253.7

IN08-32 Hematite Hematite: mode 500 nm(m)

305/cm3
NOAA 25.11.05 10:40 243.6

IN08-33 Hematite + Illite (ext.) Hematite: mode 500 nm(m) Illite:
mode 500 nm Total: 400/cm3

NOAA 25.11.05 14:00 243.7

IN08-34 Hematite + Illite (ext.) Hematite: mode 500 nm(m) Illite:
mode 500 nm Total: 270/cm3

NOAA 25.11.05 16:00 243.8

T0: Temperature in the chamber before the expansion starts, SA: Sulfuric acid, ATD: Arizona Test Dust, ext.: external mixture, (m) monodisperse
particles.

Data Analysis
Three expansion experiments were conducted during a typi-

cal day during IN08 of which normally two were on the same test
aerosol with the third on a different system. Specific conditions
of each expansion presented here are given in Table 1. For the
PALMS data analysis and evaluation, each experiment was sep-
arated into a pre-expansion, an expansion, and a post-expansion
phase referred to in the text and figures as Pre-Exp, Exp (i, ii,
iii, etc.) and Post-Exp, respectively. These studies were focused
on the composition of ice residue during the expansion phase
and the total aerosol during the pre- and post-expansion phases.
Several hundred particles were analyzed in both ion polarities
during the pre- and post-expansion phases in order to character-
ize the aerosol before and after the ice nucleation event. Dur-
ing the expansion phase the polarity of PALMS was changed
once or twice during the several-minute period during which ice
crystals were present. This was done because different polar-
ity mass spectra provide complementary information. Positive
mass spectra resolve trends in metallic ions (e.g., iron, rubidium,
strontium, barium) whereas negative polarity allows for moni-
toring of sulfate, nitrate, and aluminosilicate ions, among others.
The number of changes was limited since a switch of PALMS
polarity requires ∼15 seconds. Mass spectra acquired during
the expansion phase were further grouped into subsets in order
to follow the ice residue particle size and composition change
as a function of the different temperature and supersaturation
conditions in the AIDA chamber. Thus, lower case roman nu-
merals (e.g., i, ii, iii, etc.) are used to denote successive periods
within the expansion phase based on a change in polarity and/or

a change in experimental conditions (e.g., the onset of homoge-
neous ice nucleation during experiments where the expansion
led to temperature below −36◦C). Table 2 summarizes the num-
ber of particles analyzed by the PALMS instrument during the
experiments.

The chemically distinct nature of the test aerosols allowed for
simple mass spectral separation based on the presence or absence
of ions. The presence of ions from multiple particle types in
one mass spectrum was inferred to be the result of particle-
phase scavenging by ice during expansions or agglomeration
between expansions. The presence of both principle (Al, Si,
Fe, etc.) and trace species (e.g., Rb, Sr, Ba, and Cl) was also
monitored.

The presence of other species, namely sulfates, nitrates, and
organics, was also monitored since it is known that surface coat-
ings or surface chemistry can reduce the ice nucleating potential
of dust particles (Pruppacher and Klett 1997). Some of the exper-
iments performed during IN08, not all of which are described
here, included external mixtures of mineral dust particles and
sulfuric acid droplets. As discussed more fully in subsequent
sections, materials such as sulfates, nitrates, and organics were
found mixed with other particles even during periods when they
were not intentionally added to the AIDA chamber. During these
times their presence is attributed to gas-phase scavenging of ma-
terial remaining from past expansions and/or trace components
of the dispersed dust samples.

Finally, particle size was monitored throughout the course of
an experiment. Previous work indicates the dependence of the
heterogeneous ice nucleation activity of dust particles on their
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SINGLE PARTICLE MASS SPECTROMETRY AT AIDA 779

TABLE 2
Polarity (top row), total number of mass spectra acquired during each experimental phase (middle row), and number of mass
spectra that lead to the particle’s composition identification (bottom row). Both polarities were sampled during Pre-Exp and
Post-Exp phases. Depending on time, from one to two sets of data at alternating polarity were acquired during an expansion.

Each expansion is further subdivided (labeled i to vi) in order to follow the composition of the ice residue as a function of time
(i.e, water saturation)

Experiment Pre–Exp Exp(i) Exp(ii) Exp(iii) Exp(iv) Exp(v) Exp(vi) Post-Exp

IN08-01
Polarity (+)
Number 326
Identified 160

IN08-19
Polarity (+) (+) (+)
Number 80 70 36
Identified 35 47 5

IN08-20
Polarity (+) – (−) (−)∗ (−) (−) (−) (−) (−) (+) – (−)
Number 833– 744 7 83 134 826 845 1172 298–370
Identified 635–606 1 70 79 445 443 621 178–279

IN08-21
Polarity (+) – (−) (−)∗ (−) (−) (−) (−) (+) – (−)
Number 319–582 4 528 160 100 124 281–205
Identified 205–426 1 375 95 51 72 142–164

IN08-23
Polarity (+) – (−) (+)∗ (+) (+) (−) (−) (+) – (−)
Number 712–765 8 374 361 733 853 495–488
Identified 193–314 2 119 103 189 166 120–148

