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Abstract. Agricultural dust emissions have been estimated to
contribute around 20 % to the global dust burden. In contrast
to dusts from arid source regions, the ice-nucleating abilities
of which have been relatively well studied, soil dusts from
fertile sources often contain a substantial fraction of organic
matter. Using an experimental methodology which is sensi-
tive to a wide range of ice nucleation efficiencies, we have
characterised the immersion mode ice-nucleating activities
of dusts (d < 11 µm) extracted from fertile soils collected at
four locations around England. By controlling droplet sizes,
which ranged in volume from 10−12 to 10−6 L (concentra-
tion= 0.02 to 0.1 wt % dust), we have been able to determine
the ice nucleation behaviour of soil dust particles at tempera-
tures ranging from 267 K (−6◦C) down to the homogeneous
limit of freezing at about 237 K (−36◦C). At temperatures
above 258 K (−15◦C) we find that the ice-nucleating activ-
ity of soil dusts is diminished by heat treatment or digestion
with hydrogen peroxide, suggesting that a major fraction of
the ice nuclei stems from biogenic components in the soil.
However, below 258 K, we find that the ice active site den-
sities tend towards those expected from the mineral compo-
nents in the soils, suggesting that the inorganic fraction of
soil dusts, in particular the K-feldspar fraction, becomes in-
creasingly important in the initiation of the ice phase at lower
temperatures. We conclude that dusts from agricultural ac-
tivities could contribute significantly to atmospheric IN con-
centrations, if such dusts exhibit similar activities to those
observed in the current laboratory study.

1 Introduction

In the absence of contaminants, water in cloud droplets re-
mains in the supercooled state until the temperature de-
creases below about 237 K (Murray et al., 2010; Riechers et
al., 2013). However, in mixed-phase clouds, particles known
as ice nuclei (IN) may catalyse the transition from the su-
percooled to the solid state, facilitating the co-existence of
liquid and ice at temperatures higher than the homogeneous
freezing limit (Murray et al., 2012; Hoose and Möhler, 2012).
Ice particles in a mixed-phase cloud subsequently grow as a
result of the inherent difference in equilibrium vapour pres-
sure between the two phases, which leads to the mass trans-
fer of liquid water to ice. Also, under specific conditions,
the impact of rare IN may be amplified by ice multiplication
mechanisms which produce secondary ice crystals (Yano and
Phillips, 2011; Crawford et al., 2012). Hence ice-nucleating
particles, which tend to be rare in comparison with cloud
condensation nuclei (DeMott et al., 2010; Murray et al.,
2012), play a disproportionate role in cloud processes such
as precipitation and radiative transfer. Consequently, char-
acterisation of the underlying mechanisms and particles re-
sponsible for ice nucleation represents a critical step towards
understanding and predicting the climatic impacts of clouds
(Cantrell and Heymsfield, 2005).

Four mechanisms have been hypothesised to account for
the heterogeneous nucleation of ice in mixed-phase clouds:
deposition, contact, immersion and condensation, each of
which has been defined by Vali (1985), although other mech-
anisms may also be possible (Fornea et al., 2009; Durant
and Shaw, 2005). Vali (1985) defines immersion freezing as
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nucleation of a supercooled water droplet by an immersed
nucleus, whereas Pruppacher and Klett (1997) arbitrarily de-
fine immersion freezing as the mode where an IN becomes
immersed above 273.15 K. Here, we adopt Vali’s (1985)
broader definition of immersion freezing where a particle im-
mersed in a droplet is defined as being an immersion IN in-
dependent of how or at what temperature it got there.

The relative importance of each ice nucleation mode in
the atmosphere remains uncertain (Cantrell and Heymsfield,
2005). However, a number of field and modelling studies
have indicated that in mixed-phase clouds water saturation
is a prerequisite for the formation of ice, suggesting that de-
position mode nucleation or condensation below water satu-
ration may be of limited importance for such clouds (Field et
al., 2012; Twohy et al., 2010; Ansmann et al., 2009; de Boer
et al., 2011; Westbrook and Illingworth, 2011). Consequently
both immersion and contact modes are expected to dominate
ice formation in mixed-phase clouds (Hoose et al., 2010b).
The relative importance of contact mode nucleation remains
unclear (e.g. Hoose et al., 2010b; Philips et al., 2007).

The composition, distribution and relative efficiencies (as
quantifiable, for example, by the determination of nucle-
ation rates or ice active site densities) of ice-nucleating par-
ticles have become topics of intense research (DeMott et al.,
2011; Murray et al., 2012; Hoose and Möhler, 2012). Ice nu-
clei which are thought to be of potential importance include
species such as soot, volcanic ash, mineral dusts and bio-
logical particles such as bacteria, fungal spores and pollen
grains. Laboratory studies indicate that inorganic ice nuclei
tend to exhibit significant activity only at temperatures below
∼ 258 K (−15◦C) (Hoose and Möhler, 2012; Murray et al.,
2012). Conversely, while biological IN such as intact bacte-
ria or pollen grains are amongst the most efficient nucleators
known, their atmospheric abundance is typically orders of
magnitude lower than that of mineral dusts or soot in the at-
mosphere (Després et al., 2012; Murray et al., 2012; Hoose
et al., 2010b). This has resulted in questions as to whether
they are relevant in ice formation processes in mixed-phase
clouds, at least on a global scale (Hoose et al., 2010a; Mur-
ray et al., 2012; Burrows et al., 2013). However, on regional
scales both observations and model studies have shown that
biological particles may indeed play significant roles in at-
mospheric ice formation processes (e.g. Phillips et al., 2009;
Prenni et al., 2009).

The importance of mineral dust particles in mixed-phase
cloud glaciation has been demonstrated both in field (Sassen
et al., 2003; Pratt et al., 2009; Choi et al., 2010; Ansmann
et al., 2008; Creamean et al., 2013) and modelling (Hoose
et al., 2010b; Lohmann and Diehl, 2006; Atkinson et al.,
2013) studies. In the case of model simulations, dusts have
been treated as being purely composed of mineral compo-
nents, which is not unreasonable given that the major dust
sources are located in arid regions (Prospero et al., 2002; Gi-
noux et al., 2012). However, a number of recent field studies
have shown that significant quantities of biological materi-

als may be co-transported from sources together with min-
eral dusts (Pratt et al., 2009; Hallar et al., 2011; Creamean
et al., 2013). For instance, during their study of ice crystal
residues sampled from a wave cloud above Wyoming, Pratt
and co-workers employed aerosol time-of-flight mass spec-
trometry to show the most abundant particle type found was
mineral dust, of which 60± 13 % was internally mixed with
biological and/or humic materials. Using a combination of
techniques, the authors showed that the most likely source of
the particles influencing the cloud was from long-range trans-
ported dust which was lofted from Central China or Eastern
Mongolia. Since organic species can be internally mixed with
mineral particles in dust aerosols, in the current manuscript
we use the phrase “mineral dust” to refer to any dust which
can be mobilized from soils, and may or may not contain or-
ganic matter.

