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a b s t r a c t
Aerosol particles from desert dust interact with clouds and influence climate on regional and
global scales. The Riyadh (Saudi Arabia) aerosol campaign was initiated to study the effects of
dust particles on cloud droplet nucleation and cloud properties. Here we report the results of
individual-particle studies of samples that were collected from an aircraft in April 2007. We
used analytical transmission electron microscopy, including energy-dispersive X-ray spectrometry, electron diffraction, and imaging techniques for the morphological, chemical, and
structural characterization of the particles.
Dust storms and regional background conditions were encountered during four days of
sampling. Under dusty conditions, the coarse (supermicrometer) fraction resembles freshly
crushed rock. The particles are almost exclusively mineral dust grains and include common
rock-forming minerals, among which clay minerals, particularly smectites, are most abundant.
Unaltered calcite grains also occur, indicating no significant atmospheric processing. The
particles have no visible coatings but some contain traces of sulfur. The fine (submicrometer)
fraction is dominated by particles of anthropogenic origin, primarily ammonium sulfate
(with variable organic coating and some with soot inclusions) and combustion-derived
particles (mostly soot). In addition, submicrometer, iron-bearing clay particles also occur,
many of which are internally mixed with ammonium sulfate, soot, or both. We studied the
relationships between the properties of the aerosol and the droplet microphysics of cumulus
clouds that formed above the aerosol layer. Under dusty conditions, when a large concentration of
coarse-fraction mineral particles was in the aerosol, cloud drop concentrations were lower and
droplet diameters larger than under regional background conditions, when the aerosol was
dominated by submicrometer sulfate particles.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction
Desert dust is a major source of atmospheric aerosol
particles (Prospero, 1999). The characteristics of dust aerosol
include a heterogeneous temporal and spatial distribution in the
atmosphere, the transport of dust plumes over thousands of
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kilometers, and complicated influences on climate. Concerning
direct climate effects, dust particles are primarily scatterers of
shortwave radiation, but their absorption in the infrared region
of the spectrum can also be significant (Tegen et al., 1996; Liao
and Seinfeld, 1998; Yoshioka et al., 2005). Mineral dust particles
can be efficient cloud condensation nuclei (CCN) (Twohy et al.,
2009; Koehler et al., 2009) as well as ice nuclei (DeMott et al.,
2003; Möhler et al., 2008; Klein et al., 2010). In addition to its
direct and indirect climate effects, atmospheric dust plays an
important role in the global biogeochemical cycle of iron, a
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Fig. 1. Map of research flights near Riyadh from April 7 to 11, 2007. The boxes in the right panel indicate the locations where aerosol samples were collected. An
Aerosol Robotic Network (AERONET) site situated at Solar Village (24.907° N, 46.397° E), 30 km west of King Khalid International Airport in Riyadh is also shown.

limiting nutrient in many oceanic ecosystems (Mahowald et al.,
2005; Jickells et al., 2005).
A thorough understanding of the effects of dust both on
climate and biological primary production requires detailed
knowledge of the dust mineralogy, particle reactions, and
histories of air masses. Recently, several large campaigns
provided comprehensive characterizations of desert dust
aerosols, including the Dust Outflow and Deposition to the
Ocean (DODO) (Chou et al., 2008; Formenti et al., 2008), the
African Monsoon Multidisciplinary Analysis (AMMA) (Chou
et al., 2008), and the Saharan Mineral Dust (SAMUM)
(Heintzenberg, 2009) experiments. The aerosol over the
Arabian Peninsula was extensively studied within the United
Arab Emirates Unified Aerosol Experiment (UAE2) (Engelbrecht
et al., 2009). All these campaigns involved single-particle
electron-beam studies of aerosol particles, providing valuable data on the properties of individual particles.

Table 1
Dates, times and conditions of aerosol sampling.
Sampling
date

Start
time

End time Height General
(m)
conditions

20070407 12:39:52 12:45:00 1679

20070408 15:22:00 15:27:00 1543

20070409 13:11:00 13:11:30 3163

20070411 09:36:30 09:40:30 2121

Comments

regional
towering
background cumulus cloud
with base at
4201 m
regional
towering
background cumulus cloud
with base at
4541 m
dusty
towering
cumulus cloud
with base at
4359 m
dusty
towering
cumulus cloud
with base at
3500 m