IN08-24
Polarity (+) – (−) (+)∗ (+) (+) (+) (+) (−) (+) – (−)
Number 798–815 5 159 148 103 39 44 401–308
Identified 215–314 5 145 130 91 33 23 202–279

IN08-33
Polarity (+) – (−) (+) (+) (+) (+) (+) (+) (+) – (−)
Number 553–559 32 35 486 430 549 446 769–896
Identified 313–517 26 34 451 417 537 426 566–840

IN08-34
Polarity (+) – (−) (+) (+) (+) (−) (−) (+) – (−)
Number 931–673 48 1037 531 518 624 743–649
Identified 663–612 43 942 509 409 442 553–601

Pre-Exp and Post-Exp denote measurements performed before the beginning of the expansion and after the ice cloud had dissipated, respectively.
Note that experiment IN08-01 was a characterization of the background aerosol in the AIDA chamber and did not include an expansion. IN08-

19 was an expansion with only the background aerosols. Expansion periods marked with an asterisk (*) are not included in the analysis due to
the limited number of spectra.

diameter or surface area (e.g., Archuleta et al. 2005). The height
of the detection beam light scattering peak, which is correlated
with geometric area, was monitored (Murphy et al. 2004). Al-
though less sensitive to size than the vacuum aerodynamic di-
ameter derived from the dual timing beams, this method was
preferred because it is known that pressure changes at the in-
let of an aerodynamic lens can change the focus as a function
of particle size (Zhang et al. 2004; Liu et al. 2007) and termi-

nal velocity (Zhang et al. 2004). Rapid pressure changes (from
1000 down to 800 mbar) were an inherent part of each expansion
phase.

The specific ions attributed to each test aerosol type are listed
in Table 3. In negative polarity hematite was identified by the
series of iron oxide ions FexOy (Figure 4a) and in positive po-
larity by the isotopic ions of iron (Figure 4b). The presence of
Cl− (m/z = 35, 37) is a by-product of hematite synthesis.
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780 S. J. GALLAVARDIN ET AL.

TABLE 3
Particle class, abbreviation used in the figures, polarity, and mass spectral components

Particle Class Abbreviation Polarity Components Detected in Mass Spectra

Hematite Hematite + Fe only
Illite Illite + K, Al, Si, Fe
Mineral Dust MD + Na, K, Al, Si, Fe with or without any

combination of Li, Rb, Sr, Ba
Mineral Dust -X MD -X + K with any combination of Rb, Sr, Ba but

without Fe, Na, Al, Si
Sulfates Sulf. + Sulfates fragments: HxSOy

Mineral Dust + Sulfates MD + Sulf. + Mineral dust particles with sulfates
Mineral Dust + Sulfates + Nitrates MD + Sulf. + Nit. Mineral dust particles with sulfates and nitrates
Undefined Undefined + Particles not classified above
Hematite Hematite − Iron oxides FexOy

Illite Illite − Aluminum and/or silicon oxides (Al,Si)xOy

Hematite + Illite Aggregate Hematite + Illite Aggregate − Aluminum and/or silicon oxides (Al,Si)xOy+
iron oxide ion FeO2

Mineral dust MD − Aluminum and/or silicon oxides (Al,Si)xOy

Sulfates Sulf. − Sulfates fragments
Nitrates Nit. − Nitrates fragments
Mineral Dust + Sulfates MD + Sulf. − Mineral dust particles with sulfates
Mineral Dust + Sulfates + Nitrates MD + Sulf. + Nit. − Mineral dust particles with sulfates and nitrates
Sulfates + Nitrates Sulf. + Nit. − Sulfates + Nitrates
Undefined Undefined − Particles not classified above

Illite presented a series of aluminum and silicon oxide ions,
(Al,Si)xOy, in negative polarity (Figure 4c) while in positive
polarity spectra were dominated by potassium, aluminum, sil-
icon, and iron ions (Figure 4d). Arizona test dust is spectrally
similar to illite although with different peak height ratios. Neg-
ative mass spectra (Figure 4e) exhibited ions of mass m/z = 60
(SiO2), 76 (SiO2.O), 120 ((SiO2)2), and 136 ((SiO2)2. Positive
mass spectra showed the presence of sodium (Figure 4f) which
was not found for illite. Trace elements such as strontium, ru-
bidium, and barium are easily ionized and were also frequently
detected in various ratios in both illite and ATD. Analyses from
the manufacturer show that these elements are only present in
trace amounts so these peaks are attributed to their low ionization
threshold. Sulfuric acid particles were identified by the series of
sulfur oxide ions HnSOm with m = 0 – 4 and n = 1,3 in both
negative and positive polarity. Typical sulfuric acid mass spectra
are shown in Figure 4g and h.

The production of ions when a particle is detected by a sin-
gle particle instrument is a complex function of the location
of the particle in the desorption beam, size, phase, composi-
tion, and laser power (e.g., Zelenyuk and Imre 2005). This
leads to differences in the quantity of ions such that not all
mass spectra have sufficient ions to be clearly identified. Ta-
ble 2 indicates for each experiment the fraction of particles
whose chemical composition was clearly identified. In the pre-
expansion phase 55, 25, and 60% of particles from hematite-illite
mixture, ATD, and sulfuric acid experiments produced a mass

spectrum allowing for identification in positive polarity, respec-
tively. In negative polarity 90, 40, and 70% of particles were
identified. The remainder of mass spectra are classified here as
“undefined.”

