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Abstract An airborne study of cloud microphysics provided an opportunity to collect aerosol particles in
ambient and updraft conditions of natural convection systems for transmission electron microscopy (TEM).
Particles were collected simultaneously on lacey carbon and calcium-coated carbon (Ca-C) TEM grids, providing
information on particle morphology and chemistry and a unique record of the particle’s physical state on impact.
In total, 22 particle categories were identified, including single, coated, aggregate, and droplet types. The fine
fraction comprised up to 90%mixed cation sulfate (MCS) droplets, while the coarse fraction comprised up to 80%
mineral-containing aggregates. Insoluble (dry), partially soluble (wet), and fully soluble particles (droplets) were
recorded on Ca-C grids. Dry particles were typically silicate grains; wet particles were mineral aggregates with
chloride, nitrate, or sulfate components; and droplets were mainly aqueous NaCl and MCS. Higher numbers of
droplets were present in updrafts (80% relative humidity (RH)) compared with ambient conditions (60% RH),
and almost all particles activated at cloud base (100% RH). Greatest changes in size and shape were observed in
NaCl-containing aggregates (>0.3 μmdiameter) along updraft trajectories. Their abundance was associated with
high numbers of cloud condensation nuclei (CCN) and cloud droplets, as well as large droplet sizes in updrafts.
Thus, compositional dependence was observed in activation behavior recorded for coarse and fine fractions.
Soluble salts from local pollution and natural sources clearly affected aerosol-cloud interactions, enhancing the
spectrum of particles forming CCN and by forming giant CCN from aggregates, thus, making cloud seeding with
hygroscopic flares ineffective in this region.

1. Introduction

Despite the strong interest in how aerosol properties relate to cloud dynamical properties and their effects
on cloud albedo and cloud formation [Intergovernmental Panel on Climate Change, 2001], few studies have
examined particle size spectra and chemical composition in tandem with cloud microphysics [Snider and
Brenguier, 2000]. Most studies used in situ flight instruments, e.g., Aerodyne mass spectrometer or Particle
analysis by laser mass spectrometer, in combination with cloud condensation nuclei (CCN) counters [e.g.,Medina
et al., 2005; Murphy et al., 1998; Nenes et al., 2005]. These studies found that internally mixed particles can be
important CCN butwere not able to evaluate the physical state of chemical species within the individual particles.
Our transmission electron microscopy (TEM) work provides insight into this issue by identifying and recording
particle types that form CCN and specifically the particle components that undergo hygroscopic growth in up-
draft conditions in natural convective systems above the Oman mountain region (Figure 1).

Previous applications of TEM to individual aerosol particles successfully evaluated speciation and mixing
state in ambient particles from diverse environments [e.g., Buseck et al., 2002; Kojima et al., 2006; Li et al.,
2003b; Pósfai et al., 1999], including samples collected within clouds [Kojima et al., 2005]. Using special grids
in combination with TEM methods, we compare samples from ambient and updraft conditions just below
cloud base to evaluate changes in particle chemistry and physical state along updraft trajectories. The novel
use of Ca-C grids to record soluble and partially soluble particles allows us to identify the types of particles
that act as natural CCN and their role in the formation of droplets near cloud base.

2. Regional Setting

The Oman mountain region is a mountainous zone consisting of the northern part of the Hajar Mountain
Range (Figure 1): 150 km long, 50 km wide, and up to 1500 m above mean sea level (MSL). It forms a natural
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orographic barrier between the United Arab Emirates (UAE) and the Sultanate of Oman. A low narrow coastal
plain aprons the mountains in Oman, whereas it adjoins desert in the UAE. Convection develops due to the
convergence of upper level E to NE moist flow associated with the tropical easterly belt with lower level NW
flow over the UAE due to sea breeze circulation. Summer convection produces short-lived towering cumulus
clouds with lifetimes of 20–90 min. Cloud bases range from 2 km to 5 km above MSL. During the summer,
these clouds often form precipitation shafts over the elevated terrain, inducing wadi flows [National Center
for Atmospheric Research (NCAR), 2005].

3. Context of Study

In 2001–2002, Phase 1 of a feasibility study for rainfall enhancement via hygroscopic seeding [Mather et al.,
1997; National Research Council, 2003; World Meteorological Organization, 2000] took place in the UAE under
the direction of the National Center for Atmospheric Research (NCAR). It involved an initial meteorological
study using airborne and radar observations of air chemistry, cloud microphysics, and precipitation charac-
teristics to determine conditions of cloud and precipitation formation in the UAE. Cloud seeding, using newly
developed hygroscopic flares by Ice Crystal Engineering of North Dakota [Bruintjes et al., 2012], was evaluated
in winter months within frontal cloud systems and during summer months within convective clouds over the
Oman mountain region (Figure 1). These studies indicated that conditions amenable to seeding occurred on
only a few days in late winter but onmore than a third of summer days from June to September [NCAR, 2005].

During summer 2002, cloud seeding experiments were performed on convective clouds deemed capable
of developing precipitation from radar assessment (Figure 1). These clouds had continental droplet con-
centrations (400–1000 cm�3), but droplet size distributions showed broad spectra, extending to diameters
greater than 40 μm [NCAR, 2005]. The seeding experiments typically involved airborne measurement of air
chemistry and sampling of aerosol particles in ambient air masses below cloud base, before spiraling upward
to cloud base, where seeding with CaCl2 and KCl was carried out with flares. To evaluate experiments,
measurements again were carried out after seeding (Figure 2). On three such seeding trials, there was an
opportunity to collect TEM samples of aerosol particles before and after seeding—in both ambient and up-
draft conditions of the storm systems. These sample sets are the subject of this paper.

4. Methods
4.1. Radar Measurements

Radar identified 200 storm tracks over the UAE on 35 days during the period 15 June to 13 September 2002
using Titan/CIDD software [Dixon and Wiener, 1993]. Most storms occurred between 0900 and 1500 UTC.
TEM samples were collected during storms on 13 July, 8 and 26 August (Table 1). Radar images show the
areal distribution of cloud and intensity of cloud reflectivity of these storms (Figure 1). Those on 13 July
and 8 August comprised small cloud clusters, whereas the storm on 26 August had significantly larger
cloud volume.

