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Abstract

The recently developed Zurich Ice Nucleation Chamber (ZINC) was used to explore ice
nucleation of size-selected mineral dust particles at temperatures between −20◦C and
−55◦C. Four different mineral dust species have been tested: montmorillonite, kaolinite,
illite and Arizona test dust (ATD). The selected particle diameters are 100 nm, 200 nm,5

400 nm and 800 nm. Relative humidities with respect to ice (RHi) required to activate
1% of the dust particles as ice nuclei (IN) are reported as a function of temperature.
An explicit size dependence of the ice formation efficiency has been observed for all
dust types. Deposition nucleation was found only below −30◦C or −35◦C dependent
on particle size. 800 nm particles required the lowest RHi to activate. Minimum RHi for10

1% activation were 105% for illite, kaolinite and montmorillonite at −40◦C, respectively
110% for ATD at −45◦C. In addition, a possible parameterisation for the measured
activation spectra is proposed, which could be used in modeling studies.

1 Introduction

Mineral dust particles play an important role as IN in the hydrological cycle and the15

radiation balance of the atmosphere (Szyrmer and Zawadzki, 1997). More than 50%
of the mid-latitude precipitation and 30% of the tropical rainfall forms via the the ice
phase (Heymsfield, 2005; Lau and Wu, 2003). From the analysis of the composition of
aerosol particles found in the center of ice crystals, it is known that mineral dusts are
commonly involved in atmospheric ice formation (Wallace and Hobbs, 2006; DeMott20

et al., 2003a).
Mineral dust is an important component of natural aerosols in the atmosphere. The

major sources are sparsely vegetated areas, deserts and semi-arid regions from where
dust is emitted and distributed on a global scale (Prospero, 1999). Even at the South
Pole, some particles found in snowflakes are composed of mineral dusts (Rogers and25

Yau, 1989). Anthropogenic changes of land use, such as over grazing and cultivation,
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lead to growth of arid areas and thus to greater mineral dust concentrations in the
atmosphere (DeMott et al., 2003b). Tegen et al. (2004) estimated the anthropogenic
contribution to the total dust load in the atmosphere to be 5–7%. Li et al. (1996) desig-
nates the dust mobilized by human activity an anthropogenic pollutant. Increased dust
loads in the atmosphere foster the formation of ice crystals and thereby influence both5

the extent of cloud cover and the lifetime of clouds (Wallace and Hobbs, 2006). As a
consequence, this may lead to changes in global precipitation patterns.

The presence of ice also modifies the radiative properties of clouds. Of great in-
terest are cirrus clouds encountered in the upper troposphere in a temperature range
between −20◦C and −80◦C, which make up approximately one third of the total cloud10

cover (Warren and Eastman, 2007). These clouds affect the cloud radiative forcing
by reflecting incoming shortwave radiation from the sun and by absorbing outgoing in-
frared radiation from the earth’s surface. Depending on their optical thickness, the net
effect on climate can either be cooling or warming (Zhang et al., 1999). The radiative
properties of cirrus clouds depend on the temperature and humidity of the environ-15

ment in which the clouds form, as well as on the ice nucleation characteristics of the
aerosols involved. In turn, the ability of a specific aerosol to trigger ice nucleation
depends on the atmospheric conditions. Ice crystals form in the atmosphere via homo-
geneous nucleation of solution droplets or via heterogeneous nucleation on solid IN.
Heterogeneous ice nucleation sets in at distinctly lower ice saturation or supercooling20

than homogeneous freezing (Pruppacher and Klett, 1997). Four different mechanisms
of heterogeneous ice nucleation have been recognized (Vali, 1999; Rogers and Yau,
1989). Ice is either formed by direct deposition of water vapour on ice nuclei without
forming an intermediate liquid phase, by immersion freezing, in which IN immersed in
a droplet initiate freezing, by condensation of water vapour on an ice nucleus followed25

by freezing (condensation freezing), or by freezing of supercooled drops that come in
contact with IN (contact freezing).