Minor and trace compounds were common in both pre- and
post-expansion particles and the ice residue. Nitrates were com-
monly found in residue spectra during the expansion phase.
These species were characterized by ions at m/z = 46, 62 (NO−

2
and NO−

3 ) and m/z = 30 (NO+) in negative and positive po-
larity, respectively. Carbonaceous material, the presence of ions
of the generic formula CnHm, was found for the majority of
particles. A species with m/z = 42 that could be CNO− or
C2H2O− was frequently detected. It is labeled as m/z = 42
since its nature in these experiments could not be definitively
determined.

EXPERIMENTAL RESULTS

Background Particles
Background measurements and one control experiment were

conducted during IN08. Background measurement was con-
ducted before experiment IN08-01 which consisted of sampling
of the AIDA chamber after it had been evacuated and refilled
with synthetic air. Since the CPC counts were non-zero dur-
ing these periods, averaging 0.8 cm−3, it was known that the
AIDA background was not completely particle free. We thus
term these “background particles.” The second was experiment
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SINGLE PARTICLE MASS SPECTROMETRY AT AIDA 781

FIG. 4. Mass spectra of hematite (a), (b), illite (c), (d), ATD (e), (f), and sulfuric acid (g), (h). Left panels: typical negative mass spectra. Right panels: typical
positive mass spectra. These aerosol types have different components or, in the case of illite and ATD, different component ratios, and are thus differentiable with
single particle laser ablation mass spectrometry.

IN08-19, which consisted of an evacuation and refill of the cham-
ber with only synthetic air followed by an expansion. Average
CPC counts in IN08-19 were 0.3 cm−3 and the OPC indicated
all were below 0.7 µm diameter.

PALMS spectra typical of both experiments but specific to
the pre-expansion phase of IN08-19 are shown in Figure 5. Panel
(a) depicts a particle spectrum with positive ions due mainly to
iron, chromium, and molybdenum with less amounts of other
metals. These components are consistent with stainless steel.
Panel (b) depicts a particle mass spectrum of positive ions com-
prised almost exclusively of aluminum with lesser signals due
to iron and copper. This is consistent with an aluminum alloy. It
should be noted that a variable fraction of particles were below
the PALMS detection limit and these may or may not follow
this composition. The presence of metallic particles is not alto-
gether surprising in that they may be present in the synthetic air
system and the AIDA chamber, which is an aluminum-walled
vessel that includes numerous instrument ports with stainless
steel valves. This result illustrates that nominally particle-free
air in these experiments is not truly devoid of particles. Refer-
ence expansions during past AIDA experiments show that most
background particles only activate close to the homogeneous
freezing threshold. It is known, however, that metallic particles

are highly efficient ice nuclei (DeMott et al. 2003). Onset con-
ditions in IN08-19 indicate that ice crystals begin to form for a
water supersaturation ratio with respect to ice of 1.3 at an exper-
imental temperature of –33◦C. This result indicates that some

FIG. 5. Examples of “background particles” found in a nominally particle-
free AIDA chamber during experiment IN08-19. Particles are consistent with
stainless steel (a) and aluminum (b) and likely originated from the chamber walls
and/or instrument ports.
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782 S. J. GALLAVARDIN ET AL.

FIG. 6. Variation of the water supersaturation ratio with respect to ice, PALMS hit rate (expressed as a concentration), particle size, and composition as a function
of time for experiment IN08-33 (left) and IN08-34 (right). The test aerosol was an external mixture of hematite and illite. Time t = 0 corresponds to the start of
the AIDA pumps (i.e., the expansion phase). Pre-Exp, Exp(i, ii, iii, iv, v, vi), and Post-Exp are as defined in Table 2. In pre- and post-expansion phases all aerosol
particles were analyzed while during the expansion phase only ice residue was analyzed. Panels (a) and (f) show the time evolution of the temperature and water
supersaturation with respect to ice and liquid phase (in dashed, plain, and dotted lines, respectively) in the chamber. For clarity, the temperature scale is not reported
on the left of graph (a) but is the same as for (f). Panels (b) and (g) show the PALMS hit rate for positive ion mode (open circles) and for negative ion mode
(solid circles) and the OPC raw concentration (solid line). Panels (c) and (h) show the evolution of the particle light scattering from PALMS reported in arbitrary
units where larger circles correspond to a higher concentration. Panels (d) and (i) show the evolution of the aerosol composition in positive ion mode expressed
as the fraction of particles of a specific class within a given experiment phase. Panels (e) and (j) show the evolution of the aerosol composition in negative ion
mode expressed as the fraction of particles of a specific class within a given experiment phase. Note that for both experiments in both polarities hematite particles
nucleated ice earlier than illite. Hematite+illite aggregates were found in the ice residue and appear to nucleate similar to pure hematite particles. See text for
further details.
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FIG. 7. Normalized OPC size distributions for precursor aerosols (Pre- and Post-Exp) and activated particle residues for time slices Exp (i)–(vi) of six different
expansion experiments. The actual size distribution extends below the lower OPC size detection limit for the mineral dust expansions: 33, 34, 23, and 24. The
hematite/illite mixture is treated as mineral dust for sizing purposes, and hematite particles within this mixture are oversized by a factor of ∼1.6. The PCVI
transmitted some interstitial aerosol during expansion 23, time periods (iv) and (v). Calibration glass sphere contamination was removed from distributions in
expansions 23, 20, and 21.
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784 S. J. GALLAVARDIN ET AL.

fraction of the background particles within the AIDA chamber
are effective ice nuclei. This is discussed further in subsequent
sections.