Figure 1. (a) Map of the United Arab Emirates (UAE) and adjacent countries showing the northern part of the Hajar mountain range as a high-relief zone that extends from
Oman into the UAE (Omanmountain region). Major cities and the region of interest for the radar studies are labeled. (b–d) Radar images of cloud with overlaid flight path for
seeding experiments conducted on 13 July and 8 and 26 August 2002, respectively. Color bar shows intensity of cloud (dBZ). Sampling points are indicated bymarkers 1 and 2.
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4.2. In-Flight Data Collection

A Beechcraft King Air 200 twin-engine turboprop was deployed with an array of instruments for in situ
measurements of aerosol size and concentration, air chemistry (trace gas analyzers for SO2, O3, and
NO/NO2/NOx), and cloud physics. Sensors recorded temperature, static and dynamic pressure, cloud liquid
water content and dew point. The instruments used to measure aerosol size and concentration included a
DMT-modified Forward Scattering Spectrometer Probe for cloud droplets between 2 and 47 μm in size
(FSSP), a PMS Passive Cavity Aerosol Spectrometer Probe (PCASP) for particles between 0.1 and 3 μm in
size, a TS1-type condensation nuclei counter (model 3010), and a University of Wyoming cloud conden-
sation nuclei counter. These data provided a physical and chemical context to the particles collected on
TEM grids.

4.3. TEM Sample Collection

Aerosol particles were collected simultaneously using two MPS-3 microanalysis particle samplers (California
Measurements, Inc.), one sampler collected particles on lacey carbon (LC) and the other on calcium-coated
(Ca-C) grids. Inlets for both samplers were isokinetic with inlet flow rates typically 1.75–2.0 L/min. Sampling
times of 3–10 min were used, depending on particle concentrations. New grids were inserted into sampler
after each sample was collected to allow us to collect both ambient and updraft conditions. Each particle
sampler collected size-fractionated samples, with 50% cutoff aerodynamic diameters of 2 μm, 0.3 μm, and
0.05 μm. Hence, each sample comprised three grids (one set); we refer to these as coarse, intermediate, and
fine fractions, respectively. Particles up to 20 μm occurred on the coarse fraction. Unfortunately, a number of
grids were damaged during collection, resulting in incomplete sets. Grids were stored in a desiccator for later
analysis in 2004–2005. Once dry and under vacuum, there are negligible compositional changes to particles
on TEM grids [Pósfai et al., 1995].

Both LC grids (type-A) and standard Cu-mesh carbon film grids were purchased from Ted Pella, Inc. LC grids
are ideal for chemical analysis of particles since they provide a support film that does not obstruct beam
analyses. LC grids only support dry particles; wet particles and droplets attached to the film effloresce under
ambient conditions to form dry particles. Our Ca-C grids comprise a standard Cu-mesh grid coated with a
calcium oxide film; these special grids were prepared by evaporating small cubes of metallic Ca in a bell jar
evaporation chamber directly onto the carbon film of the girds [Kojima et al., 2006; Yamato and Ono, 1989;
Yamato and Tanaka, 1994]. When wet particles and droplets impact on these grids, the fluids react with the
CaO film to form stable calcium salts, recording the physical state of particles on impact. Although these

Figure 2. Altitude measurements between 1500 and 4500 m during seeding experiments for flights on 13 July, 8 and 26
August. Ambient, updraft, and cloud base sampling intervals are marked for each flight, as are flare experiment time
points. Two flares were burned at each time point.

Table 1. Radar Records for Storm Systems

Date UTC Time Radar Record

13 July 0950–1400 First appearance of storm cell over Oman at 0950 (Figure 1a); several cells develop later; last echo at 1400.
8 August 1010–1440 First appearance of storm cells near Gidis; weak storms over Oman, redevelopment of storms near

Al Ain (Figure 1b); storm dissipates at 1440.
26 August 0910–1640 First appearance of storm cell E of Al Ain; a convective line forms from Gidis to Masafi (Figure 1c);

the large storm fragments into smaller cells at 1600; Oman cell dissipates at 1640.
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particles also effloresce under ambient conditions, the new products that crystallize on the grid provide
evidence for aqueous interaction with the CaO film. For example, in the case of water-rich droplets, formation
of Ca-rich salts that can easily be distinguished from the background film by their dendritic or aborescent
crystal forms are produced, whereas in the case of sulfate-rich droplets, well-defined acicular or columnar
crystalline salts of CaSO4 are produced (laths). In contrast to fully soluble particles (droplets), wet particles
typically have a core dry particle with an accompanying crystalline “splatter” zone (derived from its wet
components), e.g., a mineral particle with a halo of NaCl or Ca-rich salts. For example, microcrystalline cubic
NaCl is preserved around core mineral particles when silicate/NaCl aggregates impact on the grids at high
relative humidity (RH). We also observed convex-shaped sulfate-rich precipitates with a central core particle
rich in calcium, which we interpret as evidence for the impaction of carbonate particles that had reacted with
sulfuric acid in the atmosphere. Dry particles do not interact with the grid and have no identifiable reaction or
recrystallization zones at their impact site. Thus, using these grids, we are able to distinguish between par-
ticles that were fully soluble, partially soluble, and insoluble at the time of collection.

4.4. TEM Studies

Analyses of individual aerosol particles were carried out using a Phillips CM-200 FEG transmission electron
microscope operated at 200 kV. Analyses involved conventional and high-resolution imaging using bright-
field mode, electron diffraction, and energy-dispersive X-ray spectrometry (EDS). A qualitative survey of grids
was undertaken to assess size and compositional range of particles and to select areas for more detailed
quantitative work that were representative of the entire sample. This selection ensured that despite the small
percentage of particles analyzed quantitatively, our results were consistent with the qualitative survey of the
larger particle population on each grid. Quantitative information on size, shape, composition, speciation,
mixing state, and physical state was collected for a limited set of stable particles. Volatile particles, including
organic, nitrate, nitrite, and ammonium sulfate, are not stable under the electron beam and could not be
accurately measured in this study, although they can often be detected on EDS at low beam intensity.

All stable particles with sizes 30 nm to 20 μmwere analyzed within representative grid mesh squares located
near the center of the grid. Grid squares with moderate particle loadings were selected for study to preclude
the possibility of overlap or aggregation of particles on the grid after sampling. Typically, 100 particles were
analyzed per grid, yielding totals of ~300 particles per sample (from the three grid fractions). The use of
simultaneously collected LC and Ca-C grids led to unprecedented physical and chemical information for
individual particle types.

5. Results
5.1. Microphysical Properties

Relative humidity (RH), temperature (T), dew point temperature (Td), and droplet concentrations were used to
evaluate ambient versus updraft conditions on each flight, as well as below and within convective cloud
conditions (Figure 3). We defined ambient conditions as<60% relative humidity with a difference between T
and Td (T-Td) greater than 5°C; updraft conditions as ~80% RH with T-Td between 1 and 5°C; and cloud base as
100% RH and coincident T and Td. Cloud conditions for sampling dates are given in Table 2.