Earlier measurements, for example by Roberts and Hallett (1968) or by Rogers and
Yau (1989) showed various ice nucleation efficiency of mineral dusts in the deposition
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mode. Archuleta et al. (2005) investigated the size dependence of deposition nucle-
ation of Asian Dust. They also concluded that there is a clear size effect on hetero-
geneous ice formation in the way that smaller particles require a higher ice saturation
to activate. Additionally their data for 100 nm and 200 nm particles also showed the
tendency to have a maximum nucleation efficiency (lowest required RHi to reach 1%5

activated fraction) at −50◦C and higher supersaturations are needed to activate 1% at
warmer and cooler temperatures.

The effect of the total surface area on the onset relative humidity for deposition nu-
cleation has been investigated by Kanji et al. (2008). They found a major influence
of the surface area for montmorillonite, kaolinite and ATD at −40◦C. The surface nor-10

malized comparison of the measurements shown in Fig. 8, confirm this observation for
temperatures between −40◦C and −45◦C.

The work presented here focuses on the impact of mineral dust species and particle
size on ice nucleation in the deposition mode under conditions relevant to the atmo-
sphere. Dependent on atmospheric dynamics and the distance to the dust emission,15

the size distribution of dust transported to a certain location, varies in terms of the
median particle diameter. Therefore the particle size dependency of ice nucleation is
an important factor for modeling studies which consider ice formation. The difference
between the dust species is of interest because natural sources have strongly varying
dust compositions.20

2 Dust samples

Mineral dusts originating from deserts and semi-arid regions are mainly silicate par-
ticles. Four different dust samples were used in this study: montmorillonite (K-10,
Aldrich), kaolinite (Fluka), illite (NX Nanopowder, Arginotec) and ATD (Powder Technol-
ogy Inc.). Montmorillonite, kaolinite and illite are known to be three main components25

of natural mineral dust and are frequently found in silicate aerosols (Claquin et al.,
1999). Their ability to efficiently nucleate ice in the deposition mode has been shown in
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previous studies (Salam et al., 2006; Roberts and Hallett, 1968). ATD was examined to
provide data for later comparison with other laboratory experiments. ATD is composed
of various mineral species and can be thought of as a model dust that originates from
deserts. It has also been proven to be an efficient IN in the deposition mode (Knopf
and Koop, 2006). The size distribution of the dust samples were measured with a5

scanning mobility particle sizer (SMPS) to ensure that particles in the investigated size
range (100–800 nm) are present in sufficient amounts. The morphology of representa-
tive particles of every dust sample were studied with a scanning electron microscope
(SEM) at a resolution of 5 nm. As can be seen in the SEM pictures (Fig. 1) the used
mineral dust particles are uncoated and of highly irregular shape. The surface of kaoli-10

nite is relatively smooth, whereas montmorillonite, illite and ATD have rougher, more
porous surfaces.

3 Experimental setup

A schematic picture of the experimental setup is shown in Fig. 2. Mineral dust aerosol
particles are generated in a fluidized bed aerosol generator (TSI Model 3400A) and15

transported in non-stick conductive elastic tubes to a differential mobility analyzer
(DMA, TSI Model 3081) while first passing through a neutralizer. The neutralizer con-
tains a Po-210 radioactive source, which reduces the particle electrical charge to the
Boltzmann equilibrium level (Kim et al., 2005). In the DMA, particles with a specified
aerodynamic mobility diameter (100 nm, 200 nm, 400 nm and 800 nm) were selected.20

Particles selected with the DMA carry positive charges. To avoid charge effects, the
sample flow passes through a second neutralizer to obtain a neutral charge distribu-
tion. Control measurements without the second neutralizer showed no recognizable
deviation in nucleation behavior. This observation confirms the finding of Winkler et al.
(2008) that the nucleation of particles with a diameter above 4 nm is independent of25

the charging state. Due to multiple charges, larger particles with the same mobility are
likely to be present in a size selected sample. Their contribution to the total amount of
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particles is large in the 100 nm and 200 nm size range, because these sizes are located
in the upslope part of the sample size distribution and larger, multiple charged particles
with the potential to have the same mobility are present in high amounts. For exam-
ple, bi-charged 149 nm and tri-charged 191 nm particles exhibit the same electrostatic
mobility as 100 nm particles and 318 nm and 427 nm that of 200 nm particles. Results5

obtained with these sizes are only qualitative and can not be used for a quantitative
analysis. The multiple charged particles that contribute to the 400 nm and 800 nm size
range are in the downslope of the size distribution. Therefore these multiple charged
particles are negligible, because they are much less abundant than the single charged.
An example size distribution illustrating the multiple charge issue is shown in Fig. 3.10