To date, the impact of agricultural soil dusts on atmo-
spheric ice formation remains poorly constrained, despite the
fact that soil organic matter (SOM) has long been proposed
as a source of potent IN (Vali, 1968; Schnell and Vali, 1972).
Land use such as agriculture can result in anthropogenic
dust emissions, both through direct injection of dust parti-
cles during tillage, and through loss of soil cohesion leading
to increased erosion rates (Zender et al., 2004). On a global
scale, dusts emanating from agricultural sources are thought
to represent a major contribution to anthropogenic dust emis-
sions (Tegen et al., 2004). The “best-guess” estimates of the
last IPCC report (Forster et al., 2007) suggested a contribu-
tion from anthropogenic emissions of between 0 and 20 %
to the total atmospheric dust burden. More recently, Ginoux
and co-workers presented global high-resolution mapping of
dust sources, using estimates of dust optical densities derived
from satellite-based measurements with the Moderate Reso-
lution Imaging Spectrometer together with land use data sets
(Ginoux et al., 2012). Dust sources were attributed to natu-
ral and anthropogenic (primarily agricultural) origins, which
accounted for 75 % and 25 % of emissions respectively.

Fertile soil is a complex mixture of both inorganic and or-
ganic matter, the latter being composed of plant litter, ani-
mal/microbial residues, lipids, carbohydrates, peptides, cel-
lulose, lignin and humic substances such as humic and fulvic
acids (Simoneit et al., 2004; Oades, 1993). Sub-10 µm dusts
sampled at agricultural sites contain significant amounts of
organic carbon (OC) (Baker et al., 2005; Chow et al., 2003).
In a recent study, Conen et al. (2011) demonstrated that or-
ganic matter present in non-desert soils, which tend to have
a higher OC content than soils from desert regions, can
lead to ice-nucleating activities up to one thousand times
greater than those of the mineral components in the soil on
a per-mass basis. Although OC in soils can coat substantial
fractions of the underlying mineral surfaces (Mayer, 1994),
the impacts of this upon the overall ice-nucleating ability
across temperatures relevant for ice formation in mixed-
phase clouds remains unclear.
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Table 1. Soil sample information. Location, mean annual (air) temperature (MAT), specific surface area as estimated by laser diffraction
(SSA), K-feldspar content in the dust fraction and bulk organic carbon content of the soils examined during this study. Mean annual air
temperatures are calculated from 5 km× 5 km grid cells of UK Climate Projections (UKCP09) observation data sets provided by the UK Met
Office.

Sample Coordinates
SSA (m2 g−1)∗ % K-feldspar % OC

MAT Used Upper Lower (% mass, (% mass,
(◦C) Limit Limit < 11 µm) bulk)

A 51.68925,−1.69669 10.7 1.47 2.69 0.77 9.8 12.7
B 52.62055,−1.2933 9.7 0.74 1.34 0.46 11.0 2.9
C 53.52474,−1.64263 8.9 1.86 3.23 1.17 2.1 2.1
D 52.62035,−1.39551 10.1 2.31 4.11 1.60 8.2 2.5

∗ For the specific surface areas, the values used for the determination of ice active site densities were taken using a refractive
index of 1.53+ 0.03i. The upper and lower limits are taken from the maximum and minimum SSAs calculated whenni is
allowed to vary between 0.1–0.01, and are used together with the uncertainties in size binning of droplets for the calculation of
error bars inns values (see Sect. 2.4).

In the following work, we examine the relative con-
tribution of organic and mineral components to the ice-
nucleating ability of dusts (filtered to < 11 µm) from soil
samples collected in England. Using a combination of ex-
perimental methodologies, the characteristic ice nucleation
behaviour of the samples is assessed over a wide range of
temperatures relevant for mixed-phase tropospheric clouds
(268 >T > 237 K). The freezing activities are examined us-
ing the time-independent (singular) model of ice nucleation
and we assess the relative importance of the mineral and the
biogenic ice nuclei in these samples.

2 Experimental

2.1 Soil collection and dust extraction

Soil samples with contrasting mineralogies were collected
from within the top 10 cm of the surface at four sites around
England (Table 1). Sample A was collected from near a
hedgerow in soil which had not recently been ploughed and
contained a large proportion of OC (12.7 wt%) in varying
stages of decomposition. In contrast, samples B–D were col-
lected from arable agricultural fields which were regularly
ploughed. These samples contained between 2.1 and 2.9 wt%
organic carbon.

In order to focus our ice nucleation study on a size frac-
tion which could potentially become aerosolised in natural
soil samples, it was necessary to sieve and filter the samples.
First, the samples were air-dried and sieved to < 2 mm. These
samples were further dry-sieved to remove particulates larger
than 63 µm, then suspended in water in order to wet-sieve
them through a 45 µm sieve. 45 mL aliquots of the result-
ing suspension were poured into polypropylene tubes (to a
height of 8 cm), shaken and allowed to settle for 60 s in or-
der to preferentially remove larger particles prior to the sub-
sequent filtration. The supernatant was withdrawn from the
top 4 cm and subsequently vacuum filtered through an 11 µm

Fig. 1. Sample X-Ray diffraction pattern showing assignments of
major mineral components in soil D. Assigned are a selection of
the peaks associated with the major components found in the soil
dusts. Labelled are peaks for KAO – Kaolinite, ILL-SME – Illite-
Smectite, QUA – Quartz, ILL – Illite, KF – Potassium Feldspar.
Note that assignments shown in the figure are not exhaustive; ex-
tensive information on peak positions can be found in Hillier (1999,
2000).

nylon mesh filter (Millipore, NY1104700). Possible conse-
quences of the above treatments for the resulting particles
sampled include a redistribution of dissolved organic carbon
across these particles due to the wet sieving process, as previ-
ously highlighted by Conen et al. (2011). In addition, the act
of sieving/filtration through a nylon net filter as a method of
particle selection could result in changes to the distribution of
particle shapes at a given size, as whether elongated particles
make it through the square openings is dependent on particle
orientation. The resulting filtrate was dried at slightly above
ambient temperatures in an oven at 313 K. A known mass
of this dry dust was then resuspended in a known mass of
water to create a suspension for ice nucleation experiments
(Sect. 2.3).