On 13 July, updraft conditions were characterized by temperatures close to dew point and RH up to 85%
(mean RH was 68± 11 for first time interval, Figures 3a and 3b). Cloud penetrations were characterized by
coincident dew point, temperature, and RH close to 100% (second time interval, Figures 3a and 3b). Ambient
conditions had dew point at less than ambient temperature and RH about 60% (mean RH was 59 ± 4 for third
time interval, Figures 3a and 3b). Figure 3 shows that ambient, updraft, and cloud base conditions below and
within the convective clouds are easily distinguished on this flight. RH was used to establish comparative
ambient versus updraft conditions on other flights, e.g., 59 ± 9 versus 71 ± 5 for 8 August and 68 ± 4 versus
76 ± 7 for 26 August, respectively (Figure 3).

5.2. Air Chemistry

Gas concentrations of sulfur dioxide, nitrous oxide, and ozone showed little variation between ambient,
updraft, and cloud base conditions during the three flights. Values of sulfur dioxide were typically around
1.6 ± 0.5 ppb for both August flights and slightly lower for the 13 July flight. Nitrous oxide levels were typically
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less than 5 ppb but ranged up to 10 ppb for
the 13 July flight. Ozone levels were around
17± 1.5 (13 July), 21 ± 0.5 (8 August), and
23± 0.5 ppb (26 August), respectively.
Thus, gaseous phases do not appear to
contribute to particle compositional differ-
ences observed between sampling dates.

5.3. Aerosol and Cloud Droplet Concentrations

In the Oman mountain region, particle populations at 3000 m altitude were characterized by moderate
concentrations (around 1000 cm�3); significantly higher concentrations were associated with an in-
version layer (up to 7000 cm�3) on 13 July. Cloud nuclei (CN) concentrations were typically 4000–6000 cm�3,
whereas cloud condensation nuclei (CCN) concentrations were around 400–700 cm�3 (at 0.3% super-
saturation). Highest CN and CCN concentrations were associated with active precipitation in strong
updrafts on 26 August.

All PCASP (Figure 3), CN, and CCN measurements were slightly lower in ambient compared with updraft
conditions, suggesting that particle concentrations were enhanced in updrafts. Peak cloud droplet concen-
trations were measured just above clouds with the FSSP (Figure 3, FSSP) and varied mostly between 600 and
800 cm�3, but on 8 August they reached values of 900 cm�3.

Figure 3. Airbornemeasurements of (a) temperature (T) and dew point (Td); (b) relative humidity (RH); and (c) aerosol concentrations (PCASP, y axis, left-hand side) and cloud
droplet concentrations (FSSP, y axis, right-hand side) for each sampling date. Ambient, updraft, and cloud base sampling intervals are marked on Figure 3a only.

Table 2. Cloud Conditions for Sampling Dates

Date Cloud Type
Cloud

Base (m)
Temperature

(°C)
Peak Droplet
Conc. (cm�3)

13 July Towering
cumulus

3720 8.2 700

8 August Cumulonimbus 4520 9.9 870
26 August Cumulonimbus 3170 14.5 720
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5.4. Aerosol Size Distributions

Normalized particle size distributions from PCASP and FSSP data for ambient, updraft, and cloud base sam-
pling times show that particle populations in ambient conditions generally had fewer coarse particles than in
updraft conditions (Figure 4); however, fine particles in the size range 0.1–0.25 μm dominated all samples.
Comparison of particle size distributions for ambient and updraft conditions suggests that increases in RH are
accompanied by increases in coarse-mode particles (Figure 4). The largest RH differences occurred between
the ambient and cloud base measurements, resulting in the greatest increase in aerosol size. These size
changes reflect deliquescence and hygroscopic growth of ambient particles. Updraft particle size distribu-
tions show more variability due to the inherent difficulty in measuring within the core of the updraft; hence,
size distribution differences between ambient and cloud base measurements are much better defined.
Particle size data from 8 and 26 August show less change because ambient RH conditions were higher on
these flights.

5.5. Individual Aerosol Particles
5.5.1. Particle Types on LC Grids
A large range of single and internally mixed particle types were observed on LC grids (Figure 5 and Table 3).
The most common single-particle types were silicate, gypsum, and NaCl. Silicates were by far the dominant
mineral type, as recorded in other studies of desert-derived material [e.g., Kim et al., 2006], including quartz,
feldspar, and other aluminosilicate minerals. Internally mixed particle types comprised more than one phase
and were represented by aggregate particles (all solid phases), coated particles (solid phases with surficial
volatile species), and mixed cation salts (all volatile species). Volatile salts are often unstable under the
electron beam, so it was not always possible to determine accurate compositions. The internally mixed par-
ticle types listed in Table 3 were categorized based on their primary two components (identified by EDS),
although this led to a simplification of particle types since many internally mixed particles contained more
than two phases (e.g., Figure 5d).

Internally mixed particles were dominant in all samples, with the most common types being silicate/gypsum
aggregates, silicate/NaCl aggregates, and mixed cation sulfate (MCS) salts (Figures 5a, 5c, and 5e). The coarse
fractions of LC samples were dominated by silicate/NaCl aggregates (Figure 5c), i.e., silicate grains with well-
crystallized NaCl attached to their surfaces; whereas the fine fractions of LC samples were dominated by MCS
salts, which ranged in composition from sulfuric acid with trace Na, Mg, K, and Ca sulfates to ammonium
sulfate. There was a minor component of carbon nanospheres or ns-soot [after Buseck et al., 2012], and
ns-soot-containing aggregates in the finer fractions of all samples (Figure 5f ).

Particle frequency for all types listed in Table 3 varied with respect to grid fraction, as well as between sam-
pling conditions within and between storms. However, the number of particle categories in Table 3 is too
varied to depict graphically or discuss practically, so we amalgamated categories to highlight NaCl- or MCS-
containing particle types (Table 4). Particle frequencies for each grid using the categories in Table 4 are shown
in Figure 7. A number of particles types listed in Table 3 occur at less than 1% frequency due to their low
abundance in the ambient environment (e.g., Fe oxides) or to instrument artifact (e.g., possible volatilization
of nitrates and organics in the microscope column) and will not be discussed further.