After the DMA, the nearly monodisperse sample flow is split into two equal flows. One
half is used to measure the total aerosol particle concentration in the sample air with
a butanol-CPC (TSI Model 3010). The other half of the sample flow is passed to ZINC
where a fraction of the dust particles nucleates ice crystals. The ice crystals and unac-
tivated dust particles exiting ZINC are counted and classified into size equivalent bins15

with an optical particle counter (OPC, CLiMET Cl-3100).

4 Ice nucleating experiment

The experiments were carried out with the recently developed parallel plate continuous
flow diffusion chamber ZINC. ZINC consists of two sections: the nucleation section
where high RHi can be generated, and the evaporation section. The evaporation sec-20

tion is held at ice saturation, so water droplets that might condense in the nucleation
section when experimenting at relative humidities above water saturation, evaporate
before reaching the OPC. The design and functional details of ZINC are described by
Stetzer et al. (2008).

The ice nucleation experiments are started at ice saturation inside the chamber.25

Ice saturation is achieved by coating the inside walls of the chamber with ice prior to
the measurements. Applying different temperatures to the ZINC walls leads to an ice
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supersaturation profile with a maximum roughly in the center of the chamber. The
supersaturation establishes because the saturation vapour pressure curve depends
non-linearly on temperature. An increase in RHi, while keeping the sample temperature
constant, can be obtained by simultaneously ramping up the temperature of one wall
while the other wall is cooled down at the same rate. The temperature step by which5

the wall temperatures are simultaneously increased and decreased is one Kelvin.
The total air flow through the chamber is 10 l per minute and divides into one liter of

sample air carrying the monodisperse mineral dust particles and nine liters of filtered
sheath air. With these settings, the sample aerosol has a residence time of 12 s in the
main chamber and another 8 seconds in the evaporation section (Stetzer et al., 2008).10

The four different mineral dust species were investigated at eight temperatures be-
tween −20◦C and −55◦C in 5◦C intervals. During the experiments, wall temperature
differences ranged from 0◦C to 24◦C, leading to ice supersaturations of 0% to 90%.
Typical aerosol number concentrations were 1000 particles per cm3. In Fig. 4 an ex-
ample of an experimental run is visualized.15

In the supersaturated region within ZINC, a fraction of the ice nuclei becomes acti-
vated and forms ice crystals. Activated particles grow to a size larger than 1µm where
they can be clearly distinguished from inactivated dust particles. The size of the ice
crystals is in the range of a few micrometers where they can be reliably counted by the
OPC at the outlet of the chamber.20

The activated fraction of particles (Eq. 1) was calculated as the ratio of the number
concentration of ice crystals detected by the OPC to the total number concentration of
particles measured with the CPC as described in Sect. 3.

Activated Fraction=
# Ice Crystals

# Aerosol Particles
(1)

Data points for the activated fraction were obtained at a time resolution of 5 s during25

the increase of supersaturation. The experiment was carried out under the same con-
ditions with each of the four mineral dust species.
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5 Results

Measurements of the 1% activated fraction threshold RHi as a function of tempera-
ture for four mineral dust samples of selected particle diameters of 100, 200, 400 and
800 nm are shown in Fig. 5. Activation spectra were used to compare the nucleation
behaviour for the whole range of RHis set during the measurements. Activation spec-5

tra of illite and kaolinite in the temperature range from −30◦C to −40◦C are imaged in
Fig. 6. Similar results are obtained for all measured temperatures and for montmoril-
lonite and ATD (not shown). The data for 1% activated fraction show a distinct effect
of the particle size on deposition nucleation. Smaller particles require a higher RHi to
be activated. This finding is consistent with nucleation theory and has already been10

confirmed under different experimental conditions in previous studies e.g. by Archuleta
et al. (2005) or Berezinski et al. (1988).