Despite the wealth of information that is available on mineral
dust aerosol, there is still a need for studies that analyze
compositional and structural details at high spatial resolution
within individual particles. In particular, a better understanding
of the effects of mixing with other species on the hygroscopic
properties, cloud and ice nucleation activities of dust particles
(Falkovich et al., 2004; Twohy et al., 2009; Möhler et al., 2008),
the relationships between mineralogical composition and
reactivity (Krueger et al., 2004), and between mineralogy
and iron solubility (Journet et al., 2008; Chen et al., 2012;
Li et al., 2012) require further studies. It is also of great interest
to determine how the physical and chemical properties of dust
particles influence the microphysics of clouds (Rosenfeld et al.,
2001; Andreae and Rosenfeld, 2008; Ma et al., 2011). In this
study, we use transmission electron microscopy (TEM) techniques for studying the compositions, structures, aggregation
states, and hygroscopic properties of dust particles collected in
Saudi Arabia.
The Riyadh Aerosol Campaign formed part of the “Kingdom
of Saudi Arabia Assessment of Rainfall Augmentation” project
(Axisa et al., 2008) and was designed to study the effects of
dust and pollutant aerosol on cloud microphysics. Measurements included aerosol concentrations below cloud base level
of growing towering cumulus, and size distributions of
droplets from the cloud bases to the tops of young and
growing convective towers. As part of the aerosol campaign, a series of samples for TEM studies were collected
from an aircraft. The sampling period included both dust
storms and relatively calm, background conditions.
The atmosphere in the central region of Saudi Arabia is
typically dusty, with the deserts of the Arabian Peninsula and the
Sahara acting as major sources of mineral particles. According to
an analysis of ground-based remote sensing observations of
aerosol optical thickness during an 8-year period, spring is the
dustiest season in Arabia (Sabbah and Hasan, 2008). Since the
aerosol samples for individual-particle studies were collected in
April 2007, we had an opportunity to study extremely dusty
conditions. Activities in the densely populated Riyadh area and
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Fig. 2. Size-segregated data for aerosol optical thickness during the time
when samples for TEM studies were collected. Measurements were made
from the AERONET site at Solar Village (24.907° N, 46.397° E), 30 km west of
King Khalid International Airport in Riyadh, at 500 nm wavelength.

of the petroleum industry in the region contribute both primary,
combustion-derived and secondary (sulfate and organic) particles to the aerosol, offering a chance to study the effects of
mixing of mineral dust with pollution.
The objectives of our present single-particle study included
the identification of mineral species and determining their
relative abundances in desert dust. We also examined the aging
of dust particles and the formation of coatings and aggregates
as the mineral particles mixed with other aerosol species that
originated from mostly anthropogenic sources. In order to
evaluate the potential of dust and other particles to serve as CCN,
we used an environmental TEM to study the hygroscopic growth
of particles under changing relative humidity conditions.
2. Experimental
Aerosol and cloud properties were measured from a Piper
Cheyenne II research aircraft operated by Weather Modification
Incorporated (WMI). The aircraft was deployed in a region of
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enhanced convection to conduct aerosol measurements and
subsequent measurements of drop-size distributions through
the vertical development of convective clouds. In order to
achieve the program objectives, the aircraft first measured the
aerosol concentrations below cloud base, and then penetrated
the cloud in vertical steps to measure cloud microphysical
properties. On most occasions, cloud penetrations were shorter
than one minute in duration. Aerosol measurements were done
outside of cloud and precipitation to prevent the contamination
of the sample by cloud and/or rain drops.
The size distribution of aerosol particles ranging from 0.01 to
0.4 μm in diameter (d) were measured using an aircraft-based,
high-flow automated Differential Mobility Analyzer (DMA)
system (Collins et al., 2000), and a Particle Measuring Systems
(PMS) Passive Cavity Aerosol Spectrometer Probe (PCASP) was
used to measure particles from 0.1 to 3 μm. Thus, the two types
of size measurements overlap in the 0.1 to 0.4 μm region. The
DMA was operated as described in Collins et al. (2000), with a
scan time of 85 s. The scanning DMA data were processed using
a fixed voltage transfer function (Collins et al., 2004). Cloud
droplets from 3 μm to 47 μm were measured using a PMS
Forward Scatter Spectrometer Probe (FSSP). The aircraft was
also equipped with a Droplet Measurement Technologies (DMT)
CCN counter; however, this instrument was not operational
during the four days when TEM samples were collected. As a
result, we do not have reliable CCN measurements for the days
on which the TEM samples were collected. In order to assess
the origin of aerosol particles, air mass back-trajectories were
calculated using the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model with data from the Global
Data Assimilation System (GDAS) (Draxler and Rolph, 2010).
Aerosol particles were collected for TEM studies from April
7 to 11, 2007. Flight tracks for these four days were clustered
near Riyadh (Fig. 1). Sampling altitudes varied from 1500 to
3000 m above ground level (Table 1). The particles were
deposited directly onto Cu TEM grids covered with a lacey
Formvar + carbon film, using a three-stage impactor with
50% cut-off sizes of 2.0, 0.3, and 0.05 μm.
Electron microscopy was performed using a Philips CM20
TEM operated at 200-kV accelerating voltage for obtaining
bright-field images and selected-area electron diffraction (SAED)
patterns. The microscope was equipped with a Noran Voyager
X-ray detector for energy-dispersive X-ray spectroscopy (EDS).
We collected EDS spectra for 60s live time from each particle.
Quantification of compositions was performed using thin-film
factors supplied with the Noran Voyager software. A JEOL
3010 TEM (operated at 300-kV accelerating voltage) fitted
with a Gatan Imaging Filter (GIF) was used for recording
electron-energy-loss compositional maps for some particles.
The hygroscopic behavior of the particles was observed
using environmental transmission electron microscopy
(ETEM), a relatively new technique that has been used for
studying the hygroscopic growth and deliquescence of
individual atmospheric aerosol particles (Wise et al., 2005,
2007; Semeniuk et al., 2007). With the ETEM it is possible to
obtain measurements under controlled relative humidity
(RH) conditions up to ~90% RH, allowing accurate measurements of the hygroscopic growth of particles under subsaturated
conditions. We used a 200-kV FEI Tecnai F20 TEM fitted with a
differentially pumped environmental cell. Details of the procedure are described by Wise et al. (2009) and Freney et al. (2009).
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Fig. 3. Vertical distributions of the PCASP coarse- (1.2 to 3.0 μm; red line) and accumulation-mode (0.1 to 0.25 μm; black line) number concentrations of aerosol
particles below cloud bases. The sampling dates are indicated in the lower left of each panel. The concentrations of the coarse fraction are shown enhanced by a
factor of 10. Temperature and dewpoint profiles are also shown. The arrows pointing left mark the altitudes at which aerosol samples were collected for TEM
studies. The arrows pointing right mark the cloud base altitudes. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