Figure 4. Normalized PCASP and FSSP measurements for each sampling interval. Shaded regions reflect grid fractions: fine
(light gray), intermediate (medium gray), and coarse (dark gray). Note: We have chosen not to convert our data to volume
distributions since our dry particles are not spherical in shape.
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5.5.2. Particle Types on Ca-C Grids
Ca-C grids preserved a record of each particle’s physical state on impact. These were categorized as dry
(insoluble grains; represented by grains with no associated reaction with the Ca-C grid), wet (partially soluble
grains; represented by distinct core grains with a dried reaction zone on the Ca-C grid), or droplets (totally
soluble particles; represented by a convex microcrystalline or recrystallized reaction area on the Ca-C grid)
(see examples, Figure 6). Thus, the particle types identified on the LC grids in Table 3 (column 1) could be
augmented by information on their physical state from chemically equivalent particles on the simultaneously
collected Ca-C grids, as illustrated in Table 3 (column 2) for conditions with RH>85%. Of course, the physical
state of chemically similar particles on Ca-C grids varied with RH sampling conditions.

Figure 5. Bright-field images of typical individual particles from LC grids: (a) Silicate/gypsum aggregate particle; (b) NaCl
single grain; (c) Silicate/NaCl aggregate particle; (d) Silicate/NaCl aggregate particle with additional gypsum and mixed
cation sulfate (MCS) components; (e) Silicate/mixed cation sulfate coated particle, as well as mixed cation sulfate salts; (f )
Soot (ns)/mixed cation sulfate aggregate particle.

Journal of Geophysical Research: Atmospheres 10.1002/2013JD021165

SEMENIUK ET AL. ©2014. American Geophysical Union. All Rights Reserved. 2517



All Ca-C samples were dominated by “activated particles” (partially soluble or soluble types); although all
coarser grid fractions contained some dry particles. The fine grid fraction on Ca-C grids was only represented
by one sample, dominated by MCS droplets. It was compositionally and physically similar to the fine fraction
on the simultaneously collected LC grid. From this sample set alone, it appears that changes in physical state
related to RH were more pronounced for coarser fractions.

Particle categories on Ca-C grids included dry particles, wet particles, and four droplet types: MCS, Ca-rich
sulfate, NaCl rich, and Cl rich. The most abundant droplets were MCS droplets in the fine fraction, and
NaCl-rich or Cl-rich droplets in the coarser fractions (Figure 6). Wet particles typically had NaCl-rich or
S-rich reaction zones around an insoluble mineral core. Insoluble particles (mineral grains and some
aggregates) were less common. Frequencies for these different particle types are shown in Figure 7
(lower panel). Ca-C grids typically had a higher proportion of NaCl single grains andNaCl-rich droplets, although
this is likely an artifact introduced by the difficulty in distinguishing individual particles from components
of a reaction zone. NaCl single grains and NaCl-rich droplets were found on some Ca-C grids, suggesting

that pure aqueous NaCl droplets efflo-
resced after collection to form single
crystals, whereas NaCl droplets with a
sulfate component reacted with the Ca-
C grid and were preserved by a reaction
zone of CaSO4 laths and microcrystalline
NaCl. In these cases, we assumed that
NaCl was likely deliquesced at the time
of collection. In contrast, on LC grids,
NaCl effloresced to form salt crystals,
whereas impure NaCl-rich droplets likely
effloresced to form microcrystalline
NaCl/sulfate aggregates or NaCl single
crystals with surficial MCS salts. Cl-rich
droplets are not attributed to any

Table 3. Individual Particles Identified on LC Grids and Their Physical State on Ca-C Grids at RH >85%

Particle Type
Chemical Composition of Particles in

Effloresced State (LC Grids)
Physical State of Equivalent

Particle on Ca-C Grids

Single particles 1. Silicate Dry particle
2. Gypsum Dry particle
3. aFe oxide Dry particle
4. aCarbonate Dry particle
5. Salt (NaCl) NaCl-rich droplet
6. Soot (ns) Dry particle

7. aorganic (P containing) Not detected
8. aSodium nitrite (NaNO3) Not detected

Internally mixed
particles

9. Silicate/silicate aggregate Dry particle
10. Silicate/gypsum aggregate Dry particle
11. Silicate/carbonate aggregate Dry particle
12. Silicate/Fe-oxide aggregate Dry particle
13. Silicate/soot(ns) aggregate Dry particle
14. Silicate/NaCl aggregate Wet particle
15. Gypsum/NaCl aggregate Wet particle

16. Silicate/MCS (coated particle) Wet particle
17. Gypsum/MCS (coated particle) Wet particle
18. Carbonate/MCS (coated particle) Ca-rich sulfate droplet

19. NaCl/MCS (coated particle) NaCl-rich droplet
20. Soot(ns)/MCS (coated particle) Wet particle
21. Mixed cation sulfate salts (MCS) MCS droplet

22. aMixed cation nitrite or nitrate salts Not detected

aParticle type is present at less than 1% frequency.

Table 4. Table Showing How Particle Typesa Were Amalgamated for
Figure 7 (upper panel)a

Categories Shown in Figure 7

Categories
Amalgamated
From Table 3

Mineral grain 1, 2, 3, 4
NaCl single grain 5
Mineral aggregate not containing NaCl or MCS 9, 10, 11, 12
Mineral aggregate containing NaCl 14, 15
Mineral aggregate containing MCS 16, 17, 18
Particle containing both NaCl and MCS 19
MCS 21
Soot(ns) or Soot(ns)-containing particle 6, 13, 20

aParticle types 7, 8, and 21 were excluded from Figure 7 due to their rarity.
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particle type on LC grids, suggesting they did not effloresce to form particles on LC grids. The coarse
fraction from 26 August with abundant Cl-rich droplets was collected during active precipitation and is
associated with a marked decrease in all other particles. It is possible these droplets formed from flare material;
however, previously analyzed Ca-C grids that contain flare material had recognizable cubic crystals of CaCl2 and
KCl [Bruintjes et al., 2012].
5.5.3. Effect of RH
Direct comparison of samples collected from ambient and updraft conditions provided clues to changes in
physical state of natural particles under atmospheric conditions, ranging from 60 to 80% RH. For all storms,
samples from updraft conditions were compositionally similar to ambient samples, but the physical state of many

Figure 6. Bright-field images of typical individual particles from Ca-C grids: (a) Silicate/gypsum aggregate particle (dry par-
ticle); (b) NaCl single grain (wet particle); (c) silicate/NaCl aggregate particle (wet particle); (d) soot (ns)/mixed cation sulfate
aggregate particle (wet particle); (e) Ca-rich sulfate droplet; (f ) NaCl-rich droplet. MCS=mixed cation sulfate.
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of the particles differed (Figure 7), e.g., at least half the particles in the coarse fraction of updraft samples were
partially or completely soluble at the time of collection, whereas ambient samples were characterized by a greater
percentage of dry particles. Wet particles were present in all ambient samples; thus, some soluble components of
particles had already activated at 60% RH.