For every dust sample there is a maximum nucleation efficiency at a specific temper-
ature, i.e. a minimum supersaturation threshold for 1% activated fraction. The minimum
RHi required to reach 1% activation is found to be at lower temperatures for smaller15

particles than for larger particles. The corresponding temperature shifts from −50◦C
for 100 nm particles to −35◦C for 800 nm particles.

The RHi required for the onset of deposition nucleation on 800 nm particles in the
temperature range from −35◦C to −50◦C has been observed to be around 105% for
montmorillonite, kaolinite and illite. A slightly higher treshold of 110% RHi is needed20

for ATD particles to act as deposition nuclei. For smaller particles and at temperatures
outside this range, a higher RHi is needed to start ice nucleation. At temperatures
higher than −30◦C, relative humidities above water saturation were required before ice
formation was detected. As can be seen in Fig. 6, the transition from activation above
water saturation to activation below water saturation shifts to higher temperatures for25

larger particles. At −30◦C, particles with 400 nm and 800 nm in diameter were able to
nucleate ice below water saturation, whereas 100 nm and 200 nm particles started to
nucleate ice below water saturation only at −35◦C. At −35◦C a steep increase in the
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activated fraction for illite and kaolinite particles has been observed as water saturation
was reached (see Fig. 6). This is most likely due to the onset of condensation freezing.

For future use of the presented data in numerical studies, a parameterisation scheme
for the activated fraction as a function of supersaturation with respect to ice (Si) has
been developed. For this analysis, only activations below water saturation were used5

because with the present experiment, condensation and deposition mechanisms can
not be unambiguously distinguished above water saturation. The exponential fit pro-
posed by Möhler et al. (2006) for deposition nucleation was tested for the measured
data, but it matched poorly. As the activated fraction is expected to saturate at high
RHi, curve functions which exhibit saturation behavior have been tested. The best fit to10

the data was obtained with a sigmosoidal shaped fit curve (Eq. 2) which has its point
of inflection at 50% activated fraction and saturates at 100%.

Activated Fraction=
1

1 + α · exp[−β · (Si−S0)]
(2)

An example of this sigmosiodal fit to the measured activation spectra for 400 nm kaoli-
nite particles at -55◦C is shown in Fig. 7. α and β are non-dimensional, temperature15

dependent empirical constants (see Table 1), S0 is the threshold ice saturation for 1%
activated fraction determined experimentally and Si is the supersaturation with respect
to ice.

6 Discussion

The measurements demonstrate that deposition nucleation is an efficient ice forma-20

tion mode under conditions well below water saturation. In cirrus formation deposition
nucleation might inhibit homogeneous ice nucleation by depleting the available wa-
ter vapour content. In addition air needs to reach colder temperatures before water
saturation can be achieved. Therefore, deposition nucleation changes the prevailing
conditions for subsequent processes like homogeneous freezing.25
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A clear size dependence for the ice activated fraction of deposition nuclei at a given
temperature and ice saturation is found for montmorillonite, kaolinite, illite and ATD dust
particles. Larger particles tend to induce ice nucleation at lower RHis. Differences in
the onset RHi up to 30% have been observed for the used particle sizes. The size
effect is less pronounced at temperatures below −50◦C. This indicates the presence of5

efficient active sites on the surfaces of all tested particle sizes that are able to support
ice embryo formation under these conditions. It can be concluded that the probability
for at least one efficient active site to be present on a IN surface depends more strongly
on the particle size at higher temperature than at lower temperatures.

Mineral dust aerosols of one species are expected to have a constant chemical sur-10

face composition and crystal structure. Assuming that all particles of one dust species
have identical surface properties and the ability to nucleate ice per surface area is the
same for all, surface normalized activation spectra should look similar. This hypoth-
esis has been tested by normalizing the activated fraction for all particle diameters
to the 200 nm particle surface. Presuming that the particles were spherical, the acti-15

vated fraction of the 100 nm particles was multiplied by 4, the activated fraction of the
400 nm particle divided by 4 and the one of 800 nm particles by 16 respectively. The
simplified assumption of spherical shaped particles represents the maximum increase
in particle surface with increasing diameter and is commonly applied in the theory of
ice nucleation (Pruppacher and Klett, 1997). The surface normalization was performed20

according to Eq. (3) where the particle diameter (Dp) enters by square.