3. Results
3.1. Sampling conditions
The measurement days discussed in this study encompassed
widely different meteorological conditions (Table 1). The April 7
and 8 aerosol can be regarded as representative of a “regional
background” situation, whereas the April 9 sample was
collected during a dust storm. The day was characterized by
intense convection, with lines of thunderstorms and gust
fronts (“haboobs”) developing, resulting in large amounts of
dust being lofted from the surface. The TEM aerosol sample
was collected on descent, below the cloud base, where the

aircraft was flying in a cloud of dust with the visibility a few
meters. The April 11 sample was also collected under dusty
conditions, but with a visibility of ~ 8 km. The variable
meteorological conditions during the sampling periods are
reflected in the changes of aerosol optical thickness (AOT)
values measured at the AERONET site (Holben et al., 2001)
(Fig. 2). Extremely high AOT values (2 and larger) were
measured on April 9 and 11, with the coarse mode being the
dominant contributor to aerosol extinction. AOT values on
April 7 and 8 were around 0.5.
The two contrasting conditions, “regional background”
and “dusty”, encountered during sampling are best represented by the April 8 and 9 samples, respectively. Although
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Fig. 4. Number size distributions of aerosol particles on April 8 (a) and 9 (b). The measured data (black crosses) are modeled with four modes (colored curves),
corresponding to nucleation (mode 1), aged nucleation (mode 2), accumulation (mode 3) and coarse (mode 4) on April 8, and aged nucleation (mode 1),
accumulation (mode 2), and two distinct coarse modes (mode 3 and mode 4) on April 9. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

we also use data from the other days, our focus will be on the
results from samples that were obtained on these two days.

3.2. Number concentrations and size distributions
Daily changes in aerosol concentration are evident in the
vertical profiles obtained below cloud bases using the PCASP
instrument (Fig. 3). On April 8 (Fig. 3b), the number
concentration of coarse-mode (1.2 μm b d b 3.0 μm) particles
is low (on average b 10 cm − 3) through the entire profile,
whereas the concentration of accumulation-mode particles
(0.1 b d b 0.25 μm) varies between ~ 100 and 300 cm − 3. In
the dust storm of April 9, distinct layers of coarse-mode
particles are present, as indicated by the enhanced concentration levels (red curve, Fig. 3c). The mean coarse mode
concentration is 39.6 cm − 3, with a maximum of 146 cm − 3,
the highest encountered during the campaign, whereas the
concentration of accumulation-mode particles is fairly uniform
and approximately the same as on April 8.
The temperature profile of April 11 (Fig. 3d) shows an
inversion just under 1700 m altitude. High concentrations of
accumulation-mode particles (between 500 and 900 cm −3)
are trapped under this layer. At the sampling altitude
(marked by the arrow), the concentration of coarse-mode
particles is smaller than on April 9 but significantly higher
than on April 8.
Size disribution graphs for the April 8 and 9 flights include
combined data from the DMA, PCASP, and FSSP instruments,
which means that a continuous size distribution was obtained
from 0.01 to 50 μm (Fig. 4). Both size distributions can be
modeled using four lognormal modes, all of which are shifted
to larger sizes on April 9 than those on April 8. Giant particles
(with diameters of several tens of μm) occur in large numbers
in the dust storm of April 9. No distinct nucleation mode is
evident; instead, an accumulation-mode peak at 0.1 μm and
two maxima at 1 and ~2 μm occur.

3.3. Air mass origins
The origins of the sampled air masses were traced by
calculating both single (72-hour) and ensemble (48-hour)
isentropic back-trajectories (Fig. 5). The sampled air masses
were mostly of local origin on April 7 and 8, and many
trajectories indicate that they traveled within the boundary
layer, with abundant opportunities for picking up particles
from pollution sources in the industrialized regions of Arabia.
On April 8 contribution from Saharan sources is possible
(Fig. 5).
The trajectories calculated for the April 9 sample indicate a
predominantly Saharan source. The material probably originated from the Lybian and Nubian Deserts and traveled at high
altitude for most of the three days preceding the sampling.
However, due to the severe dust storms and haboobs experienced in the sampling area on this day, local sources of large
dust particles were probably also important, as is also indicated
by some of the trajectories that stretch near ground level. The
April 11 trajectories originate partly from Eritrea and partly
from the southwestern tip of the Arabian Peninsula. Most
trajectories travel over the Red Sea and then over the deserts of
Arabia.
3.4. Individual particle types and abundances
Approximately 600 individual particles were studied in
electron micrographs. Of these, we recorded EDS spectra from
140 particles, and obtained SAED patterns from ~30 particles.
Since we were concerned with the major particle types, and the
samples contain only a few of these, even this relatively
small number of analyses provides a reliable overview of the
composition of the samples. Some particle types have
sufficiently distinctive features that visual examination is
adequate for identification. For example, the decomposition
of ammonium sulfate in the electron beam and the typical
structure of soot allow their identification even without EDS

