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Abstract Aerosol composition and properties variation under
the advection of different air masses were investigated, as case
studies, by contemporary measurements over the atmospheric
column and at the ground in a semi-rural site in South Italy.
The absence of local strong sources in this area allowed to
characterize background aerosol and to compare particle
mixing effects under various atmospheric circulation condi-
tions. Aerosol optical depth (AOD) and Ǻngström parameters
from radiometric measurements allowed the detection and
identification of polluted, dust, and volcanic atmospheric con-
ditions. AODs were the input for a suitable model to evaluate
the columnar aerosol composition, according to six main
tmospheric components (water-soluble, soot, sea salt accumu-
lation, sea salt coarse, mineral dus,t and biological). Scanning
electron microscope (SEM) analysis of particulate sampled
with a 13-stage impactor at the ground showed not only fin-
gerprints typical of the different air masses but also the effects
of transport and aging on atmospheric particles, suggesting
processes that changed their chemical and optical properties.
Background columnar aerosol was characterized by 72 % of
water-soluble and soot, in agreement with ground-based find-
ings that highlighted 60% of contribution from anthropogenic
carbonate particles and soot. In general, a good agreement
between ground-based and columnar results was observed.

Under the advection of trans-boundary air masses, water-
soluble and soot were always present in columnar aerosol,
whereas, in variable percentages, sea salt and mineral particles
characterized both dust and volcanic conditions. At the
ground, sulfates characterized the amorphous matrix produced
in finer stages by the evaporation of solutions of organic and
inorganic aerosols. Sulfates were also one of the key players
involved in heterogeneous chemical reactions, producing
complex secondary aerosol, as such clay-sulfate internally
mixed particle externally mixed with soot chains.

Keywords Atmospheric aerosol . Radiometric
measurements . Gravimetric measurements . SEM-EDX
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Introduction

Atmospheric aerosols are one of the major components that
impact atmospheric processes, influencing both global ra-
diative budget and cloud formation and causing climate
variations (IPCC 2007). Furthermore, research findings have
shown direct effects on human health related to their
inhalability. These negative effects (cardiovascular and respi-
ratory disorders) can be reinforced due to their diverse sources
and chemical composition, also in presence of short-term ex-
posure to PM2.5, as studied in the BDenver Aerosol Sources
and Health (DASH) study^ (Vedal et al. 2009).

Anthropogenic activities heavily contribute to aerosol pro-
duction, such as in emerging nations (China and India) or in
Eastern Europe, and is considered an important source of an-
thropogenic particles due to the presence of both obsolete
plants in heavy industry and open mines, as well as intensive
agricultural activities (Bovchaliuk et al. 2013).
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Atmospheric circulation of air masses spreads anthropo-
genic and natural particles (i.e., pollen and Saharan and/or
Asian dust) around the world. Experimental evidence of
aerosol transport, such as the transpacific transport of dust
and pollutants from Asia to North America, anthropogenic
contribution of European and Asian emissions and wild fires
to the Arctic, long-range transport of biomass burning, and
Saharan dust over the Mediterranean Sea and Southern Eu-
rope, can be found in literature (Papayannis et al. 2005; Sciare
et al. 2008; Eguchi et al. 2009; de Villiers et al. 2010;
Pederzoli et al. 2010; Pavese et al. 2012; Lettino et al. 2012).

Moreover, air masses circulation favor aerosol mixing
states (Bauer et al. 2013) and dramatic radiative properties
variations: recently, the importance to include mixing mecha-
nism of soot in radiative forcingmodels have been highlighted
(Cheng et al. 2015).

Multi-instrument measurements campaigns, focused on
specific topics (Pavese et al. 2009). are able to gather and
improve information on aerosol properties and atmospheric
processes, particularly those trying to find a relationship, if
any, between ground-based and columnar data. In a latest
study (Perrone et al. 2015). columnar and ground-based pa-
rameters as such, respectively, aerosol optical depth (AOD),
Ångström exponent, asymmetry parameter and scattering co-
efficient, scattering Ångström exponent, asymmetry parame-
ter have been compared to infer the impact of local and trans-
boundary pollution in Central Mediterranean.