2.2 Characterisation

The mineralogical composition of the soil dust fraction
(< 11 µm, see Table 2) was obtained by X-ray diffraction
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(XRD) analysis. A sample XRD diffraction pattern indicat-
ing the major peaks used during the assignment of the min-
eral components is indicated in Fig. 1. Due to the small quan-
tity of the sample, the standard spray-dry method (Hillier,
1999; Broadley et al., 2012) was unsuitable and a different
approach was taken. The soil dust fraction was doped with
a known mass of corundum as internal standard and then
packed into the sample holder of the X-ray diffractometer.
Reference intensity ratios for individual minerals to the stan-
dard were determined using reference samples of minerals
with known composition. Accordingly, the concentrations of
each mineral component in the soil dust samples could be de-
termined. The relative intensities for 2–4 peaks of each min-
eral in the soil dusts were measured and used to establish the
relative proportions of each mineral listed in Table 2. Further-
more, the use of multiple peaks helped to ensure that there
was no preferred orientation in the sample. This methodol-
ogy and the spray-dry method have been compared using
other mineral dust samples, such as NX-illite and Arizona
Test Dust, in order to validate this approach. The results from
the two techniques were indistinguishable from one another.

The percentage organic carbon in the bulk soil samples
(sieved to < 2 mm) was determined by dry combustion using
a Thermo Flash EA1112 elemental analyser. In order to re-
move inorganic carbon (i.e. carbonates) from the soils prior
to analysis for organic carbon, samples were treated with 6 %
sulfurous acid (Skjemstad and Baldock, 2007). See Table 1
for results.

For calculation of ice active site densities (Sect. 2.4)
we have estimated the specific surface areas (SSA) of sus-
pended soil mineral particles from the particle size distribu-
tion (Fig. 2). The size distribution was determined using a
Malvern Mastersizer 2000E laser diffraction instrument. This
instrument measures the angular intensity of scattered light
from a laser (λ = 633 nm), and then predicts the particle size
distribution, in terms of volume equivalent spheres, using
Mie Theory. The size range measurable by the Mastersizer
2000E is quoted as 0.1–1000 µm, depending on the sample.
However, owing to the principles of operation, techniques
based on laser diffraction tend to be biased towards larger
particles in the sample (Storey and Ymen, 2011). We have
used the manufacturers standard analysis model for samples
containing irregular particles in order to determine volume
equivalent spherical diameters. Values for the refractive in-
dex (both the real,nr, and imaginary,ni , components) are
required input parameters for the analysis, with the output
size distribution particularly sensitive toni (Sperazza et al.,
2004). Fornr a value of 1.53 was chosen in line with Eshel et
al. (2004) and Pieri et al. (2006). If they are unknown, opti-
mal values ofni are selected by minimisation of the residual
difference between the measured diffraction pattern and that
modelled by Mie theory, as recommended by the manufac-
turer. Forni , values between 0.1–0.01 have been suggested
for soil samples (Özer et al., 2010). We found that the resid-
uals tended to be lowest at aroundni = 0.03, and this value

Fig. 2. Particle size distribution histograms determined by laser
diffraction for soil dusts A–D examined during this study. Dashed
lines following the surface area and volume distributions are pro-
vided for clarity.

was used to estimate the SSA. The maximum and minimum
values of the SSA arising fromni values within this range
(0.1–0.01) were used to estimate the uncertainty in the SSA
(see Table 1) for use in the calculation of ice active site den-
sities (Sect. 2.4).

It should be noted that in expressing the particle size
distribution in volume equivalent sphere diameters, for real
samples deviations in the calculated amount of surface area
available to nucleate ice may occur. Particles can be non-
spherical, porous and have surface roughness. Typical val-
ues of particle sphericity (i.e. the ratio of the surface area
of a sphere with the same volume as the given particle to
the actual surface area of the particle) can approach unity for
rounded grains or cubic particles such as calcite, while highly
irregular particles such as clays or mica can have sphericities
as low as 0.2 (Yang, 2003; Holdich, 2002). As noted by Mur-
ray et al. (2012), for comparison of ice active site density data
between studies the data treatment between the studies needs
to be considered (Sect. 2.4).

In the particle size analysis of soils, removal of organic
matter has been recommended prior to soil particle size anal-
ysis due to the fact that organic matter facilitates aggregation
(McGee and Bauder, 1986; Pansu and Gautheyrou, 2006).
Consequently, organic matter was removed from the samples
by oxidation with 35 % hydrogen peroxide at 323 K. In the
case of soils containing calcite (soils A, B and D), which
also facilitates aggregation and interferes with the oxidation
of SOM by hydrogen peroxide, the carbonate was first re-
moved using 1 M sodium acetate at pH 5 (Pansu and Gau-
theyrou, 2006). Following the pre-treatments, the soil dusts
were chemically dispersed in an aqueous solution contain-
ing 0.595 % (w : v) sodium hexametaphosphate and 0.132 %
(w : v) sodium carbonate (Oorts et al., 2005). Hence, the sur-
face areas derived from laser scattering which we quote are
for the non-aggregated inorganic component (excluding the
calcite) of the soil.
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Table 2.Mineralogies of the soil dusts (< 11 µm) determined by X-ray diffraction (XRD). Listed in weight percent are: CA – calcite, QU –
quartz, NF – Na-feldspar, KF – K-feldspar, ILL – illite, ILL-SM – illite-smectite, KAO – kaolinite, OM – other minerals: the sum of the rarer
minerals in the samples, and OU – others unidentified: material which was not resolved using XRD.