Please cite this article as: Pósfai, M., et al., Interactions of mineral dust with pollution and clouds: An individual-particle TEM study
of atmospheric aerosol from Saudi Arabia, Atmos. Res. (2013), http://dx.doi.org/10.1016/j.atmosres.2012.12.001

M. Pósfai et al. / Atmospheric Research 122 (2013) xxx–xxx

Fig. 5. Ensembles of 48-hour isentropic air-mass back-trajectories calculated for the days and times when TEM samples were collected, ending at the respective sampling altitudes.
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Table 2
Individual particle types and the basis for their identification with the
transmission electron microscope.
Particle type

Characteristics

Mineral

Crystalline particles with elemental compositions
and structures that are consistent with specific
minerals. Mainly silicates (particles that contain
significant Si), quartz, calcite, and gypsum.
Sulfate
Sulfur-bearing particles that rapidly decompose in
the electron beam. Interpreted as ammonium
sulfate.
Sulfate + Mineral Aggregates in which both of the above defined
“Sulfate” and “Mineral” components are clearly
identifiable.
Soot
Carbonaceous particle aggregates that consist of 10to 50-nm diameter spherules that have characteristic
onion-like microstructures.
Soot + Mineral
Aggregates in which both of the above defined
“Soot” and “Mineral” components are clearly
identifiable.
Other
Amorphous, mostly carbonaceous particles (tar balls,
unidentified organics) and fly-ash (spherical, Si or
metal-bearing).

spectra and SAED patterns. We identified mineral, sulfate,
sulfate + mineral, soot, soot + mineral, and “other” particles
as the major types (Table 2). Although mixtures of soot+sulfate
and sulfate+organic particles also occur, they were assigned to
either the “soot”, “sulfate”, or “other” types on the basis of the
major component of the aggregate.
The compositions of the coarse and fine particles are
distinctly different in all samples. The coarse fraction is
defined here as consisting of particles on the upper two
impactor stages (d > 1 μm), and the fine fraction consists of
particles on the third stage (with diameters of their twodimensional projections ranging from a few tens of nm up to
~ 1 μm). Particles in the coarse fraction are almost exclusively mineral dust. In contrast, the submicron particles
include ammonium sulfate, soot, tar balls, fly-ash, and other
pollution particles in addition to mineral dust.

7

Although the same major particle types occur in all samples,
their relative concentrations over the four days vary (Fig. 6). The
April 7 and 8 samples are dominated by ammonium sulfate and
pollution particles, whereas mineral particles are most abundant, followed by ammonium sulfate and pollution particles in
the April 9 and 11 samples.
3.5. Mineralogy of dust particles
The most common particles are sheet silicates, typically, the
particles consist of aggregates of smaller flakes and needles
(Fig. 7a). Many sheet silicate particles appear to consist of
bundles of fibers. Some of the layer-silicate aggregates enclose
grains of other mineral species, including other nanocrystalline
silicates and, in a few cases, iron oxides.
The major structural groups of sheet silicates are commonly
identified on the basis of their (001) spacings (i.e., the distances
between crystallographically equivalent planes that are perpendicular to the c axis). However, since the sheet silicate
particles in our samples typically have flake-like morphologies
and lie on the collection substrate with their (001) layers
parallel to the surface, we can only obtain SAED patterns in
orientations that are close to the [001] direction. Thus, it is
difficult to identify the particular mineral species on the basis of
SAED patterns. Characteristically, the aggregates produce ring
patterns (Fig. 7b) as a result of multiple small (b 100 nm)
crystals within the aggregate that are in random orientations
about their c axes.
Quantitative EDS analyses show that most sheet silicate
compositions are consistent with three-layer clay mineral
structures (Fig. 7c). The major elements are O, Si, and Al, and
the particles also contain significant amounts of Mg and Fe.
Minor elements include K, Ca and, in some particles, Ti.
We calculated mineral formulae by normalizing element
concentrations to 12 O atoms per formula unit, assuming 4
tetrahedral crystallographic positions (occupied by all Si and
part of the Al), with the remainder of the Al and all Mg, Fe, and
Ti assigned to the octahedral positions. K and Ca were assumed

Fig. 6. Number concentrations of major particle types relative to all observed particles as determined from TEM measurements in samples collected on the
indicated days.
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Fig. 7. Typical clay particle (April 9 sample). (a) Bright-field TEM image, showing that the particle consists of many submicrometer flakes and needles.
(b) Selected-area electron diffraction pattern of the particle. The rings reflect the polycrystalline nature of the aggregate particle. The numbers on the rings refer
to the spacings of the corresponding diffracting crystallographic planes (in Å). (c) Energy-dispersive X-ray spectrum of the particle. The small grain size, SAED
pattern, and composition are consistent with the major components of the particle being smectite. The lacey film in the background is the supporting surface.

to occur in the interlayer positions, as is typical for these
minerals. Except for a few muscovite and kaolinite particles,
the compositions of the analyzed sheet silicates could be
represented by the general formula (K,Na,1/2Ca)0.2–0.6(Al,Mg,
Fe)2–3(Al,Si)4O10(OH)2. nH2O, which is consistent with minerals in the smectite group. With the structural and compositional complexities of clay minerals taken into account (such as
the possible presence of interstratified illite or chlorite), the
spacings (Fig. 7b) and small grain sizes are consistent with the
identification of most sheet silicate particles as smectite.
TEM samples obtained from the fine fraction of the aerosol
contain mineral dust particles that closely resemble fragments
of the larger sheet silicates (Fig. 8). Most of these particles are
elongated with needle-like shapes, as if they broke from the
fibrous silicates. Their compositions are also similar, although
quantitative EDS analysis is difficult because of their small sizes.
In addition to the dominant sheet silicates, other common
rock-forming minerals such as K-feldspar, albite, quartz, and
calcite (Fig. 9), occur in the samples. All these minerals were
identified using both EDS spectra and SAED patterns. Typically,
the mineral grains appear to be unaltered, with no apparent
coatings or associated sulfates, nitrates, or organics.