From the analysis of 1 year of data from Hyderabad (India)
(Sinha et al. 2013). similar time behaviors of AOD measured
in the atmospheric boundary layer and of black carbon (BC)
content at ground level were found, suggesting carbonaceous
particles as one of the major contributors to the aerosol content
in the boundary layer. Similarly, the comparison of fine frac-
tions from both gravimetric mass distributions and columnar
radiometric size distributions and BC content in PM2.5 in a
semirural site in South Italy (Calvello et al. 2010) results in a
good agreement under northeast European polluted air
masses, highlighting the predominance of surface aerosol op-
tical properties over the entire atmospheric column.

Radiometric measurements can be used also as an input to
derive columnar aerosol composition when aerosol parameters
are coupled with a suitable model allowing the identification of
the main atmospheric particulate components. For example,
considering data from a short measurement campaign (1–14
May) in Cabauw (the Netherlands) (van Beelen et al. 2014). an
atmospheric aerosols composition as a combination of sulfates,
ammonium nitrate, organic matter, and black carbon particles
was suggested. Instead, a chemical characterization of aerosol
properties, on monthly and seasonal bases, derived by radio-
metric measurements from a mining site located in a Monsoon
TroughRegion ( Latha et al. 2014) was obtained by theOptical
Properties of Aerosols and Clouds (OPAC) model (Hess et al.
1998). Due to the site characteristics, the main components

were water-soluble, insoluble, soot, sea salt accumulation,
mineral accumulation, and coarse and mineral dust transported
above the boundary layer.

Useful information about the aerosol sources, their reactiv-
ity and transport can be inferred by scanning electron micro-
scope (SEM) analysis of in situ particle deposits (Ebert et al.
2000, 2004; Shi et al. 2003; Li et al. 2010; Tiwari et al. 2015).
Moreover, the analysis of size-selected samples is effective
to improve the knowledge on processes, such as
partitioning, recrystallization of secondary aerosol phases
and element chemical speciation, where particle dimension
plays a fundamental role.

The present study aims to study the effects of long-range
transport on aerosol properties and composition, both at the
ground and over the atmospheric column, by combining ra-
diometric measurements and SEM analysis results, to improve
particle characterization in a semirural site in South Italy. As
the measurements location is far from regions of strong parti-
cle emissions, aerosol properties are expected to be affected
by possible chemical processes occurring along great distance
paths.

Instruments and methods

Direct solar irradiance measurements were obtained in the
UV–vis range with a manually operated Ocean Optics
S2000, over the spectral range of 400–800 nm with a 1-nm
resolution and time resolution of 15 min from sunrise to sun-
set. The presence of an operator ensured clear sky conditions
during data collection. The full procedure for radiometric
measurement processing is described in Esposito et al.
(2004). In particular, the well-known Langley technique is
applied to calibrate irradiance spectra and to estimate the
AODs outside of the strong gaseous bands, whereas an appro-
priate inversion technique (Amato et al. 1995) allowed the
retrieval of size distributions in the radii range of 0.1 to
3 μm, where it has been verified to be more reliable.

The ground level mass size distributions were obtained by
means of a 13-stage Dekati low-pressure impactor (DLPI)
with an equivalent aerodynamic diameter (EAD) ranging from
0.03 to 10 μm. The instrument was equipped with 25-mm-
diameter Nucleopore polycarbonate filters to perform gravi-
metric measurements and SEM analysis on aerosols collected
during a 24-h sampling time. The mean daily values of atmo-
spheric parameters, such as temperature, pressure, and relative
humidity, were measured at the impactor inlet to estimate the
normalized sampled volume. Filters were properly condi-
tioned before and after the sampling period according to the
procedure described in Calvello et al. (2010).