Activated particles (droplets and wet particles) on Ca-C grids were generally associated with a decrease in
other dry particle types. For example, wet particles were associated with a decrease in NaCl- or MCS-containing
aggregates, and NaCl-rich droplets with a decrease in single NaCl particles. We suggest that internally mixed
particles, e.g., NaCl- and MCS-containing aggregates, preferentially formed wet particles, whereas single NaCl
grains formed droplets. Thus, core particles with a NaCl or MCS component played a major role in particle
deliquescence in updraft conditions.
5.5.4. Effect of Sampling Date
There were clear compositional differences in particle populations for each storm. For example, the ambient
particle population on 8 August comprised a greater number of anthropogenic-related aggregate particle
types such as MCS-containing aggregates and MSC droplets compared with other storms, whereas on 26
August there was a higher mineral component to the particle population. In fact, the large cloud mass on
26 August created a strong outflow region that lofted a large amount of dust from the surface that was
entrained into the cloud and appeared to reduce formation of cloud nuclei (in-flight observation).

In addition to these temporally related compositional differences, there were marked differences in the
physical state of particles between storms, best illustrated by comparing the coarse fractions of Ca-C updraft
samples for all storms. On 13 July updraft samples were dominated by wet particles, dry particles dominated
samples from 8 August, whereas Cl-rich droplets dominated samples from 26 August. Thus, the observed
compositional differences in particle populations between storms are attributable to variable updraft con-
ditions, as well as variable ambient particle compositions.

Figure 7. Percentage composition of particles from LC and Ca-C TEM grid fractions in ambient and updraft conditions for
each sampling date. Legend for particle types shown on graph is given in the figure, and particle types are described in the
text under section 5.5. A minimum of 100 particles were analyzed on each grid fraction. No data are available for grids
damaged during collection or handling. Abbreviations are as follows: crs = coarse fraction; int = intermediate fraction; and
fine= fine fraction; MCS=mixed cation sulfate.
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6. Discussion

Aerosol particles affect radiative, cloud, and precipitation processes within the atmosphere. Understanding
these interactions is paramount to modeling the effect of aerosol particles on the radiative energy budget
and also the hydrological cycle of the planet [Andreae and Rosenfeld, 2008; Stevens and Feingold, 2009]; it is
also vital to rain-enhancement processes resulting from artificial cloud seeding [Bruintjes et al., 2012]. We
discuss the results of this study in the context of these processes.

6.1. Abundance of Aggregated and Coated Aerosol Particles

Analysis of individual aerosol particles in this study provides a realistic picture of ambient aerosol types with
both natural (e.g., silicate) and anthropogenic (e.g., MCS) particle types in all TEM samples. Surprisingly, all
coarse and intermediate fractions were dominated by aggregate rather than single-particle types. These
aggregates mostly comprised silicates internally mixed with NaCl, MCS, or other minerals. NaCl particles
internally mixed with MCS were also common. In contrast to single particles, aggregate particles have
complex chemistry and complex shapes, as seen in our TEM images (Figure 5).

We believe the abundance of aggregate particles mainly reflects physical and chemical processing within
the atmosphere, including coagulation of particles, adsorption of compounds onto mineral surfaces,
uptake of gaseous and aqueous phases in deliquescent particles, and oxidation and replacement reac-
tions with gaseous phases as described in other studies [Falkovich et al., 2004; Hwang and Ro, 2006; Li
et al., 2003b; Popp et al., 2004; Pósfai et al., 1995]. All our samples were dominated by such “reacted”
particle types.

One of the most abundant aggregate particle types in this study is mineral dust aggregated with NaCl
(NaCl-containing mineral aggregates). These particles may be formed prior to aerial suspension (e.g., they
represent silt and mud particles formed in salt flats or dry lakebeds through evaporation of in situ
groundwater brines) or formed within the atmosphere through adsorption of NaCl onto mineral surfaces
or through coagulation of mineral particles with solid or deliquesced NaCl particles. If they were primary
soil particles, we would expect to find abundant gypsum (CaSO4), as well as intergrowths of salt and
gypsum, which was not commonly observed; therefore, we believe these aggregates mainly formed in the
atmosphere. The sources of NaCl in the atmosphere are twofold in the UAE: industrial and local sea salt.
NaCl is a major component in smoke from petroleum processing plants due to the evaporation of brines in
the combustion process [Cahill and Wilkinson, 1992; Ferek et al., 1992]. Sea salt is typically identified from
ionic ratios between Mg, Na, K, and Ca close to seawater composition [Pósfai et al., 1995]. The NaCl in our
samples commonly does not contain these accompanying cations, except when associated with sulfate
coatings. In addition, TEM samples analyzed from within smoke plumes from petroleum processing plants
typically have even higher numbers of silicate/NaCl aggregates, suggesting they are produced through
interaction with this pollution source [Cahill and Wilkinson, 1992; Ferek et al., 1992]. Hence, the abundance
of NaCl-containing mineral aggregates most probably reflects the interaction of massive local pollution
related to the petroleum industry with desert dust.

Both silicate and NaCl coarse-mode particles with MCS as coatings are also common in our samples (e.g.,
MCS-containing mineral aggregates and NaCl/MCS particles). We believe these internally mixed particles
are produced through adsorption of small sulfate particles onto the coarser-mode particle surfaces,
given the highly local occurrence of sulfates within aggregate particles (Figure 5). However, where
coatings are more pervasive, they may have been formed through reaction with gaseous SO2, either by
direct oxidation or through dissolution in deliquescent particles, e.g., oxidation of NaCl by gaseous
phases (SO2, O3) could produce surficial MCS coatings—analogous to reactions described for aging sea
salt [Pósfai et al., 1995]. The relative abundance of uncoated NaCl single particles within our samples
suggests reaction with gaseous SO2 is not efficient. Neither do the relatively consistent background
levels of gaseous SO2 measured in-flight tally with the variation in the MCS content observed between
sampling dates. In contrast to the processes described above for the coarse-mode, fine-mode aggre-
gates such as ns-soot/MCS are probably produced through coagulation processes. Thus, the formation
of internally mixed particles derived from interaction with local S-containing pollution sources also
contributes to the diverse number of aggregate and coated particles in our samples. We suggest that
different processes are involved in the formation of internally mixed particles at different particle scales,

Journal of Geophysical Research: Atmospheres 10.1002/2013JD021165

SEMENIUK ET AL. ©2014. American Geophysical Union. All Rights Reserved. 2521



with adsorption mainly forming aggregates in the coarse mode, and coagulation mainly forming aggregates
in the fine mode.