Fig. 8. Fine-fraction particles (April 8 sample), collected on a lacey film. The
arrows point to needle-shaped clay minerals (min: mineral dust particle;
ams: residue of ammonium sulfate particle). Strips of the lacey-carbon
substrate are visible in the background.

In many places on the upper-stage grids (coarse fraction), the
particles form loose aggregates (Fig. 10). The aggregate in
Fig. 10b consists mainly of sheet silicates but also contains a
diatom fragment. These aggregates resemble the remnants of
iberulites, large mineral aggregates with strange morphologies

Fig. 9. TEM images and corresponding SAED patterns of rock-forming
minerals in the aerosol sample from April 9. The major components of the
particles are (a) quartz; (b) K-feldspar, with an attached fibrous clay
particle; (c) calcite. Strips of the lacey-carbon substrate are visible in the
background.
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Fig. 10. (a) Large aggregate of several silicate particles, collected on April 9. The probable identities of the numbered particles were determined from EDS spectra.
1, 3, 4, 6, 7, 7, 10, 11, 13, 14, 15, 16: clay minerals; 2: silica; 5: K-feldspar; 8: albite; 12: calcite. (b) Another large aggregate that consists of silicate minerals (mostly
clays) and a diatom fragment (arrowed and enlarged in the upper left).

that were described from Saharan dust (Díaz-Hernández and
Párraga, 2008).

3.6. Particles of anthropogenic origin
Ammonium sulfate particles are the dominant particle type
in the fine fraction. Since ammonium sulfate is sublimated by
the electron beam after a few seconds of intense irradiation, the
sulfate component produces characteristic “bubbles” and then
disappears from the particles (Fig. 11). Typically, the evaporated ammonium sulfate particles leave residues that consist of
carbonaceous compounds (Fig. 11c). Such internal mixtures of
sulfates and organics have been observed in many types of
polluted air masses (Pósfai et al., 1998; Adachi and Buseck,
2008; Pósfai and Buseck, 2010; Li and Shao, 2010).
In addition to the organic coatings, many sulfate particles
contain soot, as indicated by the characteristic morphologies
and structures of the inclusions that remain after the sulfate
sublimated. All the major particle types (mineral dust, soot,

ammonium sulfate) occur both internally and externally mixed,
but internal mixing is more common between ammonium
sulfate and soot than between mineral dust and other particle
types. However, in the fine fraction many sheet silicates form
complex internal mixtures with soot (Fig. 12) and ammonium
sulfate particles (Figs. 11c and 13a).

3.7. Hygroscopic growth
We studied the hygroscopic behavior of ~300 to 500
particles in the Saudi samples using environmental transmission electron microscopy (ETEM). The RH was increased from
0 to >90%, and the instrument was left at a RH near saturation,
although it is unlikely that supersaturated conditions were
reached. Under these circumstances, the dust particles did not
show morphological changes (Fig. 14). In contrast, 100% of the
observed sulfate particles deliquesced at ~85% RH, as expected.
These experiments confirm the results of previous studies
that showed no hygroscopic growth of dust particles under

Fig. 11. Sequence of TEM images obtained from a region of sample containing fine-fraction particles, collected on April 8. (a) Image taken with reduced
electron-beam intensity; particles appear in their original states. (b) Ammonium sulfate particles start to decompose in the electron beam, as indicated by the
bubbles that form in them. (c) After strong irradiation with the electron beam, ammonium sulfate particles sublimated, leaving behind their soot inclusions and
residues of their organic coatings. The unaltered particles are mostly mineral dust.
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Fig. 12. Internal mixtures of mineral particles with combustion-derived pollution particles. (a) Complex aggregate consisting of silicate minerals, soot, and tar
ball. (b) Aggregates of mineral and soot particles. (c) Mineral/soot mixtures. Particles that are not identified otherwise in the images are silicate minerals.

subsaturated conditions (Koehler et al., 2009; Herich et al.,
2009).

3.8. Cloud droplet properties
In order to understand the relationships between cloud
microphysics and the properties of the aerosol below cloud
base, the cloud-droplet size distribution was measured
using the FSSP instrument at selected altitudes (i.e., heights
above cloud base). The two contrasting cases of “background” and “dusty” conditions on April 8 and 9, respectively, are shown in Fig. 15. The cloud base height, cloud top
height, cloud temperature, and droplet concentration at
each level of sampling are shown in (a) and (b). The cloud
droplet effective diameter height profile from cloud base to
top (c), and droplet size distributions at two different
heights above cloud base (at ~ 770 and 1065 m) for both
clouds (d) are also reported. The two clouds on April 8 and 9
had very similar physical parameters, including size and
temperature profile. Cloud base altitude and temperature
values were 4541 m and − 1.0 °C on April 8, respectively,
and 4359 m and 0 °C on April 9. Cloud top temperature was
− 11.6 °C on April 8 and − 11.8 °C on April 9.