Sample CA QU NF KF ILL ILL-SM KAO OM OU

A 0.4 13.5 1.7 9.8 21.7 10.7 19.5 5.3 17.4
B 6.7 19.8 2.1 11.0 7.6 17.9 6.3 9.0 19.6
C 0.0 10.0 1.0 2.1 6.8 20.7 55.9 0.0 3.5
D 1.0 12.6 3.2 8.2 20.4 11.9 20.0 3.3 19.4

2.3 Drop freezing experiments

To assess the freezing behaviour of soil dusts over a wide
temperature range, three separate sets of droplet freezing ex-
periments were performed, each with different droplet sizes,
ranging in volume from 10−12 to 10−6 L (diameter= 8 µm–
1.45 mm). A given droplet freezes at a temperature where a
particular active site triggers freezing. Smaller droplets, con-
taining less surface area of soil, will on average contain a
smaller sample of active sites. Owing to the lower probability
that these smaller droplets will contain rarer, more efficient
active sites, these droplets will tend to freeze at lower temper-
atures. Conversely, larger droplets, containing more surface
area, will tend to freeze at higher temperatures because they
will contain a broader spectrum of nucleation sites including
rarer sites which are capable of triggering ice formation at
warmer temperatures.

The three sets of droplet freezing experiments employed
pico-, nano- and microlitre volume droplets (Fig. 3). In the
case of the pico- and nano-litre drop freeze experiments,
a modified experimental apparatus was used to probe ice
nucleation as was previously used for published picolitre
droplet experiments (Murray et al., 2010, 2011; Broadley
et al., 2012; Atkinson et al., 2013). Briefly, droplets were
deposited onto siliconized glass slides (Hampton Research,
HR3-278T) by nebulisation of soil dust suspensions. The
suspension concentration used during nanolitre drop freez-
ing experiments (nano-DFE) ranged from 0.015–0.1 wt%. To
prevent mass transfer during cooling, the droplets were en-
cased in silicone oil. The temperature of the droplets was
manipulated using a custom-built aluminium cold stage, the
temperature being varied using a flow of liquid nitrogen bal-
anced by cartridge heaters controlled by a Eurotherm 2416
microprocessor controller. Using this setup, the uncertainty
in temperature measurement was±0.4 K. A cooling rate of
10 K min−1 was employed for experiments. A small aperture
in the cooling stage allowed for droplet illumination in the
transmission mode: the gap between the cooling stage and
the glass slide was bridged using a thin slide of diamond
with a high thermal conductivity (Element 6, 145-500-0291).
Droplet freezing was monitored using an Olympus BX-51
microscope coupled to a digital camera (3.33× magnifica-
tion).

Fig. 3.Droplet sizes used to examine the ice-nucleating efficiencies
of soil dusts. From left to right are images captured during the pico-,
nano- and micro- drop freezing experiments (DFE) respectively.

In order to extend the range of experimentally observ-
able ice nucleation events to lower temperatures, freezing
was also examined in picolitre droplets (pico-DFE) created
from nebulisation of a suspension containing 0.1 wt% soil
dust. The only modification to the above experimental setup
was the use of different optics (objective and camera mount)
to provide 10× magnification. In contrast to the nano- and
micro-DFEs, in the pico-DFE the size of the droplets exam-
ined in the experiment (total range= 10–22 µm) is so small
that they do not each contain a representative distribution of
dust particles. Accordingly, we do not attempt to quantify the
nucleation efficiencies of soil particles normalised to surface
area of nucleant per droplet in the case of the pico-DFEs. In-
stead, the data are presented using the cumulative nucleation
spectrum in Sect. 3.2 (nucleation events per unit volume of
liquid, see Sect. 2.4), which allows us to establish the influ-
ence of heat treatment on a sample’s ice-nucleating ability.

The micro-DFE has been tested and validated previously
(Atkinson et al., 2013), and is only briefly discussed here.
1.0± 0.1 µL droplets of soil dust suspensions were dis-
pensed using a Picus Picolitre Biohit digital pipette onto a
22 mm diameter siliconised glass slide (Hampton Research,
HR3-231), which was cooled from the underside using an
Grant-Asymptote EF600 Stirling engine. On cooling, freez-
ing events in droplets were recorded using a digital cam-
era. The ice-nucleating activities of two humic substances
purchased from the International Humic Substances Soci-
ety, Leonardite humic acid and Suwanhee River fulvic acid
(SRFA), were also examined using this technique. This was
performed in order to compare the activities of these proxies
for naturally occurring humic-like substances (HULIS) with
those of the soil dusts.
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During studies of environmentally sampled ice nuclei of
initially unknown composition, sensitivity to heat treatment
has become a commonly employed technique to aid in clas-
sification of IN as biogenic or otherwise (Christner et al.,
2008a, b; Henderson-Begg et al., 2009; Garcia et al., 2012).
This straightforward test operates on the principle that known
proteinaceous IN from intact bacteria and fungi are progres-
sively lost upon heating to 363 K (Pouleur et al., 1992). To
test the effects of heat on the ice nucleation activity of the
soils, the suspensions were heated to 363 K for 10 min and
allowed to cool to room temperature.

Thermally stable organic carbonaceous components have
also previously been shown to represent an active ice-
nucleating component in soil dusts (Conen et al., 2011). In
order to test for these heat-stable carbonaceous ice nuclei the
carbonaceous fraction was removed through digestion with
hydrogen peroxide. For this purpose, dry filtered soil dust
was suspended in a 35 % solution of the peroxide and heated
to 323 K for 30 min. Final solutions were diluted by a fac-
tor of 100 before examining the ice-nucleating activities to
minimize the concentration of the peroxide in the solution.
When similar treatment was applied to K-feldspar, which
was used as a reference for the ice-nucleating activities of
mineral dusts during this study, no detectable changes to the
ice-nucleating activities were observed.

During preliminary work it was noted that haloes of
condensate formed around freezing droplets and that these
haloes could sometimes trigger freezing in neighbouring
droplets, artificially enhancing the probability of freez-
ing. The phenomena of condensate halos around freezing
microlitre-sized droplets was recently discussed in some de-
tail by Jung et al. (2012). This is caused by a latent-heat-
driven release of water vapour during the freezing process
that subsequently condenses as a liquid onto the substrate,
which then freezes outwards from the frozen or freezing
droplet. To minimize the impact of these condensate haloes
the atmosphere above the droplets was purged with a flow
of dry nitrogen gas at a rate of 180 cm3 min−1. The droplets
were spaced a minimum of 0.75 mm apart, which eliminated
the problem of condensate haloes nucleating nearby droplets.