Other studies described dust aggregates with inorganic and organic species [Falkovich et al., 2001, 2004;
Formenti et al., 2003; Hwang and Ro, 2006; Levin et al., 1996, 2005; Trochkine et al., 2003]. Levin et al. [1996]
reported sulfate/mineral aggregates in the polluted aerosol samples from the eastern Mediterranean and
suggested they form when sulfate CCN collects interstitial dust present in cloud. Our results show that such
particles occur as commonly in ambient populations from polluted environments, and probably do not
require processing within clouds.

Levin et al. [2005] reported that approximately 35% of particles from samples collected during the
Mediterranean Israeli Dust Experiment were internal mixtures of mineral dust and sea salt. In our study,
around 40% NaCl-containing mineral aggregates were recorded in the coarsest fraction, and more than 50%
of particles were reacted types. In contrast, we think these reacted particle types are mainly associated with
interaction of dust with local pollution sources.

Hwang and Ro [2006] observed similar types of internally mixed particles in an Asian Dust storm event.
They described particles produced by heterogeneous reactions of naturally occurring carbonate with
SOx and NOx which are chemically and morphologically analogous to the Ca-rich sulfate droplets an-
alyzed in this study (Figure 6e). They also describe recrystallized and reacted sea salt analogous to our
impure NaCl-rich droplets (NaCl/MCS particles on LC grids) although their reacted NaCl particles typi-
cally contain NaNO3 and MgNO3, which is not the case for our particles. Both our reacted carbonate
and impure salt particles are evidence for interaction of single particles with pollutants within
the atmosphere.

Although we did not measure organic species in our study, Falkovich et al. [2004] reported dust aggregates
with various organic species adsorbed on their surfaces. They also demonstrated that both inorganic and
organic species may be present on a single mineral particle. It is likely that the dust particles collected in this
study had adsorbed organic species derived from the local petroleum industries.

The widespread aggregation of particles within the atmosphere has implications for climate models that
assume single particle composition. The real picture of particles within this arid region is not physically or
chemically simple, with abundant and diverse internally mixed particles formed through both physical and
chemical processes within the atmosphere. The presence of inorganic and likely organic species has impli-
cations for long-range pollutant transport [Falkovich et al., 2004], as well as cloud and precipitation forming
processes [Knopf et al., 2010]. Specifically, in our study, NaCl and MCS salts within numerous coarse- and
intermediate-sized internally mixed particles has an important effect on particle physicochemical properties,
especially hygroscopic growth, and thus will impact on scattering, CCN formation, and precipitation, as
discussed below.

6.2. Radiative Properties of Aggregated and Coated Particles

Direct scattering of incoming solar radiation by atmospheric particles will be strongly dependent on RH when
abundant hygroscopic particles are present in ambient particle populations [Murphy et al., 1998]. Our TEM
analyses indicate that almost 90% of the ambient particles in the Oman mountain region are hygroscopic;
more than half of these particles have hygroscopic components in their internal mixtures, formed through
interaction of natural particles with pollution and/or sea salt. Typically, these components are NaCl and/or
MCS, both of which are highly hygroscopic compared with their core particles, usually mineral dust. The
presence of these compounds enhances the number of particles that undergo hygroscopic growth as RH
increases within updrafts. Specifically in the size rangemost relevant to radiative forcing (0.08 to 1 μm); only a
small fraction of particles remained dry at RH 80% in this study (Figure 7). Even in the coarsest-size fraction,
typically more than 50% of particles were activated. The size increase and shape changes associated with
hygroscopic growth of internally mixed particles in updraft particle populations will have an impact on the
extent and efficiency of scattering, and thus affect radiative cooling [Adachi et al., 2011; Freney et al., 2010].
Additionally, the presence of NaCl and/or sulfate within internally mixed particles will change the optical
properties of aggregate and coated particles [Li et al., 2003a], which will also change the radiative effect of the
aerosol population. Finally, the formation of more cloud nuclei from soluble aggregate particle types will
enhance the indirect effect on the radiative budget.
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6.3. Hygroscopic Behavior of Aggregate
and Coated Particles

Aerosol size, shape, and composition of
hygroscopic particles all change with in-
creasing RH along updraft trajectories as
ambient particles undergo deliquescence.
Hydroscopic behavior of single particles
has been well studied for selected aerosol
species, including NaCl, ammonium sul-
fate, and water-soluble organic salts [Peng
and Chan, 2000; Saxena et al., 1995]; how-
ever, the behavior of aggregate and
coated particles has only recently become
a focus of research, e.g., organic-coated
sea salt [e.g., Randles et al., 2004; Semeniuk
et al., 2007b], and organic-coated anthro-
pogenic particles [Knopf et al., 2010]. Here,
we provide insight into the hygroscopic
behavior of both NaCl- and MCS-
containing aggregate particles in their
natural environment at both a population
and individual particle scale.

In the coarse mode, there clearly is both field and sample evidence for droplet formation. Our FSSP mea-
surements showed that larger particles were observed in updraft conditions. Our TEMwork on Ca-C grids also
showed that more droplets were observed in updraft conditions. Thus, the increase in particle size distribu-
tion at cloud base (Figure 4) can easily be attributed to droplet formation—resulting in larger surface area
and volume of particles.

In contrast, there were few physical changes on Ca-C grids for fine-mode particles in our only updraft sample
(26 August), suggesting that the abundant small MCS droplets had not deliquesced under those updraft
conditions. Although, we did not observe particle size changes related to hygroscopic growth in the fine
mode, they have been inferred from aerosol optical properties in the more humid coastal region of the UAE
[Eck et al., 2008].

Our prior laboratory work carried out on ambient individual aerosol particles in an environmental cell within a
TEM (ETEM) sheds insight on the behavior of aggregate particles within updrafts at the individual particle scale
that can easily be extrapolated to the population scale. Laboratory experiments on real individual aerosol
particles showed that both single particle NaCl and NaCl within aggregates deliquesce at 76%, whereas MCS
droplets deliquesce at >82% RH but only appear to grow significantly at RH >90% [Semeniuk et al., 2007a,
2007b;Wise et al., 2007]. Other compounds that enhance hygroscopicity of dust particles include K+, Mg2+, and
Ca2+ salts [Kelly et al., 2007; Semeniuk et al., 2007b], especially nitrates and sulfates, which although present in the
UAE samples, do not form a significant fraction compared with NaCl (this study).