S = 4 · π ·
(

Dp

2

)2

(3)

The surface normalized activation spectra for illite are shown in Fig. 8. Similar results
have been obtained for kaolinite, montmorillonite and ATD (not shown).

The comparison of the normalized activation spectra indicates a substantial influence25

of the surface area. The activation spectra for 200, 400 and 800 nm particles overlay
and become uniform. Especially for temperatures below −35◦C where the normalized
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activation spectra start to fall on top of each other, the activated fraction is dominated
by the surface area of the selected particles.

In contrast to montmorillonite and ATD where the surface normalised activation spec-
tra of all particle sizes coincide in the regime of deposition nucleation, a difference in the
ice nucleation efficiency of kaolinite and illite occurs for 100 nm particles. The smallest5

size is clearly separated (see Fig. 8). This indicates a size limit for efficient deposition
nucleation around 100 nm, as predicted by classical nucleation theory (Fletcher, 1969).
Marcolli et al. (2007) analysed ATD in the immersion mode. They also found that parti-
cles have to have a diameter of at least 100 nm to carry one active site on average for
temperatures below −20◦C.10

The separation of condensation freezing and deposition nucleation above water sat-
uration is not possible with the present experimental setup. But the onset of condensa-
tion freezing is clearly visible in the activation spectra. Condensation freezing occurs
only above water saturation. As both condensation freezing and deposition nucleation
contribute to the activation spectra, the onset of condensation freezing can be detected15

as a sharp increase in the slope of the activation spectra at water saturation. Examples
of activation spectra crossing the water saturation line are shown in Fig. 6. The temper-
ature range in which deposition is the only active nucleation mechanism depends on
size and dust species (see Fig. 6). Larger particle sizes (400 nm and 800 nm) nucleate
ice distinctly in deposition mode below water saturation at temperatures up to −30◦C.20

Above this temperature, ice nucleation only occurs above water saturation.
Ice nucleation efficiencies of the different mineral dust species were investigated by

looking at the activated fraction as a function of RHi, shown in Fig. 9 and in terms of
the contact angle θ between the critical ice embryo and the dust particle, visualized
in Fig. 10. Contact angles, frequently referred to as wettability (Pruppacher and Klett,25

1997) were calculated approximately according to Chen et al. (2008) without consider-
ing curvature adjustment which are negligible for aerosol sizes ≥0.1µm. The nucleation
rate that is needed for the calculation of the contact angle is the one used for 1% activa-
tion. For temperatures below circa −35◦C where deposition nucleation prevails, contact
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angles of different species appear to be similar and do not depend on temperature.
Efficient IN have small contact angles (Pruppacher and Klett, 1997) and exhibit a

steep increase in the activated fraction at low RHi. The comparison of the nucleation
spectra in Fig. 9 and contact angles in Fig. 10 between the different dust species shows
no simple pattern which would allow to isolate one mineral dust type as the most effi-5

cient IN.
In summary, no outstanding particle property has been identifies as being crucial for

deposition nucleation. Possible properties are amphoteric behavior (ability to undergo
hydrogen bonds), lattice structure, hydrophilicity, hygroscopicity or the quality of active
sites present on the particle surface (Rogers and Yau, 1989; Hu and Michaelides, 2007;10

Seisel et al., 2005; Kanji et al., 2008; Chen et al., 2008; Pruppacher and Klett, 1997).
Probably it is a combination of all these attributes that contributes to the IN efficiency
of a particle species.

Figure 10 shows a change in the contact angle at temperatures around −35◦C, the
same temperature where condensation nucleation starts to be active. Thus, a change15

in θ probably indicates a change in the nucleation mechanism (cf. Fig. 5). The only
exception occurs for ATD, where a constant θ suggests that even at temperatures
above −30◦C deposition nucleation prevails.