2.4 Data evaluation

The starting point for our analysis of the ice-nucleating effi-
ciencies of the soil dusts is the singular approximation of het-
erogeneous ice nucleation, which, in contrast to a stochastic
nucleation rate approach, assumes that nucleation behaves as
a time-independent process. In the singular approximation,
nuclei of differing efficiencies are distributed among aqueous
droplets and the resulting differences in freezing temperature
between droplets is a much stronger effect than differences
associated with the stochastic, time-dependent nature of nu-
cleation (Vali, 2008). Hence, the pragmatic singular approx-
imation is commonly used (Murray et al., 2012; Hoose and
Möhler, 2012; Connolly et al., 2009), although it should also

be noted that there may be situations in nature and in the lab
where the time-dependent behaviour of nucleation becomes
important (Westbrook and Illingworth, 2013; Niedermeier et
al., 2011; Welti et al., 2012; Murray et al., 2011).

According to the singular approximation, for droplets of
volumeV , the cumulative fraction frozen by a particular tem-
perature,F(T ), can be related to a cumulative number of ac-
tive ice-nucleating sites within each droplet,K(T ), by Vali
(1971):

F(T ) = 1− e(−K(T )V ). (1)

Rather than expressing the cumulative number of active sites
as a function of droplet volume, this quantity can be nor-
malised to the massm of nucleant present within the droplets
via (Vali, 1995; Murray et al., 2012):

F (T ) = 1− e(−nm(T )m), (2)

wherenm(T ) is the ice active site density per unit mass.
However, for cases where the surface area of the nucleat-
ing particles is readily definable, the number of active sites
may be expected to scale directly with surface area (Niemand
et al., 2012; Murray et al., 2011; Niedermeier et al., 2010;
Augustin et al., 2013; Hartmann et al., 2013). Consequently,
comparison of active site densities per unit mass is contingent
upon the specific surface areas across the samples being simi-
lar. Such issues can be avoided by expressing the cumulative
ice active site density in terms of the nucleant surface area
per droplet,σ (Murray et al., 2011; Connolly et al., 2009;
DeMott, 1995):

F (T ) = 1− e(−ns(T )σ ), (3)

wherens(T ) is the cumulative ice active surface site density,
or simply the ice active site density. In calculating the frac-
tion of droplets frozen using the nano-DFE setup, droplets
were placed into three size bins in order to constrain the sur-
face area per drop to a narrow range, which is necessary to
reduce uncertainties inσ , and hence uncertainties in ice ac-
tive site densities. In microlitre experiments this size binning
was not necessary as the droplet population is monodisperse
(1.0± 0.1 µL). In nanolitre experiments, bin centres were es-
timated from the median of the droplet sizes enclosed within
each bin; bin centres used ranged from 0.1–6 nL. Size bin-
ning into three bins was also performed for experiments us-
ing picolitre-sized droplets, with bin centres ranging from
0.25–1.70 pL. With three bins we were able maximise the
number of droplets per bin (average per bin= 17 in nano-
litre experiments, 45 in picolitre experiments) while min-
imising the errors in droplet volume. The droplet size distri-
bution is typically skewed towards smaller sizes, hence we
estimate the bin centre with a median volume rather than
a mean. Confidence limits are established in the range of
droplet volumes enclosed in each bin, within which limits
68 % of the droplets fall (which, were the droplet sizes dis-
tributed normally, would correspond to±1 standard devia-
tion). The largest uncertainty produced by the finite bin width
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Fig. 4. Ice active site densities (ns) values determined from nano-
litre drop freezing experiments for soils A–D. Each graph shows
the data selected from at least 2 droplet size bins, as outlined in
Sect. 2.4. The feldspar data are for K-feldspar at the same cooling
rates (dT /dt =−10 K min−1) as used for the soils. The K-feldspar
ns has been scaled down according to the feldspar mass fraction in
each of the soils (see Sect. 3.1). Also shown is the parameterisation
for arid dusts, as provided by Niemand et al. (2012).

is less than±87 % of the bin median droplet volume for all
nanolitre experiments and less than±53 % for all picolitre
experiments. As noted in Sect. 2.3, the actual amount of nu-
cleant per droplet in picolitre experiments is expected to be
a probabilistic function of the droplet volume. Accordingly,
for the comparison of activities between the heat-treated and
non heat-treated soil samples, exactly the same size bins were
chosen to analyse both heated and non-heated samples. Un-
certainties resulting from the finite range of drop sizes within
each bin were combined with the uncertainties in the mea-
sured mineral specific surface area (Sect. 2.2) during calcu-
lation ofσ within each bin. Uncertainties inσ are propagated
into calculation of ice active site densities, and are expressed
as error bars in Figs. 4 and 6.

3 Results

3.1 Nanolitre droplet freezing experiments

The ice active site densities as calculated using Eq. (3) for
nanolitre-sized droplets are shown in Fig. 4. Despite the dif-
ferences in organic content and mineralogy the four soils ex-
hibit similar ns values. They range from∼ 103–104 cm−2 at
257 K to∼ 106–107 cm−2 at 248 K.

For comparison, we also show the parameterisation of
ns values for arid region mineral dusts presented by Nie-
mand et al. (2012) as well as data for K-feldspar using

the same experimental procedure as used for the soils. Re-
cently, K-feldspar (microcline) has been shown to be a ma-
jor ice-nucleating component in mineral dusts (Atkinson et
al., 2013). The K-feldsparns data in Fig. 4 have been scaled
down to the feldspar content in each of the soils (≤ 11 %,
see Table 1) for the purpose of comparison. In the absence
of a mineral-resolved size distribution for our soils we make
the approximation that the K-feldspar mass fraction in the
soils can be used to estimate the available surface area of
this mineral able to nucleate ice (i.e. wt% K-feldspar= % of
total SSA attributable to K-feldspar in the samples). It is im-
portant to note that, in this feldspar scaling approximation,
it is assumed that the K-feldspar component of the soils has
a similar size distribution as that measured for the bulk soils
here and also that the feldspar in soils has not been chemi-
cally altered in a way which would change its ice-nucleating
ability. Inspection of Fig. 4 shows that, despite these assump-
tions, the feldspar scaling approximation is a first-order pre-
dictor of the ice-nucleating ability of these soil samples in
this temperature range, predictingns to within an order of
magnitude.

If there were a significant number of biogenic IN active
in the soils in this temperature range then we would antic-
ipate the soil dusts to havens values in excess of those for
the feldspar or arid region mineral dusts. The absence of an
enhancement suggests that the ice-nucleating activity in this
temperature regime is dominated by the mineral components
rather than the organic matter in the soils.