On April 8 the number concentration of the aerosol was
dominated by accumulation-mode particles (Figs. 3b and 4a).
The vertical distribution of the aerosol was fairly uniform up to
above 4 km, where a particle-depleted zone occurred just
below cloud base (Fig. 3b). We assume that the cloud droplets
formed on particles that were similar to the ones analyzed in
the TEM sample collected at 1543 m altitude. The TEM results
show that most particles were submicron ammonium sulfate
(Fig. 6), resulting in a maximum cloud droplet concentration of
511 cm−3 at 690 m above cloud base (Fig. 15a). The effective
diameters of the cloud droplets were between 9.2 and 10.9 μm
at 770 m above cloud base, between 10.5 and 13.9 μm at
1065 m above cloud base, and reached 14.6 μm near the top of
the cloud (at 1314 m above cloud base; Fig. 15c).
The aerosol number concentration and size distribution
changed significantly between April 8 and 9; the dust storm
produced an enhanced concentration of supermicron particles
on April 9 (Figs. 3c and 4b). Although the concentration of
coarse-mode particles exhibited greater vertical variation than
on the preceding day, we assume that the TEM sample obtained
at 3163 m altitude is representative of the particles that served
as CCN for the cloud formation. The maximum concentration of
cloud droplets at 379 m above cloud base height was 370 cm−3,
lower than on April 8 (Fig. 15b). On the other hand, the effective

Fig. 13. Ternary compositional plots that show the proportions of selected elements within individual mineral particles, as obtained from EDS spectra. (a) Si/S/Ca
ratios; the red datapoints near the Ca corner indicate coarse-fraction carbonate (calcite) particles, whereas the points halfway between the Ca and S vertices
correspond to gypsum particles. The blue points along the Si-S line suggest that fine-fraction silicate particles are internally mixed with variable amounts of
ammonium sulfate. (b) Si/Al/Fe ratios; these suggest that most silicate particles contain minor Fe or adhering nanoparticles of Fe oxide. Particles that contain
significant Fe (mostly in the fine fraction) are likely mixtures of silicate and iron oxide minerals. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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Fig. 14. A sequence of images obtained from mineral dust particles in an
environmental TEM under controlled, increasing relative humidities (RHs)
as indicated by the arrows in the lower right. The RH value is shown in the
upper right of each panel. The mineral particles show no signs of change up
to >90% RH. The only particle within the field of view that changed
morphology is marked by the white arrow. The particle grew significantly
between 71 and 90% RH and is likely an ammonium sulfate particle that
deliquesced.

diameters of droplets were significantly larger, since they ranged
between 14.7 and 15.5 μm at 766 m, and reached 17.4 μm at
1080 m above cloud base. Near the top of the cloud (at 1472 m
above cloud base), the effective diameter reached 19.5 μm
(Fig. 15c).
Significant changes occur in the cloud droplet size distribution for the April 8 and 9 cases at ~770 m and ~1065 m above
cloud base (Fig. 15d). At 770 m the drop size distribution on
April 8 can be described as having a single mode with an effective
diameter of 10.1 μm. On April 9 the drop size distribution has a
bimodal shape, an effective diameter of 15.2 μm, and a broad tail
of drops larger than 30 μm in diameter. At 1065 m the size
distributions for both cases look similar at sizes smaller than
18 μm but at larger sizes the April 9 case has a tail of larger drops.
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have also contributed to the smectite-rich mineralogy, since
local dust plumes and haboobs occurred in the area and such
microscale events are known to be important sources of desert
dust (Knippertz and Todd, 2012). Smectite minerals typically
form aggregate particles that consist of fine-grained material.
Individual flakes or needles also occur in the submicron fraction.
Such small mineral fibers are intriguing, since they were either
released from the desert soil as individual fibers or they broke
from the larger fibrous aggregates by an unknown mechanism
(break-up on impaction can be excluded, since there are no
halos of smaller particles around large fibrous aggregates).
Many attempts have been made to constrain the particular
sources of dust aerosol from mineralogical or chemical composition (Schütz and Sebert, 1987; Reid et al., 2003; Borbély-Kiss
et al., 2004; Chou et al., 2008; Coz et al., 2009). We observed no
significant differences in the mineralogical compositions for the
April 9 and 11 samples, even though air mass back-trajectories
indicate distinct sources for the aerosol on these days (Fig. 5),
and the mineralogical composition of the desert in the two
source areas reportedly differs (Krueger et al., 2004). Ironbearing smectite clays were the dominant particle types in all
our samples.
In some places on the TEM grids, mineral particles form
large, loosely associated aggregates that suggest deposition onto
the collection surface as giant, polycrystalline clusters. Such
particles occur in Saharan dust that reached Southern Europe
and were termed iberulite (Díaz-Hernández and Párraga, 2008).
They consist primarily of clay and other silicate minerals, with
occasional biogenic debris such as plant and diatom fragments.
Larger isometric grains tend to occur in the centers of the
particles, whereas clay minerals with platy habits, particularly
smectites, cover the particle surfaces. A distinctive feature of
iberulites is their spherical shape with a vortex-shaped depression. Díaz-Hernández and Párraga (2008) speculated that such
particles can only form in clouds, and their unusual shape results
from their movement within falling cloud drops. Although the
original shapes of the particles that we analyzed are unknown,
the random association of silicate mineral species and the sizes
of the aggregates suggest that iberulites also occur in the Saudi
aerosol.