Hematite–Illite
Experiments IN08-33 and -34 were conducted with an aerosol

consisting of an external mixture of illite and hematite. Both of
these mineral dusts are known to be effective heterogeneous ice
nuclei when compared to typical atmospheric particles although
their relative effectiveness (i.e., which will nucleate ice at a lower
saturation and/or higher temperature) was not known a priori.
Both mineral dusts are differentiable with single particle mass
spectrometry (Figure 4).

These and all other experiments discussed below were con-
ducted by first evacuating the chamber and refilling it with
particle-free synthetic air. As described in the last section, this in-
cluded a low number density of chemically distinct background
particles. The chamber was cooled to the starting experimental
temperature. The pressure was then dropped by pumping air (and
aerosol) from the chamber to create a quasi-adiabatic expansion
which resulted in a temperature decrease and corresponding sat-
uration increase (Figure 6, panels a and f). The term quasi- is
used here because this is not a perfect adiabatic expansion since
there is some mixing in the chamber and heat transfer from the
walls. At the beginning of the trajectory conditions were always
below those required for ice formation by the test aerosol (i.e.,
the saturation too low and/or the temperature too high). Without
ice crystals there should have been no particles with sufficient
inertia to pass the PCVI (Figure 7, panels a and b) and no ice
residue available for analysis at PALMS (Figure 6, panels b and
g). In practice, the fraction of unactivated particles not inertially
separated by the PCVI was less than 5 × 10−4. In a few in-
stances the unactivated particle “leak” rate was higher due to
inadequate counterflow (see Figure 7 for one example). Such
particles are otherwise eliminated from these analyses. As con-
ditions reached those required for nucleation ice crystals were
formed and grew to sufficient size to pass the PCVI and be ana-
lyzed. As the experiment progressed the crystal number density
increased as the trajectory moved toward higher saturations and
lower temperatures. Thus, the most effective ice nuclei were
sampled at the beginning of the experiment (e.g., Exp(ii, iii) of
IN08-33) while less and less effective ice nuclei entered the ice-
phase later and later in the experiment. Eventually, a maximum
saturation was reached at which point the ice crystal number
density also reached a maximum value. After this point, gravita-
tional settling and evaporation reduced the ice number density.
It is important to note that while some limited amount of ice nu-
cleation may have continued to take place after the maximum,
the majority of the crystals were formed during the period of
increasing saturation. Thus the experimental temperature and
saturation at this point were not necessarily related to those that
triggered ice nucleation.

It should be noted that in some experiments particles acquired
liquid water and acted as cloud condensation nuclei (CCN).

Since the PCVI did not discriminate based on phase the droplets
were admitted at the same time as ice crystals. The presence
of droplets is noted where applicable. One example is some
CCN activation early in IN08-34. Droplet activation during these
expansions was short (less than 1 min) due to the Bergeron-
Findeisen process. These periods are eliminated from this data
set using the AIDA facility cloud probes or are otherwise men-
tioned here.

Figure 6, panels c and h, show the scatter height from the
trigger laser for detected particles as a function of experimen-
tal time period. Larger circles denote a higher concentration of
particles. As previously mentioned, scatter height is an indi-
cation of geometric size that is not subject to pressure effects.
The initial size distributions of illite and hematite particles are
shown in Table 1; illite had a mode size of 0.8 micrometers di-
ameter whereas hematite had a mode size of 0.5. There is an
indication that some large particles or aggregates nucleated ice
early in these experiments (i.e., Exp(ii) and (iii) of IN08-33)
but the data do not allow for quantification. The hematite and
illite OPC size distributions overlapped so that the individual
components were difficult to optically distinguish when mixed.
However, the hematite aerosol had a narrow size distribution
with little population above 0.75 µm, whereas illite extended to
sizes >1.75 µm. Ice residue was shifted to larger sizes relative to
pre- and post-expansion distributions, particularly for IN08-34.
Pumping speed was higher for IN08-34, resulting in a sharper
onset of ice formation and higher crystal concentrations. The
higher crystal surface area in IN08-34 may suggest that large
ice residue is the result of scavenging. Size effects were more
clear in experiments described in the next sections.

In both experiments hematite was the more effective ice nu-
cleus. Up to 60% of the ice crystals contained hematite whereas
less than 40% of the test aerosol was hematite. There is sta-
tistical significance to this observation given that ∼500 spectra
were acquired before, during, and after each of these expan-
sions. The standard error in these cases corresponds to <3%.
Further, hematite had the smaller mode size and would have
been expected to form an even lower proportion of the ice residue
should surface area solely contributing to the efficiency of ice
nucleation.