The formation of CCN from coarse-mode aggregates in our TEM experiments appeared to be predominantly
a function of the hygroscopic properties of their most soluble components, thus making their behavior highly
composition dependent. This relationship has significant implications for models that calculate cloud droplet
concentrations based only on aerosol size spectra and concentrations [e.g., Pringle et al., 2009], as other
studies that quantified the effects of uncertainty related to aerosol composition and hygroscopicity have also
suggested [e.g., Conant et al., 2004].

Using our prior ETEM observations as a basis, we calculated the theoretical proportion of deliquesced parti-
cles in different size fractions based on their compositions for ambient (60% RH), updraft (80% RH), and
cloud base (100% RH) conditions using the ambient particle population from 26 August as a starting point
(Figure 8). The hygroscopic state of each particle type was predicted, assuming that NaCl and all NaCl-
containing mineral aggregates were deliquesced at >76% RH, and that all MCS-containing mineral aggre-
gates were wet at 90%. In this way we could track the behavior of the particle population through to

Figure 8. Graph showing theoretical percentage composition of activated
particles under ambient, updraft, and cloud base conditions for particle
population from 26 August. The theoretical hygroscopic state of particles is
calculated for different size fractions based on our compositional infor-
mation from TEM analyses and our microphysical information from earlier
particle deliquescence experiments using the ETEM.
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cloud base. Figure 8 clearly shows the independent behavior of different size modes, reflecting their different
(size-dependent) compositions, i.e., the coarsemode is dominated by NaCl-containingmineral aggregates, so
it clearly undergoes deliquescence in updraft conditions, whereas the fine mode dominated by MCS-
containing particles undergoes deliquescence at cloud base. Figure 8 visually represents the patterns ob-
served in our FSSP/PCASP data in Figure 4, where the coarse mode undergoes a shift in particle size in updraft
particle size spectra, while the fine mode shows most change between updraft and cloud base spectra. Since
our experimental assumptions about particle deliquescence explain the patterns observed in the FSSP/
PCASP in-flight data, we attribute these size changes to deliquescent growth; thus, the physical differences in
behavior observed in these size fractions are readily attributable to the deliquescence points of the most
soluble phase within those particles. On our Ca-C grids, only a small fraction of particles are not deliquesced
at 100%; these are grains of silicate, carbonate or gypsum. Our observations show that interstitial or
nonactivated particles are a considerably small fraction of the particle population in convective cloud up-
drafts, contrasting markedly with the high interstitial in-cloud fractions measured during the VOCALS-Rex
campaign in Chile [Kleinman et al., 2011]. It appears that the ambient particle population in the Oman
mountain range produced by interaction between natural and anthropogenic components has extremely
high activation potential compared with other regions.

6.4. Formation of CCN and Droplets in Updrafts

Comparison of TEM samples collected at RH 60% and 80% during the same storm event was used to identify
which specific particle types formed droplets or CCN. On all sampling days, concentrations of dry single particle
NaCl and NaCl-containing mineral aggregates showed greatest decrease in the particle population as RH in-
creased. Concentrations of MCS-containing mineral aggregates also decreased in the particle population as RH
increased, whereas single mineral grains (excluding halite) and MCS droplets showed little change in concentra-
tion. In most cases, decreases observed in dry particle types were compensated by an increase in their associated
activated types (wet particles and droplets), e.g., in the case of single-particle NaCl, this was matched by an in-
crease in NaCl-rich droplets. Thus, the high fraction of ambient particles that formed CCN is attributable to the high
fraction of internally mixed particles produced by interaction of natural and anthropogenic components in the
atmosphere. It is clear that the chemistry of coagulated and adsorbed soluble components derived from pollution
within the UAE plays a major role in the activation of these ambient particles.

For airbornemineral dust particles within the UAE, aggregation withmore soluble inorganic components and
subsequent activation produces a significant fraction of the CCN. Thus, the influence of desert dust on
droplet formation is highly important in this region and is a good natural example of the effect of dust on
droplet formation modeled by [Kelly et al., 2007]. The effects of soluble components, surficially attached to
the insoluble dust particle, on surface tension and surface partitioning within the internally mixed particle is
complex. When the effect of surficial soluble components is not fully incorporated into adiabatic air parcel
models it will lead to overestimation or underestimation of cloud droplets in highly polluted regions [Prisle
et al., 2010; Vanhanen et al., 2008].

Our TEM results identify that NaCl-containing mineral aggregates are important CCN in the Oman mountain
region. MCS droplets and MCS-containing mineral aggregates also are important CCN at RH>82%, i.e., above the
deliquescence point for ammonium sulfate. Earlier studies of aerosol-cloud interaction based on in-flight
measurements within the UAE were not able to identify specific particle types that formed CCN, although high
concentrations of CCN were correlated with high-background aerosol concentrations with average particle size
around 1 μm [NCAR, 2005]. It was surmised that this particle fraction was most likely a combination of sulfate
particles and sea salt. However, our TEM work indicates that it is mostly NaCl-containing mineral aggregates that
are forming CCN in the coarse fraction. Such aggregates, in contrast to single NaCl grains, typically occur in
ambient particle populations from polluted environments throughout the UAE and formed as a result of the
interaction of pollution plumes from oil and gas refineries with desert dust [Semeniuk et al., 2005]. Sea salt cannot
be excluded as a possible source for single NaCl grains. This result contrasts with other regions worldwide, where
sea salt (in maritime regions) or sulfates and organics produced from pollution plumes from power plants or other
industries (in continental regions) form the most active CCN [Medina et al., 2005; Ross et al., 2003].

6.5. Effect of Giant CCN on Precipitation

Levin et al. [1996] reported that soluble material in mineral/sulfate aggregates makes them effective giant
CCN. Similarly, our modeling of CCN activation and droplet formation (based on the particle populations
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determined from our TEM work) showed that the large CCN formed from NaCl/mineral aggregate
particles can influence drizzle and precipitation [Salazar et al., 2005]. Salazar et al. [2005] used the Cooper
et al. [1997] model to study the development of condensation coalescence processes in clouds by
initializing the model with size distributions and compositional information obtained from the in-flight
and TEM data. In the model, cloud base was characterized by large haze cloud droplets in all particle
size spectra, reflecting hygroscopic growth of particles as part of the nucleation process [Salazar et al.,
2005]. This scenario parallels maritime settings, where formation of large supersaturated nuclei from salt
spray decreases the indirect effects of aerosol on clouds and increases precipitation [Feingold et al., 1999;
Rosenfeld et al., 2002].