3.2 Picolitre droplet freezing experiments

The results from droplet freezing experiments with picolitre-
sized droplets containing unheated and heated soil samples
are shown in Fig. 5. In these experiments each droplet did
not contain a representative distribution of particles since
the mass per droplet was so small (< 2 pg per drop). In this
regime we estimate that most droplets do not contain parti-
cles with diameters above 0.4 µm despite these particles mak-
ing up a significant part of the distribution. Hence, as noted
in Sect. 2.3, we were unable to determinenm orns from these
freezing data. Nevertheless, the comparison of heated and
non-heated samples provides information on the nature of the
IN that are active at temperatures < 249 K. Since the concen-
tration of dust in the heated and non-heated experiments was
held constant, we can plotK(T ), which is the number of ac-
tive sites per unit volume of suspension (Murray et al., 2012;
Vali, 1971). Using this relative measure of ice-nucleating ac-
tivity, we can see that the ice nuclei in these samples exhibit
stability towards heat treatment at 363 K. The picolitre exper-
iments suggest that the IN population in these soil samples is
dominated by inorganic IN below 249 K.
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Fig. 5. Cumulative nucleus spectrum for soil dusts A, B and D in
the < 11 µm fraction determined from the pico-DFE. For clarity, er-
ror bars are only shown for one size bin in each graph. The uncer-
tainty in temperature measurement was±0.4 K. Data for sample C
were not obtainable, owing to insufficient soil dust to perform the
experiment.

3.3 Microlitre droplet freezing experiments

To extend our measurements to warmer temperatures, the
freezing behaviour of the dusts was further probed using
microlitre-sized droplets, with individual soil dust concen-
trations in the range of 0.04–0.1 wt% and a cooling rate of
1 K min−1. The resultingns values for the soil dusts deter-
mined using microlitre droplets are illustrated in Fig. 6.

Also shown in Fig. 6 are thens values expected on the ba-
sis of the inorganic mineral content of the soils in this regime
using the mass fraction of K-feldspar in each sample. The re-
cent parameterisation from Atkinson et al. (2013), who also
used a cooling rate of 1 K min−1, was used in this plot. In or-
der to compare with this parameterisation forns, which was
derived using surface areas from gas adsorption isotherms,
the parameterisation was rescaled according to the surface
area derived from laser diffraction for the same sample. The
surface area estimated from laser diffraction for the feldspar
sample that Atkinson et al. (2013) used was 3.5 times smaller
than that derived from the gas adsorption technique and con-
sequently thens values are 3.5 times larger. The discrepancy
can be ascribed to two key factors: firstly, the particles are as-
pherical and irregular which will enhance their surface area
over that of an equivalent sphere (the fundamental quantity
measured in laser diffraction is the volume equivalent sphere
diameter). Secondly, the laser diffraction technique is insen-
sitive to the smallest particles in the distribution; hence the
estimated specific surface area will be smaller than that from
a gas adsorption technique. The issue of comparingns val-
ues derived from different methods of establishing surface
area is also discussed in two recent review articles (Hoose
and Möhler, 2012; Murray et al., 2012).

In contrast to experiments examining activities at lower
temperatures, in microlitre experiments, enhancement of the
ice active site densities over the expected nucleation activ-
ity from the K-feldspar component was observed (Fig. 6).
A potential reason for this contrasting behaviour may be the

occurrence of rare, but highly active, ice nuclei with abun-
dances only detectable in microlitre drop freeze assays. One
possibility is that the SOM enhances the ice-nucleating abil-
ity of these soil dusts at warmer temperatures (T > 258 K). In
order to test this hypothesis the soil dusts were heat treated
and digested with hydrogen peroxide in order to establish
whether organic components in the soils were responsible
for the enhanced activity. Heat treatment of the samples,
which deactivates known proteinaceous bacterial and fungal
IN (Pouleur et al., 1992), reduced the ice-nucleating activi-
ties for all soils. When the dusts were treated with hydrogen
peroxide to reduce the organic matter content of the soils,
the ice-nucleating activity in three of the four soil dusts ex-
amined (soils A, B and C) decreased further (Fig. 6), tending
to that expected for the pure mineral.

The ice-nucleating activities of two humic-like substances
(HULIS), Leonardite humic acid and SRFA, were also tested
in order to examine whether similar substances present in soil
organic matter could account for the high temperature IN ac-
tivity in soils. The resulting activities, expressed asnm, are
illustrated in Fig. 7. Shown in the same plot are equivalent
data for one of the soil samples (Soil D), which is clearly far
more active than either of the two humic substances tested.

4 Discussion

In this study we find that at temperatures above about 258 K,
the ice-nucleating activities of the fertile soil dusts tested here
result from the presence of a thermally labile, carbonaceous
component, suggesting that biogenic residues are likely re-
sponsible for the observed activities. In contrast, at lower
temperatures the ice-nucleating activity of the fertile soils we
tested was close to that expected on the basis of the soil min-
eral components, and could be reconciled with the K-feldspar
content of the soil dusts.

The lowest enhancement in ice active site densities, over
those estimated from the soil mineralogy, was observed for
soil C (Fig. 6), which also had the lowest percentage of or-
ganic carbon in the bulk soil (2.1 % OC). Conversely, in sam-
ple A, which had an OC content typical of an organic (O)
soil horizon (12.7 % OC), the ice nucleation activities were
not found to be significantly higher than in samples B and D
(2.9 and 2.5 % OC). Interestingly, Conen et al. (2011) have
reported thatnm increased by roughly 1 order of magnitude
for soil dusts in Western Mongolia for each unit increase in
the percentage OC (measured in dusts < 15 µm). While in
the current study we have examined the relationship between
bulk OC and IN activities in the dusts (< 11 µm), OC content
tends to increase with decreasing particle size (Kahle et al.,
2002). The implication from this result is that not only the
amount of organic carbon, but also its source and composi-
tion, play key roles in determining the IN activities of soils.

In all soils examined during the current study a decrease
in high temperature (T > 258 K) IN activity was found upon
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Fig. 6. Ice active site densities (ns) determined using microlitre drop freezing experiments for soils A–D (dT /dt =−1 K min−1). Concentra-
tions used ranged from 0.04–0.1 wt% between the runs. Shown for comparison is the parameterisation ofns values for K-feldspar taken from
Atkinson et al. (2013), which has been scaled down to the mass fraction of the feldspar in each of the soils as in Fig. 4. For clarity, error bars
are only shown for the first 10 data points of each series.