Aggregates of hematite and illite occurred in approximately
12% of the first pre-expansion spectra, indicating that illite-
hematite aggregates were present before expansion. In addition,
illite-hematite aggregates were enriched in the ice phase (35%)
and post-expansion (20%). We can not determine if this is a re-
sult of an increased ice nucleation potential for the aggregates
although this is likely given that they would have contained one
of the better ice nuclei (hematite) and had higher surface area,
on average, than a single particle. It should be mentioned that
the larger size of aggregates could have helped facilitate their
passage through the PCVI. The higher concentration of aggre-
gates in the post-expansion phase suggests that some ice-phase
scavenging also occurs during the expansion. This led to more
abundant aggregates for the next cycle. Due to the uncertain
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processes of gravitational settling—which occurs throughout
an expansion and is thus enhanced for the most effective ice
nuclei—and removal of particles during pumping we are not
able to quantify these processes.

Arizona Test Dust
Experiments IN08-23 and -24 were conducted in the same

manner as described for the illite and hematite experiments in
the last section (Figure 7c, d and Figure 8). Instead of a two-
component external mixture a single aerosol, Arizona test dust,
was input to the AIDA chamber. The purpose of these experi-
ments was to test the ice nucleation properties within a mineral
dust type. Arizona test dust is a complex mixture of materials.
ATD is prepared from a naturally occurring desert sand. The
sand is jet milled to reduce the particle size and air classifica-
tion is used to produce a desired size range. The sample used
in this study has the following weight oxide composition: SiO2

(57.4 %), Al2O3 % (13.8 %), CaO (4.3 %), FeO (4.0 %), K2O
(3.8 %), MgO (2.9 %), Na2O (2.7 %) for a particle size distribu-
tion ranging from 50 nm to 2 µm with a mode at 300–400 nm
(Möhler et al. 2006).

Both expansions were initiated at −19◦C. Once water satura-
tion was achieved, all ATD aerosol activated to form droplets of
∼3–5 µm diameter. A fraction of these droplets then froze. The
droplet mode was larger and more concentrated for the second
expansion although chamber conditions were nearly identical
for the two expansions. This may reflect cloud processing dur-
ing the first expansion.

One feature of these experiments in both the PALMS
(Figure 8c, k) and OPC (Figure 7c, d) data is that particles with
large light scattering nucleated ice first. OPC distributions show
a predominance of large ice residue throughout IN08-23, and a
distinct change in the aerosol distribution before and after the ex-
pansion. For PALMS, in the case of IN08-23 some signals from
the ice residue were larger than the largest pre-expansion sig-
nals. This has several possible interpretations. First, since only
several hundred spectra were collected in each polarity in the
pre-expansion phase it is possible that there was a small fraction
of particles of much larger size that were not measured. Second,
it is possible these large signals are due to ice-phase scaveng-
ing during the expansion. Independent of compositional effects
the high surface area of large particles and/or aggregates would
favor their nucleation earlier in the expansion than smaller par-
ticles. It is unlikely that the large size is due to some amount
of residual ice or liquid water because H2O and cluster ions
were not observed in the spectra. In the case of IN08-24 larger
residual particles were observed early in the expansion but not
with signals as large as in the previous expansion. The OPC data
support this: while there is a slight increase in larger ice residue
expansion IN08-24 does not show as significant a shift to large
sizes. This favors the theory that there was a small amount of
large particles at the beginning of the day’s experiments which
were then lost to gravitational settling during the first expansion
and therefore unavailable to nucleate ice in the second.

In both experiments particles with an ATD signature were
found in the majority of all ice residues. The initial ice residue
in the expansions favored the particles with little or no sulfate and
nitrate (i.e., bare mineral dust) whereas the latter species were
common toward the end of the expansion. This observation also
has several possible explanations. First, sulfate and nitrate were
shown to be trace components of the original aerosol. Initial
ice nucleation favored the bare dust, which is consistent with
observations that surface coatings deactivate ice nucleation by
shifting from a deposition to an immersion mode (Pruppacher
and Klett 1997). Later in the expansion the coated particles then
became active. Further, gravitational settling of the bare parti-
cles which nucleated ice early and thus grew to larger crystals
resulted in an enrichment of coated particles after the expan-
sion. Alternatively, the increase in sulfate and nitrate could also
be attributed to gas-phase scavenging by the ice crystals which
was left on the particle after water was evaporated in the PCVI.
Neither process can be ruled out and it is possible both played a
role in these observations.

Another feature of the ATD experiments was the behavior of
the trace mineral species. Li, Rb, Sr, and Ba were found in the
pre- and post-expansion particles but were all enriched, except
for Li, in the ice residue early in the expansion (Figure 8f, n).
What is not certain is if these species played a direct role in the
nucleation process or if they are more apparent on particles with-
out a surface coating (i.e., those that formed ice at the beginning
of the expansions). This is discussed in subsequent sections. A
similar behavior was observed for particles that did not exhibit
iron ions. Conversely, carbonaceous material and chlorine were
observed on approximately 80% and 30% of the particles, re-
spectively, during the pre- and post-expansion phases for both
experiments (Figure 8g, o) but were depleted in the ice residue.
Again, it is not clear if these species deactivated the ice nuclei
as has been suggested for sulfate and nitrate. This behavior was
also observed for particles that only exhibited sulfate, nitrate,
and organic features and those with a negative polarity mass 42
peak (CNO− or CO2H−

2 ).