4. Discussion
4.1. Composition and origin of mineral dust

4.2. Origin and character of pollution particles

Clays are the most abundant minerals in the studied samples,
as is typical of desert dust that was transported over long
distances (Glaccum and Prospero, 1980; Caquineau et al., 1998;
Reid et al., 2003). Because of the small sizes of clay minerals, they
settle farther from the source than the larger grains of quartz,
feldspar and other rock-forming silicates. Most studies of
Saharan mineral dust report that illite and kaolinite are the
main clay minerals (Adedokun et al., 1989; Eltayeb et al., 1993;
Caquineau et al., 1998; Chou et al., 2008; Kandler et al., 2009),
whereas smectite was identified in the northern Sahara along
the border of Algeria and Libya (Avila et al., 1997; Coz et al.,
2009), a region that was a likely source for at least a fraction of
the particles in the dust storm sampled on April 9 (Fig. 5).
Smectite is the dominant clay mineral in the dust fraction of our
Saudi aerosol samples, followed by illite and kaolinite. These
minerals are consistent with the smectite-rich mineralogy of the
likely source region in the Sahara. In addition, local sources could

Sulfate, soot, tar balls, and fly-ash particles in the Saudi
samples likely originated from anthropogenic sources. Whereas
ammonium sulfate is the dominant particle type in the
submicron fraction and soot is also common, only a few tar
balls occur. Since tar balls typically form in the smoke of
biomass and biofuel (Pósfai et al., 2004; Adachi and Buseck,
2010), such sources contributed little to the aerosol. Instead,
high-temperature combustion sources such as power plants,
activities of the petroleum industry, desalination plants, and
urban traffic presumably produced most anthropogenic
particles. Sulfate and soot occur both internally and externally mixed. Thin, amorphous, carbonaceous coatings exist
on ammonium sulfate particles. In contrast to several studies
of polluted continental aerosol that showed mostly carbonaceous, organic particles that are neither soot nor tar ball
(Adachi and Buseck, 2008), such particles are largely absent
in the Saudi samples.
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Fig. 15. (a) and (b) Cloud droplet number concentrations measured at several altitudes (cloud depths) on April 8 and 9, respectively. (c) Effective cloud droplet
diameters measured at several heights above cloud base, and (d) size distributions of cloud droplets, measured at two different heights (marked by the green
dashed lines in (c)) at “regional background” and “dust storm” conditions on April 8 and 9, respectively. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

4.3. Mixing of dust with pollutants
The atmospheric effects of mineral particles are strongly
influenced by their interactions with gases and other aerosol
particles. For example, if insoluble minerals are associated
with even a small amount of soluble material (such as sulfate,
nitrate or chloride), they activate as CCN at significantly
lower supersaturation than pure mineral particles (Herich
et al., 2009; Sullivan et al., 2009). On the other hand, the ice
nucleation activity of clays is suppressed if they are coated by
sulfate (Eastwood et al., 2009) or organics (Möhler et al.,
2008). Knowledge of the mixing state of minerals is thus
essential for understanding their role in the atmosphere.
Desert dust particles can react with S- and N-bearing
species in the atmosphere (Dentener et al., 1996; Li et al.,
2012). The conversion of carbonates into calcium sulfate and
nitrate appears to be omnipresent in the atmosphere (Okada
et al., 2005; Dall'Osto et al., 2010). Based on ESEM data,
carbonate particles from several desert regions reacted to form