7 Conclusions

Mineral dust aerosols acting as IN have an impact on the microphysical and radiative20

properties of clouds by influencing cloud albedo, precipitation development and cloud
life time. Understanding heterogeneous ice formation on mineral dust is of special
concern for future climate and weather prediction. Especially for cirrus clouds which
form high in the atmosphere under cold conditions, deposition nucleation can be an
important ice formation mechanism.25

Experiments were performed with the recently constructed continuous flow diffusion
chamber ZINC. The results describe the ice nucleation behaviour of four different min-
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eral dust aerosols under atmospheric conditions. Montmorillonite, kaolinite, illite and
ATD have been observed to act efficiently as IN. The larger the particle diameter of a
dust aerosol, the more efficient the ice formation in deposition mode for the temperature
range from −30◦C to −55◦C. The size effect is less pronounced at lower temperatures.

A transition from deposition nucleation to condensation freezing has been observed5

for the ice formation when water saturation was reached. This is especially important
for small particles as they require higher RHi to serve as IN at a certain temperature,
compared to large particle sizes. It is likely that the ice nucleation ability of a dust
type depends on the surface properties of the dust particles. The comparison of the
nucleation efficiency among the four dust species used in this study shows no supe-10

rior nucleation ability of one mineral dust. Therefore no specific dust property can be
declared as the most important for ice nucleation.

The further data analysis according to the method described by Chen et al. (2008)
indicates a similar contact angle of all dust species at temperatures below −40◦C. For
temperatures above −40◦C the calculated contact angles for deposition nucleation are15

strongly temperature dependent.
A sigmosoidal shaped fitcurve for use in cloud and climate models is proposed for

the parameterisation of the ice activated fraction of dust particles for conditions below
water saturation in the temperature range between −30◦C to −55◦C.
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Table 1. Selection of fit parameters for measured activation spectra in the deposition mode for
a tropopause relevant temperature range from −30◦C to −55◦C. Fit parameters for montmoril-
lonite and kaolinite particles with diameters of 200, 400 and 800 nm are given. The parameters
are the free fit variable α and β, S0 (%) indicating the measured ice saturation causing 1%
activated fraction and the maximum measured supersaturation Smax (%).

Dust species Diameter (nm) Temperature (◦C) α β S0 (%) Smax (%)

Montmorillonite 200 −35 137 0.110 115.3 126.3
200 −40 86 0.342 110.1 114.9
200 −45 96 0.592 108.7 110.8
200 −50 75 0.398 112.1 118.0
200 −55 60 0.212 116.6 126.7

400 −30 117 0.191 120.4 128.7
400 −35 43 0.178 109.0 117.4
400 −40 114 0.794 107.6 108.4
400 −45 73 0.368 108.5 114.3
400 −50 82 0.341 111.7 116.7
400 −55 50 0.169 111.8 118.1

800 −30 106 0.488 110.8 111.4
800 −35 27 0.557 106.2 109.7
800 −40 38 0.807 106.7 109.4
800 −45 40 0.776 108.2 110.8
800 −50 35 0.381 111.4 117.8
800 −55 104 0.259 117.9 119.8

Kaolinite 200 −35 106 0.182 126.2 135.8
200 −40 94 0.339 115.0 119.4
200 −45 55 0.212 111.0 122.2
200 −50 44 0.190 110.9 124.3
200 −55 41 0.197 115.0 128.7

400 −30 111 0.150 129.6 129.9
400 −35 71 0.327 111.5 115.8
400 −40 105 0.296 108.5 114.4
400 −45 43 0.328 108.6 114.8
400 −50 58 0.323 110.5 117.0
400 −55 94 0.363 115.1 121.6

800 −30 87 0.144 128.8 131.0
800 −35 100 0.253 109.4 114.1
800 −40 32 0.293 107.2 114.1
800 −45 36 0.424 108.0 114.1
800 −50 74 0.444 110.1 116.7
800 −55 113 0.374 114.8 119.3
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A. Welti: Influence of particle size on the ice nucleating ability of mineral dusts 7

Fig. 1. Representative SEM images of individual particles of (a) montmorillonite, (b) kaolinite, (c) illite and (d) ATD.