Sulfuric Acid
Experiments IN08-20 and -21 were similar to the ATD ex-

periments in that only a single aerosol, in this case sulfuric acid,
was input to the AIDA chamber. Unlike ATD, sulfuric acid parti-
cles only undergo homogeneous freezing (i.e., they do not act as
heterogeneous IN). Although homogeneous freezing is under-
stood to be a volume-dependant process that is a function of the
water activity of the aerosol system (Koop et al. 2000) almost
all pre-existing sulfuric acid aerosol activated to form droplets.
Thus the original aerosol size was not necessarily related to the
size of the droplet which froze and, in turn, the ice residue size.

The results of these experiments, presented in Figures 7 and 9,
were more complicated than expected. First, both expansions
exhibited a mode of particles large enough to pass through the
PCVI before homogeneous freezing conditions were reached
(Figure 7e, f and Figure 9b, g) and a part this aerosol exhibited

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
B
a
t
t
e
l
l
e
 
N
o
r
t
h
w
e
s
t
]
 
A
t
:
 
1
9
:
4
3
 
2
6
 
A
u
g
u
s
t
 
2
0
0
8



786 S. J. GALLAVARDIN ET AL.

FIG. 8. Data as presented in Figure 6 but for Arizona test dust in expansions IN08-23 (left) and -24 (right). In these expansions panels (f) and (n) show the
evolution of trace species in positive ion mode expressed as the proportion of particles containing Li, Rb, Sr, and Ba for each experiment phase. Panels (g) and (o)
show the evolution of the proportion of particles containing carbonaceous material, a negative ion with m/z = 42, and chlorine for each experiment phase. Note
that uncontaminated ATD nucleated ice earlier than particles which were contaminated with sulfate and/or organics. See text for further details.
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FIG. 9. Data as presented in Figures 6 and 8 but for sulfuric acid test aerosols in expansions IN08-20 (left) and -21 (right). The initial large mode which appeared
and then disappeared during each expansion is due to droplet formation and not ice nucleation. In both experiments there was a small heterogeneous freezing mode
composed of particles which contained mineral and/or metallic particles although these were not intentionally added to the chamber. Homogeneous freezing is
only responsible for the final mode. For clarity the CPC concentration has been scaled by 0.05 and 0.07 in panels (b) and (g) and the OPC by 0.15 and 0.13 in
panels (b) and (g), respectively. See text for further details.
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a larger light scattering than the average at pre-expansion (Fig-
ure 9c, h). The particles in this mode were sulfuric acid, which
should not have nucleated ice at these conditions. As presented
in Table 4, for both expansions the relative variation of the mea-
sured residue concentration at PALMS, OPC, and CPC, scaled
for clarity, suggests that the residue was largely smaller than the
OPC detection limit (∼300 nm diameter) but at least some were
larger than for PALMS (200 nm diameter). For experiment IN08-
21 residue concentration, measured from PALMS and CPC, var-
ied similarly. This pre-homogeneous freezing residue is, there-
fore, from sulfuric acid activation into droplets larger than the
cutoff size of the PCVI. This provided a fortuitous source of data.
Independent and accurate information about the droplet number
and size distribution is available from AIDA facility Welas mea-
surements and FTIR retrievals and this was used to estimate the
PCVI cutpoints (Figure 3). The early expansion mode is thus
attributed to large aqueous particles, not ice crystals.

Another unexpected result was that approximately 20% of
the pre-expansion spectra for both experiments contained fea-
tures attributed to mineral dust, metals, and nitrates. Further, the
mineral and metal-containing particles were observed to nucle-
ate ice in advance of the homogeneous freezing threshold (i.e.,
they acted as IN). As the expansion proceeded, the proportion
of sulfuric acid ice residue increased. This behavior is apparent
in both expansions but is more clear in IN08-21. Note that the
lower PALMS size limit of 200 nm diameter means that this
result is limited to that residue larger than this size. If significant
ice nucleation occurred on sulfuric acid particles below this size,
and no background aerosol fell below this size, then this ratio is
an upper limit.

Carbonaceous material and chlorine containing particles
were not observed in high concentration either before or after
the expansions. Carbonaceous material was anti-correlated with
the pure sulfuric acid particles for the homogeneous freezing
mode. Sulfuric acid particle of the early liquid mode were found
to contain some carbonaceous material. Chlorine was correlated
with mineral dust particle containing sulfates and nitrates (Fig-
ure 10a). It remains unclear if this was an aerosol contaminate
from production or resulted from gas-phase uptake. Nitrate was
observed on the aerosol in the pre-expansion phase and in ice
residue as the expansion proceeded (Figure 10b). Nitrates associ-
ated with mineral dust and sulfate particles were enriched while

FIG. 10. Examples of particle processing during expansion IN08-20. Parti-
cles were analyzed which contained silicates, sulfates, and other miscellaneous
species (organics, nitrates, etc.) (a), nitrates and silicates (b), and nitrates and
sulfates (c). Only sulfuric acid particles were intentionally input to the chamber
before the expansion.

those internally mixed with nitrate and sulfates were depleted in
ice residue (Exp(iii, iv, v)). After the expansion, nitrate was not
apparent on the mineral and metal-containing particles although
it was internally mixed with sulfuric acid aerosol in approxi-
mately 10–15% of the spectra (Figure 10c). This behavior is
consistent with gas-phase uptake by ice during the expansion. It
is not clear why the nitrate left the mineral and metal-containing
aerosol rapidly but remained in the sulfuric acid for a longer
period.