Salt power-seeding methods also rely on formation of giant CCN from salt nuclei introduced into convective
cloud through seeding [Rosenfeld et al., 2010]. In seeding experiments, precipitation appears to be enhanced
when clouds ingest the giant CCN produced from these salt particles [Rosenfeld et al., 2008].

Our TEM data support a direct correlation between NaCl-containing particles on LC grids and giant wet
particles and droplets on Ca-C grids. It appears that the Oman mountain region is aerosol sensitive, with high
values of particle activation linked to coarse-mode particle composition. This result suggests that soluble
components of coarse-mode particles play a major role in droplet formation and subsequent precipitation
processes. This is in agreement with other work that found that the ratio of soluble to insoluble particles had
a large effect on cloud droplet concentrations [Lee et al., 2009]. Thus, aggregation of NaCl with mineral par-
ticles appears to ameliorate the effects of high concentrations of desert dust on precipitation, illustrating the
importance of aerosol composition on giant CCN formation in updraft conditions. Thus, we agree withWard
et al. [2010] that compositional effects of ambient particles on CCN activation need to be reassessed for
specific cloud regimes to improve cloud particle models.

Our combination of in-flight and TEM measurements suggest that high concentrations of pollution-related
salt-containing aerosol could actually enhance precipitation. This result is consistent with recent observations
on the effect of aerosol load on warm cumulus clouds, as well as the effect of autoconversion of cloud
droplets to rain related to the formation of giant CCN [Rosenfeld et al., 2008]. In contrast, Chen et al. [2011],
using a dynamic cloud model with spectra-resolved microphysics, predicted a decrease in ground rainfall
related to an increase in aerosol load and hence cloud-drop number, due to the decrease in effective radius of
drops. However, our study shows that NaCl-containing coarse-mode particles can increase effective drop size,
making correlations between aerosol load and effective drop size composition-dependent in this region.

The concentrations of NaCl-containing aggregate particles formed through interaction of industrial pollution
with mineral dust likely affect cloud and precipitation processes at a regional scale through their formation of
giant CCN and need to be factored into regional climate models in a similar way to the recent treatment
of organic particles [Conant, 2004; Prisle et al., 2010]. We anticipate that our methodology is a step toward
untangling the effects of anthropogenic aerosol particles on cloud processes [Stevens and Feingold, 2009] and
that similar studies using in-flight and TEM data will follow.

6.6. Implications for Cloud Seeding

Cloud seeding aims to enhance early formation of large drops and initiate coalescence processes in clouds in

order to trigger precipitation [Bruintjes et al., 2012]. The principle of enhancing coalescence via hygroscopic

seeding depends on three parameters: the chemistry (hygroscopicity), size, and concentration of the CCN

produced from hydroscopic flares or large-particle salt seeding. Ideally, hygroscopic flares produce effective

CCN, usually salt particles such as NaCl, KCl, or CaCl2, in larger sizes (large or giant nuclei, >1 μm diameter)

than occur in the natural environment [Bruintjes et al., 2012]. Thus, the effectiveness of seeding depends on

the concentration and characteristics of the ambient particle population.

In the UAE, abundant desert dust particles combined with sulfates and NaCl were reported [NCAR, 2005, this
study]. Typically, these dust particles coated with sulfates or aggregated with NaCl become giant CCN [Levin
et al., 1996; this study], similar in size to the CCN produced by hygroscopic flares. Thus, chemically, there are
similar particles to those produced by hygroscopic flares already present in the ambient environment. The
ambient giant CCN likely increase the efficiency of the precipitation process in a similar manner to those
involved in hygroscopic seeding and hence will diminish its effects.
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The most important ambient nuclei for droplet formation in the UAE appear to be NaCl grains or NaCl/mineral
aggregates, typically 0.5–3 μm in size. They form droplets up to 15 μm in size as RH increases in updraft currents
(this study). Cooper et al. [1997] found that an optimum particle size of approximately 1 μm is required to obtain
higher concentrations of drizzle-size drops and enhance the coalescence process in clouds with seeding. Others
showed that particles between 1 and 5 μmdiameter are effective at enhancing coalescence processes [Caro et al.,
2002; Reisin et al., 1996; Rosenfeld et al., 2010; Segal et al., 2004; Yin et al., 2000a, 2000b]. Our study indicates that
such suitably sized particles already exist in the ambient aerosol populations in the UAE.

Both summer and winter concentrations of ambient aerosol particles, CCN, and cloud droplets in the Oman
mountain regions are representative of a continental environment [NCAR, 2005] and are typically higher than
in South Africa and Mexico, where hygroscopic seeding has been carried out. Summer concentrations of
accumulation mode particles are typically greater than 5000 cm�3. Thus, suitable concentrations of particles
already exist in the ambient environment of the UAE. Our field study in combination with modeling and TEM
work carried out on aerosol samples collected from this region found that the composition, size, and con-
centration of ambient aerosol particles, as well as the fact that giant CCN naturally occur within convective
clouds, all were detrimental to enhancing precipitation through cloud seeding.

7. Conclusions

This study uniquely compares individual aerosol particles on TEM grids collected in ambient and updraft con-
ditions of the same storm system. The simultaneous use of two types of TEM grids (LC and Ca-C grids) provides
valuable information about both the chemistry and the physical state of individual particle types at the time of
collection. In particular, the use of Ca-C grids provides an important contribution to understanding real particle
activation in updrafts. The integration of in-flight and TEMmeasurements shows that CCN formation in the UAE
differs from that predicted using microphysical theory in cloud modeling studies. This is due to the following:

1. The formation of abundant internally mixed particles through interaction of pollution and desert dust,
which enhance CCN formation at moderate supersaturations.

2. The independent activation of coarse and fine modes related to their compositional differences, which
shows that CCN formation cannot simply be related to bulk aerosol properties such as size distribution
or mean radius.

3. Industrial salts within abundant internally mixed coarse particles, that lead to the formation of giant CCN,
likely to enhance precipitation in the mountainous region of the UAE in a similar manner to that of coarse
sea-salt particles in maritime regions.

4. Chloride salts derived from the petroleum industry in aggregate particles that may affect precipitation
processes similarly to organic and/or sulfate components and need to be incorporated as an important
soluble component in aerosol models for this region.

All these observations impact on how aerosol particles indirectly affect climate. The compositions, sizes, and
concentrations of ambient aerosol particles, as well as the fact that giant CCN naturally occur within updrafts,
all are detrimental to cloud seeding activities in the UAE.
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