A. Welti: Influence of particle size on the ice nucleating ability of mineral dusts 7

Fig. 1. Representative SEM images of individual particles of (a) montmorillonite, (b) kaolinite, (c) illite and (d) ATD.
Fig. 1. Representative SEM images of individual particles of (a) montmorillonite, (b) kaolinite,
(c) illite and (d) ATD.
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8 A. Welti: Influence of particle size on the ice nucleating ability of mineral dusts

Fig. 2. Experimental setup. The arrows indicate the direction of the sample flow through the system. A fluidized bed aerosol generator
is used to produce mineral dust aerosols. The aerosols are forwarded into the DMA where a specific mobility is selected. One half of the
sample flow is used to measure the particle concentration with the CPC and the other half is passed into ZINC where ice nucleation takes
place. The ice crystals exiting the ZINC are detected by the OPC.

Fig. 3. Example size distribution. Used particle sizes of equal mobility due to multiple charges are shown in one color. The line style
indicates the charging state. A single plus denotes single charge, and double (triple) plus stand for double (triple) charges.

Fig. 2. Experimental setup. The arrows indicate the direction of the sample flow through the
system. A fluidized bed aerosol generator is used to produce mineral dust aerosols. The
aerosols are forwarded into the DMA where a specific mobility is selected. One half of the
sample flow is used to measure the particle concentration with the CPC and the other half
is passed into ZINC where ice nucleation takes place. The ice crystals exiting the ZINC are
detected by the OPC.
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8 A. Welti: Influence of particle size on the ice nucleating ability of mineral dusts

Fig. 2. Experimental setup. The arrows indicate the direction of the sample flow through the system. A fluidized bed aerosol generator
is used to produce mineral dust aerosols. The aerosols are forwarded into the DMA where a specific mobility is selected. One half of the
sample flow is used to measure the particle concentration with the CPC and the other half is passed into ZINC where ice nucleation takes
place. The ice crystals exiting the ZINC are detected by the OPC.

Fig. 3. Example size distribution. Used particle sizes of equal mobility due to multiple charges are shown in one color. The line style
indicates the charging state. A single plus denotes single charge, and double (triple) plus stand for double (triple) charges.

Fig. 3. Example size distribution. Used particle sizes of equal mobility due to multiple charges
are shown in one color. The line style indicates the charging state. A single plus denotes single
charge, and double (triple) plus stand for double (triple) charges.
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A. Welti: Influence of particle size on the ice nucleating ability of mineral dusts 9

Fig. 4. Time evolution of ice nucleation measurements. The two top panels show the temperature and humidity evolution at the sample
location. The middle panel displays the color coded particle size spectra obtained from the OPC and beneath, the particle count history of
the CPC is shown. At the bottom the calculated activated fraction is plotted.

Fig. 5. RHi required for 1% activated fraction as a function of temperature of (a) montmorillonite, (b) kaolinite, (c) illite, (d) ATD for
different particle sizes. The water saturation line is shown as a solid, black line. The breakthrough line marks the region where water drops
condensed in the nucleation section, grow large enough to pass the evaporation section and thus are also detected by the OPC.

Fig. 4. Time evolution of ice nucleation measurements. The two top panels show the tempera-
ture and humidity evolution at the sample location. The middle panel displays the color coded
particle size spectra obtained from the OPC and beneath, the particle count history of the CPC
is shown. At the bottom the calculated activated fraction is plotted.
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A. Welti: Influence of particle size on the ice nucleating ability of mineral dusts 9

Fig. 4. Time evolution of ice nucleation measurements. The two top panels show the temperature and humidity evolution at the sample
location. The middle panel displays the color coded particle size spectra obtained from the OPC and beneath, the particle count history of
the CPC is shown. At the bottom the calculated activated fraction is plotted.

Fig. 5. RHi required for 1% activated fraction as a function of temperature of (a) montmorillonite, (b) kaolinite, (c) illite, (d) ATD for
different particle sizes. The water saturation line is shown as a solid, black line. The breakthrough line marks the region where water drops
condensed in the nucleation section, grow large enough to pass the evaporation section and thus are also detected by the OPC.