In summary, the sulfuric acid expansions were more complex
than expected. Both expansions exhibited a period of droplet
activation that produced particles of sufficient inertia to pass
the PCVI. Both expansions showed evidence of heterogeneous
freezing by background particles, including mineral dust aerosol
which was not adequately removed from the chamber before
the experiment. The OPC distributions clearly show two dis-
tinct residues for the droplet and ice phases. In agreement with

TABLE 4
Size fractions of activated particle residue

Percent of particlesb

CPC OPCa

Exp. ID particles cm−3 particles cm−3 >0.7µm >1 µm >2 µm >3µm

IN08 Pre-20 33.4 17.8 66.4 21.1 0.3 <0.1
IN08 Pre-21 27.8 12.4 62.3 20.0 0.3 <0.1

aOPC concentrations are not corrected for wall loss or size biases. bRelative to total OPC concen-
tration.
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the PALMS composition data, the droplet phase resembles sul-
furic acid aerosol, whereas the ice residue was much larger,
extending above 3 µm diameter. This result illustrates the com-
plex processes during even simple experiments within the AIDA
chamber.

DISCUSSION

Particle Processing
Uptake of gas-phase species was observed in many experi-

ments. The presence of nitrates, carbonaceous material, chlo-
rine and sulfates on ice residue suggests uptake of H2SO4, HCl,
HNO3, and organic material was common (e.g., Figures 8e and
9d, e, i, j). Experiments with ATD showed that during the ex-
pansion phase sulfates and nitrates were present on some of
the mineral dust. For example, in experiment IN08-24 approx-
imately 40% of ice residue consisted of mineral dust associ-
ated with sulfates. The “coated” ATD particles were not as
effective ice nuclei as their bare counterparts. Uptake of hy-
drochloric and nitric acid on ice is reported at low temperature
in the review of Huthwelker et al. (2006) and the uptake of
sulfuric acid on ice can also be expected due to its low vapor
pressure. Studies reported in Usher et al. (2003) illustrate the
uptake of nitric acid and organics on mineral dusts. Murphy
and Thomson (2000) showed evidence of chlorine uptake on
mineral particles at low temperature. Uptake of nitric acid on
ATD specifically is reported by Vlasenko et al. (2006). Uptake
of these species onto dust can occur either directly onto min-
eral particles or onto ice once it has nucleated. The addition of
condensable material onto mineral dust may then affect the nu-
cleating properties during subsequent expansions. These mecha-
nisms can be better differentiated in future measurements if both
the unactivated particles and the ice phase were simultaneously
monitored.

The origin of the contaminants remains unclear. Sulfuric and
nitric acid and carbonaceous material had been used as aerosols
and aerosol components during previous experiments in the
AIDA chamber. All three substances could have deposited to
the walls and then transferred via the gas-phase during pre-
and expansion phases. The alternative explanation is that this
material was input to the chamber before each expansion as a
contaminant in the aerosol production process, as is known to
be the case for chlorine with hematite.

Particle aggregation was also suggested in several experi-
ments, either during aerosol production or during the experi-
ment. In expansions IN08-33 and -34 up to 35% of the particles
were identified as aggregates of hematite and illite. Data dur-
ing both experiments showed 15% of particles were aggregates
even before ice nucleation began. Once the expansion termi-
nated, the proportion of such aggregates returned to less than
20%. This observation suggests that the ice nucleation step also
induced aggregation of particles and this is further discussed in
the next paragraph. Expansions may therefore alter the mixing
state of the test aerosol by converting an external mixture to

an internal one. Aggregation can not be discerned in the case
of a single-component system since there is no chemical alter-
ation. Some experiments did show insignificant aggregation, as
would be expected given the short residence time of the aerosol
in the chamber (hours) and the low particle concentrations. Of
two experiments on ATD and sulfuric acid external mixtures
(IN08-22 and IN08-25, conducted in IN08 but not described in
detail here) only one showed the presence of ATD particles with
sulfates and then only corresponding to about 5% of the aerosol.
What remains unknown is the fraction of collisions that result
in sticking, how the process changes when two aerosols or an
ice crystal and aerosol participate, and differences dependant on
aerosol chemistry. Further experiments are required to quantify
these processes.

For many of the experiments the residue distribution shifted
toward larger sizes as the expansion progressed (e.g., Figure 6).
One explanation is that large ice particles coagulated with in-
terstitial aerosol, leaving an aggregate once the ice evaporated.
PALMS results from the hematite/illite external mixture experi-
ments show that some amount of coagulation occurred. Another
possibility is that the largest aerosols in the distribution prefer-
entially nucleated. During the expansions, a substantial fraction
of the activated particles impact the chamber walls and are re-
moved from the gas phase. Post-expansion aerosol distributions
are often depleted in large sizes relative to pre-expansion, sug-
gesting that larger aerosol indeed preferentially nucleated and
were subsequently removed. The large particle depletion was
often less apparent for subsequent identical expansions. In or-
der to determine if residues might also have contained enough
unevaporated water to increase their diameter two tests were per-
formed. First, size distributions did not change when the sample
line temperature was occasionally ramped from 40 to 70◦C. Sec-
ond, no obvious increase in H2O-related ions was found in the
PALMS data for larger residue. Together, this indicates that un-
evaporated water was not a large fraction of the particle mass
during analysis. PALMS results show condensation of contam-
inant gases on ice crystals during the expansion. However, the
condensed gas mass would have to be greater than the original
aerosol particle in order to explain the shift in diameter observed
during some expansions.