Fig. 7. Ice active site densities per unit mass (nm) determined
for 0.1 wt% suspensions of two proxies for humic-like substances
(HULIS): leonardite humic acid (HA) and Suwanhee River fulvic
acid (SRFA). Also shown arenm values for a 0.1 wt% suspension
of soil D for comparison. The dashed red line indicates the lower
temperature limit for these experiments, above which point less than
10 % of 1 µL Milli-Q purified water droplets were observed to freeze
across six repeat experiments.

heating (Fig. 6), suggesting that biogenic, likely proteina-
ceous, species are involved in ice nucleation at these tem-
peratures. Although the activity of proteinaceous IN is de-
creased by heat treatment, some activity can still be retained.
For example, this has been observed after the heat treat-
ment of Snowmax®, a lyophilised and irradiated commercial
preparation ofPseudomonas syringae(Pummer et al., 2012).
Other known non-proteinaceous biogenic ice nuclei, such as
those found in pollen, also retain activity after heat treatment
at temperatures above 373 K (Pummer et al., 2012). Upon di-
gestion with the peroxide, the ice active site densities in soils

A, B and C were found to decrease further than when heat
treatment was applied. In two of the soil dusts tested (soils A
and D) the ice active site densities after treatment with hydro-
gen peroxide were close to, but generally higher than those
estimated on the basis of the soil mineralogy. Although reac-
tion with hydrogen peroxide is a common method employed
in the removal of organic matter from soils, no reliable in-
dicator exists showing that complete reaction has occurred
and incomplete destruction of soil organic matter is common
(Mikutta et al., 2005). Nevertheless, the further lowering of
IN activity upon peroxide digestion, towards those expected
from the soil mineral composition, provides additional evi-
dence that the activities at low supercoolings stem from the
SOM.

While IN associated with live bacteria and fungi are the
most well-described biogenic IN in the literature, there is
considerable scope for components in SOM other than vi-
able microbes to impact upon the freezing behaviour of im-
mersed soil particles. Indeed, previous estimates of the num-
bers of live ice-nucleating bacteria in soils have been unable
to account for observed ice active site densities (Conen et al.,
2011). Non-viable cells, cell membrane fragments and mem-
brane vesicles have all been shown in the laboratory to ex-
hibit IN activity (Maki and Willoughby, 1978; Phelps et al.,
1986; Hartmann et al., 2013; Augustin et al., 2013), and dead
bacteria have been postulated to contribute significantly to
the ice-nucleating ability associated with plant tissues (Ash-
worth and Kieft, 1995; Lindow, 1983a, b). While the lifetime
of IN active proteins derived from bacteria and fungi in soils
is unknown, there is evidence to suggest that certain proteins
in soils can have extremely long residence times, on the order
of centuries (Amelung et al., 2006).

While proteinaceous material from IN active bacteria
or fungi could account for the observations here, the di-
verse composition of SOM makes it difficult to rule out
contributions to the high temperature ice-nucleating activ-
ities from other organic species present. For instance, soil
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carbohydrates represent a sizeable fraction of SOM, typi-
cally comprising 5–25 % of the soil organic matter and can
have molecular weights approaching up to 200 kDa, which
is in the range of known macromolecular IN (Pummer et al.,
2012; Stevenson, 1994). Humic substances, such as humic
acid, fulvic acid and humin are a dominant component of
SOM, accounting for between around 60–80 % of the total
soil organic matter in mineral soils (White, 2009). Humic-
like substances (HULIS) have been found capable of nucle-
ating ice in both the deposition and contact modes (Fornea
et al., 2009; Kanji et al., 2008; Wang and Knopf, 2011) and
immersion mode nucleation has also been observed at tem-
peratures below 250 K (Wang and Knopf, 2011). However, in
microlitre drop freezing experiments conducted here on two
proxies for natural HULIS (Fig. 7), Leonardite and SRFA,
the ice-nucleating activities were found to be far below those
observed in soil dusts. This result supports the hypothesis
that the high temperature IN activity in soil dusts likely orig-
inates from other components in the SOM or the association
of SOM with soil mineral dust particles.

On the basis of the results above, we can provide con-
straints on the potential importance of fertile soil dusts as
immersion mode IN in the atmosphere. As discussed in a
recent review article by Murray et al. (2012), a first-order
approximation of the IN concentration associated with a spe-
cific aerosol type can be made on the basis of the ice active
site densities together with estimates of the average atmo-
spheric aerosol particulate surface area. We assess the im-
pact of mixed mineral-organic dusts on atmospheric ice nu-
clei concentrations by estimating that roughly 20 % of the
global dust burden emanates from fertile soils. This estimate
was chosen based on past studies, indicating that dusts from
agricultural areas constitute around 20 % of the total soil dust
burden (Ginoux et al., 2012; Tegen et al., 2002; Forster et al.,
2007). We then use the range of zonal annual mean particle
number densities for the total soil dust aerosol concentration
at 600 hPa simulated by Hoose et al. (2010b). The available
surface area was then estimated by taking the log average of
this range (0.1–50 cm−3), assuming all particles are 1 µm in
diameter. From this, together with the parameterisation of the
soil ns values presented in Fig. 8, we can estimate the con-
centration of immersion mode IN between 247 and 267 K
assuming the 20 % of the soil dust burden from fertile soils
had the same activity as the soils we sampled. The result is
plotted in Fig. 9 (red line) together with measured IN con-
centrations from between 500–800 hPa (DeMott et al., 2010).
For comparison, also shown is the IN number estimated for
100 % of the dust burden (dashed blue line), assuming that
5 % of the dust surface area is K-feldspar. At temperatures
greater than about 255 K, the enhanced activities of fertile
soils results in ice nuclei concentrations greater than those
predicted for the entire dust burden based on feldspar alone.
This is consistent with the study of Atkinson et al. (2013),
who found that the K-feldspar component of mineral dust

Fig. 8. Fit to ice active site densities for untreated soil dusts as esti-
mated from the micro- and nano- drop freezing experiments. The fit
equation used is lnns = 2.974× 10−3

× T 2
− 2.160× T + 366.3,

valid from 246− 267 K and yielding anR2 value of 0.941.

was one of the most important IN below 258 K, but above
this temperature other IN types are increasingly important.