nitrate, whereas clay minerals were not reactive (Krueger et al.,
2004; Dall'Osto et al., 2010). Mineral dust also is associated
with organic carbon from pollution sources (Falkovich et al.,
2004). The extent to which mineral particles react depends on
their proximity to their sources/the pollution sources traversed
(Li and Shao, 2009).
In our study, the minerals in the coarse fraction of the dust
storm sample (April 9) resemble fragments of freshly crushed
rock, with no observed internal mixtures or coatings of sulfate,
nitrate, or carbonaceous material. Even the calcite appears to
be unaltered, indicating that the larger particles survived
amospheric transport intact. Internal mixing was limited by
slow coagulation because of large particle sizes and thus low
diffusion rates.
Minerals in the submicrometer fraction, especially under
regional background conditions (such as on April 7 and 8;
Fig. 6), are both externally and internally mixed with
anthropogenic particles, most significantly with sulfate and
soot. Considering the different sources of mineral and
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pollution particles, aggregation may have occurred through
coagulation or in cloud drops. Although the association with
soot is not expected to change the CCN or ice nucleation (IN)
behavior of the mineral grains, it affects the optical properties
of the complex particle. On the other hand, the association with
sulfate adds soluble material to the mineral and may lower the
supersaturation required for activation as CCN (Sullivan et al.,
2009). This effect is probably particularly significant for the
smallest (b 200 nm) mineral particles.
4.4. CCN activity
Because of their sizes, supermicron mineral particles are
likely excellent CCN. Submicron dust particles larger than
200 nm did not grow hygroscopically at subsaturated conditions (Fig. 14) but could nucleate cloud droplets at supersaturations as low as 0.2 to 0.3% (Koehler et al., 2009; Herich et al.,
2009). Illite and montmorillonite (a smectite mineral) were
significantly more active than kaolinite. More importantly, even
a small amount of soluble material associated with dust
significantly increased its CCN activity (Herich et al., 2009).
The laboratory studies were confirmed by analyses of cloud
residual particles, most of which were smectite, and indicate
that even the submicron fraction (0.14b db 0.3 μm) of pure
mineral dust aerosol can be CCN (Twohy et al., 2009).
The most abundant mineral in our samples, smectite, thus
could nucleate cloud drops even if it occurs externally mixed in
the atmosphere. However, since the minerals in the fine
fraction partly reacted and coagulated with ammonium sulfate
and thus formed hygroscopic mixtures (Figs. 11, 13a), they are
presumably excellent CCN. The ammonium sulfate particles
(and their internal mixtures with soot and mineral particles)
are in the size range where they can form cloud droplets at
even low supersaturations. It is clear from the observations and
previous studies that both the submicron and supermicron
fraction of all particle types could participate in the formation
of cloud droplets.
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several studies (Levin et al., 1996, 2005; Feingold et al., 1999;
Rosenfeld et al., 2008; Min et al., 2009; Solomos et al., 2011).
Our results suggest that large dust particles in the aerosol on
April 9 were responsible for the extended tail of the size
distribution spectra (Fig. 15d), and likely affected the development of cumulus clouds by increasing their drop sizes.
4.6. Iron content of dust
The impact of mineral dust deposition on the primary
productivity of oceanic ecosystems depends, among other
factors, on the iron content of the aerosol and the solubility of
iron-bearing particles. Factors that determine the solubility
include the mineralogical composition of the dust, grain size
(and thus specific surface area), and atmospheric processing
of mineral particles. In general, the solubility is much larger
in the atmospheric aerosol than in typical soils (Mahowald
et al., 2005).
Although iron oxides are reportedly major carriers of
aerosol iron (Solmon et al., 2009), they are highly insoluble
if fully oxidized, as expected in the atmosphere and found in
Saharan aerosol (Chou et al., 2008). However, significant
amounts of iron in the atmosphere reside in clay minerals
(Kandler et al., 2009; Journet et al., 2008). The smectite in
our samples contains up to 4 atomic % iron. Many of these
particles have submicron sizes, with accordingly high surface
areas that facilitate their dissolution. Also, such small clay
particles are widely associated with sulfate, which can decrease
the pH of water associated with the particle, and thus increase
the iron solubility. Some models assume that Ca2+ from
carbonates buffers the acidity of the solution and thereby limits
iron dissolution. However, the “bulk pH” is irrelevant when
considering iron solubility, since carbonates and iron-bearing
minerals can occur in distinct particles. Therefore, our results
suggest that iron-bearing smectites can be significant sources of
soluble iron.
5. Summary

4.5. Effect of particles on cloud microphysics
A relationship is apparent between the physical and chemical
properties of the aerosol particles and cloud-droplet properties
on April 8 and 9 (Fig. 15). Under regional background conditions
(April 8), the droplets had a narrower size spectrum and were
smaller near the base of the cloud than under dusty conditions
(April 9). The April 8 cloud can be regarded as having continental
properties, with a relatively large number of small droplets that
may inhibit the formation of rain (Levin et al., 1996; Ma et al.,
2011). On the other hand, less numerous and larger droplets in
the cloud that formed above the dusty boundary layer on April 9
(Fig. 15d) would favor the formation of warm rain (Rosenfeld
et al., 2008).
As discussed above, the mineral particles in our samples,
and in particular the dominant smectite particles, were
likely efficient CCN. In addition, on April 9 particles with
sizes extending to several tens of micrometers occurred
(Figs. 4b and 10) and could through collision and coalescence
result in larger cloud droplets or serve as giant CCN (GCCN).
Such GCCN from desert dust influence the properties of
cumulus clouds and enhance the development of warm rain,
as was suggested by Woodcock (1950), and then confirmed by

Under dusty conditions, when mineral particles of Saharan
and Arabian origin dominated, the coarse fraction of the aerosol
consisted of unreacted mineral grains. A significant mineral
component also occurred in the submicron fraction. In contrast,
under regional background conditions, the dominant particle
type was ammonium sulfate, and roughly half the mineral
particles were internally mixed with ammonium sulfate and
soot.
The most abundant minerals in decreasing order of abundance were smectite, illite, other sheet silicates, K-feldspar,
albite, quartz, and calcite. Smectite contained most of the aerosol
iron and thus could be the most important source of dissolved
iron in these desert samples. ETEM experiments at controlled
relative humidities showed that the mineral particles did not
grow hygroscopically up to >90% RH. However, most mineral
particles in our samples were likely to be effective CCN at
relatively low supersaturations, since the pure mineral particles
were large enough to become GCCN, whereas the submicon
fraction was internally mixed with soluble sulfate.
The effects of the mineral particles on clouds were consistent
with their properties that were measured or inferred from the
TEM observations. Measurements of the concentrations and
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sizes of drops in clouds that formed above the studied aerosol
layers indicated that supermicron dust particles acted as GCCN
and broadened the drop size distribution relative to clouds that
formed above aerosol layers that contained smaller particles that
were typical of the regional background aerosol. These observations are unique in the sense that the comparisons of aerosol
samples obtained inside dust storms and drop properties
measured in clouds above these aerosol layers provide direct
evidence for the cloud-modifying role of coarse mineral dust
particles.
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