PALMS Analysis Uncertainties
It should be noted that the PALMS analysis method is not

without biases. Some of these have been mentioned previously
in the text but are reiterated here. Foremost, single particle laser
ablation instruments are subject to “matrix effects.” Specifically,
the phase, composition, water content, and other properties of
the aerosol directly impacts the quality of the spectra produced
(Johnston 2000). Furthermore, an aerosol must be of a specific
size in order to pass through the detection and desorption and
ionization laser beams at the correct time to be analyzed. In the
case of the PALMS instrument particles with a vacuum aerody-
namic diameter less than 200 nm or greater than ∼2000 nm are
detected progressively less frequently due to their high or low
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velocity at the exit of the aerodynamic lens, respectively (Cziczo
et al. 2006).

These issues are relevant to the present study. For the
hematite–illite and ATD experiments many ice residues, up to
75%, did not produce a mass spectrum. This is likely related to
large particles or aggregates that were detected by light scatter-
ing but were not present in the desorption and ionization region
at the required time. For the experiments on ATD the detected
fraction of particles without a coating of sulfates, nitrates, and/or
organics should be considered a lower limit. This is because
the production of mass spectra from mineral dust is more dif-
ficult than for other substances due to its material properties
(Gallavardin et al. 2007). Surface coatings enhance particle de-
tection so that the reported proportion of coated particles may be
relatively overestimated. ATD particles containing Rb, Sr, and
Ba, whose ionization threshold is low, may likewise be relatively
overestimated.

The effect of water processing of particles in laser ablation
mass spectrometry is not fully understood. The presence of water
can “quench” the signal of minor elements (Neubauer et al.
1998). On the other hand, deliquescence followed by drying can
enrich the particle surface in minor components (Ge et al. 1996).
Gustafsson et al. 2005 report particle growth factor of up to 1.08
for ATD particles (i.e., a diameter increase of 8% due to water
uptake). This may offer an explanation as to the enhancement
of Rb, Sr, and Ba in the ice residues if they were present in a
soluble state and partitioned to the surface.

CONCLUSION
The addition of the PCVI-PALMS system to the suite of in-

struments available at the AIDA chamber is reported here. The
AIDA chamber was used to generate ice crystals by heteroge-
neous nucleation from external mixtures of illite, hematite, and
ATD. Sulfuric acid, which only nucleates homogeneously, was
used in some experiments for comparison. Ice crystals were sep-
arated from the interstitial aerosol and sent to the PALMS instru-
ment and an OPC and/or CPC for characterization. The PALMS
instrument sized and chemically analyzed the ice residue at the
single particle level. Since PALMS operates on a rapid (7 Hz)
and on-line basis, it was possible to follow changes in particle
properties over the course of an ice cloud expansion experiment.
In this manner, the ice nucleation properties of each particle type
could be related to their respective size and composition. It was
found that bare mineral dusts particles were more effective ice
nuclei than those coated with sulfates or nitrates. Hematite nu-
cleated ice more effectively than illite for a given particle size.
The presence of trace elements such as rubidium, strontium, and
barium were more frequently detected in the ice residue and this
suggests they could have a role in atmospheric ice nucleation.
The PALMS data analysis also demonstrated the occurrence of
particle processing during expansions. Aggregation was found
to take place when crystals were present, indicative of particle-
phase scavenging by ice. Coagulation in the absence of ice crys-

tals between experiments—with a timescale of hours—was also
observed. Uptake of residual trace gases and/or material de-
posited on the chamber walls from previous experiments—such
as sulfuric and nitric acid—was also observed. Contamination
of the test aerosol with organics, which was not used in recent
previous experiments, was common.

PALMS analyses not only showed the presence of these con-
taminants but this also provided a fortuitous source of data with
respect to ice nucleation experiments. By differentiating ATD
which had acquired a coating of sulfate with bare ATD it was
possible to show that the uncoated material acted as a more
efficient ice nucleus. This result agrees with previous studies
(Pruppacher and Klett 1997). Likewise, background metal ox-
ide particles found to exist within the chamber could act as ef-
fective ice nuclei during experiments where only homogeneous
freezing nuclei were meant to be present.

This study shows the advantages of adding a single particle
mass spectrometer to the suite of instruments available at AIDA.
One strength of this technique is in differentiating external mix-
tures, especially situations where the test aerosol is chemically
distinct while the size, shape, and density are not. A second
advantage of this technique is to characterize aerosol proper-
ties at levels below other available instruments (e.g., low con-
centration background aerosols and surface contaminants). This
suggests that future experiments which take advantage of these
previously unavailable capabilities can now be successfully
performed.
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