A calculation assuming that 100 % of atmospheric dust has
the activity of dusts from desert regions as reported by Nie-
mand et al. (2012) is also plotted in Fig. 9 (dark red line).
The Niemand et al. (2012) data have a more shallow slope
compared with those for feldspar, which results in enhanced
nucleation at higher temperatures. This is intriguing since
it implies that such dusts may also display enhanced nucle-
ation at warmer temperatures, which may be consistent with
Creamean et al. (2013), who found that biological material
co-lofted with dusts from arid regions may be important IN.
More work clearly needs to be done to assess if organic ma-
terial in arid region dusts can enhance its ice-nucleating ac-
tivity.

It should also be noted that the soils investigated during
this study are at the lower end of the wide spectrum of ice-
nucleating abilities previously reported for fertile soil dusts.
For instance, the most active soil dust examined to date was
collected from Western Yakutia (Conen et al., 2011). As an
upper limit to the potential number of ice nuclei possible
from soil dusts based on current available data, this case
is plotted in Fig. 9 (black line) using this enhanced ice-
nucleating ability, with the same assumptions as used for the
soils in the current study. This shows that the organic content
of soils has the potential to dominate the IN population at
temperatures above 258 K.

From the activities of soil dusts measured during this
study, the potential contribution to the global IN load is found
to be comparable to an upper limit estimate for the contribu-
tion of intact bacterial cells (Fig. 9, green line). As indicated
by Murray et al. (2012), this upper limit for intact bacte-
ria is likely an overestimate since the most efficient bacte-
ria tested by Lindow et al. (1989) were used in this calcu-
lation. Depending on growth conditions and the strains ex-
amined, the efficiency of these bacteria to nucleate ice span
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Fig. 9. The concentration of immersion mode IN based on mod-
elled global mean aerosol concentrations and laboratory-derived ice
nucleation efficiencies. Calculation of the IN concentrations is de-
tailed in Sect. 4. Aerosol concentrations are taken from Hoose et
al. (2010b) at 600 hPa, vertical bars represent the range of zonal
annual mean particle number concentrations (Hoose et al., 2010b;
Murray et al., 2012). For the fertile soil dust IN concentrations (this
study and Conen, 2011) it was assumed that the fertile soil dust
loading is equivalent to 20 % of the total dust emissions; for the bac-
teria it was assumed that 1/100 airborne bacteria were as efficient
as the most active bacterial ice nuclei from Lindow et al. (1978).
IN concentrations for the most active fertile soil dust examined by
Conen et al. (2011) are indicated (black line). An estimation of the
mineral contribution of IN from desert dusts and fertile soil dusts
(i.e. total) is based upon a 5 % K-feldspar content (dashed blue line).
We also show the IN concentration predicted by the Niemand et
al. (2012) (dark red line) based on the total dust burden and IN num-
ber concentrations measured at a variety of different altitudes from
DeMott (2010). Data are colour-coded according to the pressure at
which the measurements were performed (see inset).

up to 5 orders of magnitude, hence the contribution of bac-
teria to the IN population is most likely much smaller than
this upper limit. The implication of this result is that non-
specific soil organic matter is more important than bacterial
cells (or other whole biogenic particles such as fungal spores
or pollen grains) for atmospheric ice nucleation. While it is
unclear which components of the organic fraction of soils nu-
cleate ice, fragments from pollen grains, bacteria and fungal
spores are all known to retain some of the ice-nucleating abil-
ity of their parent particles (Maki et al., 1974; Pouleur et al.,
1992; Pummer et al., 2012; Augustin et al., 2013; Hartmann
et al., 2013). Hence, estimates of the atmospheric IN load-
ings determined from biogenic particles based on intact bio-
genic particles (e.g. bacterial cells, fungal spores and pollen
grains) are likely to under-predict the potential importance of
biogenic ice nuclei.

5 Conclusions

In the current study we have shown that the ice-nucleating
activity of fertile soil dusts likely results from the activi-
ties of soil organic matter at low supercoolings and mineral
components at high supercoolings. Using current estimates
of the global atmospheric loadings of particles emitted into
the atmosphere resulting from agricultural activities, we have
shown that even a relatively low contribution from fertile soil
particles to the total dust burden could represent an impor-
tant source of ice nuclei active at temperatures above 258 K.
However, considerable uncertainties remain in constraining
the relative importance of mixed mineral-organic dusts as im-
mersion mode ice nuclei in the atmosphere. In particular, al-
though it is clear that substantial amounts of organic material
can be found in dust aerosols emitted from fertile soils (e.g.
Vega et al., 2001; Aryal et al., 2012; Chow et al., 2003; Rut-
ter et al., 2011), budgets for mineral-dust-associated organic
matter emitted into the atmosphere from soils have yet to be
established.

The distinctive ice nucleation behaviour of our soil dusts
draws interesting parallels with previous suggestions that
atmospherically relevant IN, active at temperatures above
around 258 K, may be exclusively biogenic (DeMott and
Prenni, 2010; Christner et al., 2008a). At similar temper-
atures, ice nucleation in all of the soil dusts examined
during this study was dominated by active sites within
the soil organic matter. In slightly supercooled clouds
(265 <T < 270 K) the Hallet–Mossop ice multiplication pro-
cess is active, with the result that high temperature IN can
have a disproportionate effect on ice production (Hallett and
Mossop, 1974). However, both in the atmosphere and in the
soil dusts investigated here, biogenic particles active as IN
appear to be rare in comparison with inorganic IN, which
are capable of nucleating ice at lower temperatures. Conse-
quently at temperatures below 258 K, the population of these
rarer biogenic IN is too small to contribute significantly to
the total IN concentration. Instead, freezing is driven by the
more abundant but less active IN, which in this case are min-
eral particles.

At mild supercoolings, when ice nucleation by particles
derived from fertile soils is likely to be driven by biogenic
components, the extent to which environmental stimuli influ-
ence the biogenic IN content of soils may represent a key
factor in assessing the ice indirect effect of emitted parti-
cles. Although the environmental factors modulating the ex-
pression of ice-nucleating proteins in bacteria and fungi are
highly complex (O’Brien and Lindow, 1988), simple factors
such as climate types have been shown to correlate well with
the amount of ice nuclei in decaying plant litters (Schnell and
Vali, 1976). Given the variability of soil IN efficiencies and
their sensitivity to their environment, more work is clearly
required before we can quantify the effect of soil dusts on
cloud glaciation.
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