Fig. 5. RHi required for 1% activated fraction as a function of temperature of (a) montmorillonite,
(b) kaolinite, (c) illite, (d) ATD for different particle sizes. The water saturation line is shown as
a solid, black line. The breakthrough line marks the region where water drops condensed in
the nucleation section, grow large enough to pass the evaporation section and thus are also
detected by the OPC.
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10 A. Welti: Influence of particle size on the ice nucleating ability of mineral dusts

Fig. 6. Activation spectra of kaolinite and illite (activated fraction vs. RHi) for temperatures from -30◦C to -40◦C. The particle diameter is
indicated in the figure and water saturation has been marked as a vertical line.

Fig. 7. Measured activation spectra at -55◦C for 400 nm illite particles are shown as blue triangles. The least square fit of a sigmosoidal
shaped curve according to Eqn.2 is depicted as dashed line. The least square fit of an exponential parameterisation according to Möhler et al.
(2006) is shown as dotted line.

Fig. 6. Activation spectra of kaolinite and illite (activated fraction vs. RHi) for temperatures from
−30◦C to −40◦C. The particle diameter is indicated in the figure and water saturation has been
marked as a vertical line.

6951

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/6929/2009/acpd-9-6929-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/6929/2009/acpd-9-6929-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
9, 6929–6955, 2009

Influence of particle
size on the ice

nucleating ability of
mineral dusts

A. Welti et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

10 A. Welti: Influence of particle size on the ice nucleating ability of mineral dusts

Fig. 6. Activation spectra of kaolinite and illite (activated fraction vs. RHi) for temperatures from -30◦C to -40◦C. The particle diameter is
indicated in the figure and water saturation has been marked as a vertical line.

Fig. 7. Measured activation spectra at -55◦C for 400 nm illite particles are shown as blue triangles. The least square fit of a sigmosoidal
shaped curve according to Eqn.2 is depicted as dashed line. The least square fit of an exponential parameterisation according to Möhler et al.
(2006) is shown as dotted line.

Fig. 7. Measured activation spectra at −55◦C for 400 nm illite particles are shown as blue
triangles. The least square fit of a sigmosoidal shaped curve according to Eq. (2) is depicted
as dashed line. The least square fit of an exponential parameterisation according to Möhler
et al. (2006) is shown as dotted line.
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A. Welti: Influence of particle size on the ice nucleating ability of mineral dusts 11

Fig. 8. Surface normalized activation spectra (activated fraction vs. RHi) of illite. The activated fraction of the different particle sizes has
been normalized to an equivalent surface of a 200 nm particle.

Fig. 8. Surface normalized activation spectra (activated fraction vs. RHi) of illite. The activated
fraction of the different particle sizes has been normalized to an equivalent surface of a 200 nm
particle.
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12 A. Welti: Influence of particle size on the ice nucleating ability of mineral dusts

Fig. 9. Comparison of the activation spectra of montmorillonite, kaolinite, illite and ATD for 200 nm and 800 nm particles at -45◦C and
-55◦C. Water saturation is indicated as vertical line.

Fig. 10. Calculated contact angles for deposition nucleation (θ) for (a) montmorillonite, (b) kaolinite, (c) illite and (d) ATD.

Fig. 9. Comparison of the activation spectra of montmorillonite, kaolinite, illite and ATD for
200 nm and 800 nm particles at −45◦C and −55◦C. Water saturation is indicated as vertical
line.
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Fig. 9. Comparison of the activation spectra of montmorillonite, kaolinite, illite and ATD for 200 nm and 800 nm particles at -45◦C and
-55◦C. Water saturation is indicated as vertical line.

Fig. 10. Calculated contact angles for deposition nucleation (θ) for (a) montmorillonite, (b) kaolinite, (c) illite and (d) ATD.Fig. 10. Calculated contact angles for deposition nucleation (θ) for (a) montmorillonite, (b)
kaolinite, (c) illite and (d) ATD.
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