DLPI filters were observed by means of a field emission
scanning electron microscope (FESEM, Zeiss Supra 40)
equipped with an energy-dispersive X-ray spectrometer
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(EDS, Oxford Inca Energy 350), allowing characterization of
grains as small as some tens of nanometers with high-
resolution images from an in-lens secondary electron detector.
A small portion (0.5 cm2) of the filters was attached to an
aluminum stub (12 mm in diameter) using a carbon sticky
tab and subsequently carbon coated: samples were studied
on images by secondary electron (SE) and back-scattered elec-
tron (BSE) detectors. The energy-dispersive X-ray (EDX)
analysis was performed with an energy dispersive Si(Li) de-
tector with an ultra-thin window (INCA SATW) capable of
detecting elements with an atomic number Z >4. Nevertheless,
only elements with Z >10 (Na) were considered in the X-ray
spectra evaluation because the samples were carbon-coated,
and carbon and oxygen were present in polycarbonate filters.
X-ray spectra were acquired at a 15-kV accelerating voltage
using a 30-mm aperture size.

Identification of aerosol components from the columnar
AOD

To evaluate the contribution of the aerosol components to the
columnar AOD, a least-square technique was applied to the
radiometric data set under examination (Satheesh and
Srinivasan 2005).

The aerosol number size distributions n(r) were considered
as the sum of individual aerosol species nj(r) that are com-
monly used in radiative transfer models:

n rð Þ ¼
Xk

j¼1

nj rð Þ ð1Þ

In particular, five aerosol types used in OPACmodel (Hess
et al. 1998) (water-soluble (WS), soot (S), sea salt coarse
mode (SScoa), sea salt accumulation mode (SSacc), and min-
eral dust (MD)) plus a primary biological component
(Matthias-Maser and Jaenicke 1995 and Huffman et al.
2010) were considered. The corresponding physical (mean
radius, standard deviation) and optical parameters (refractive
index) are reported in Table 1.

According to the Mie theory, the optical thickness at the
wavelength lambda is derived by the formula

τ compλi ¼ τ compi ¼
Xk

j¼1

Z ∞

0
πr2Qextj m j; r;λi

� �
S jn j rð Þdr; ð2Þ

where Qextj is the extinction coefficient, mj is the complex
refractive index, and Sj is the scaling factor for the jth aerosol
component. The aerosol size distributions njwere approximat-
ed by a log-normal function. To retrieve the contribution of
each aerosol component to the total AOD, the scaling factors
Sj were computed with a best-fit technique by minimizing the
following quantity:

χ2 ¼
XN

i¼1

τmeasi −τ compi

� �2

Δτmeasið Þ2 ; ð3Þ

where τmeas is the measured optical depth, and τcomp is the
computed optical depth.

Measurement site and data set description

Instruments are hosted at the Institute of Methodologies for
the Environmental Analysis (belonging to the National Re-
search Council of Italy) located in Southern Italy (40.60° N,
15.72° E, 750 m a.s.l.).

This site is a large rural area surrounding few factories,
crossed by a freeway 1 km far from the institute and charac-
terized by a continental climate that allows measuring of
mainly during the spring-summer periods, when fully sunny
days, necessary for radiometric measurements, are more
frequent.

The radiometric measurements data set was obtained in the
period of May 2008–February 2011. Based on meteorological
conditions, more than 50 days of direct solar irradiance mea-
sures have been considered in our study, corresponding to
more than 1200 data analyzed. For each measurement day,
spectral AODs, Ångström parameters, and aerosol size distri-
butions were estimated each 15 min, allowing aerosol loading
estimation, following the calculations described in Esposito et
al. (2004).

Radiometric data were clustered according to the following
procedure: days with lowest AOD values (AOD780mean daily

Table 1 Physical parameters
(mean radius, standard deviation)
and the optical parameter
refractive index describing the
number size distributions of the
six aerosol components

Aerosol component r (μm) σ Real refr. index Imaginary refr. index

Water-soluble (sulfate, nitrate, etc.) 0.029 2.24 1.44 −0.00265
Soot 0.018 2.0 1.75 −0.45
Sea salt (accumulation mode) 0.378 2.03 1.38 −4.5 10−9

Sea salt (coarse mode) 3.17 2.03 1.38 −4.5 10−9

Mineral dust 0.50 2.0 1.53 −0.0078
Biological 1.6 1.33 1.4 0.0
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value ≤0.1) were classified as typical of background condi-
tions; those with higher AOD were attributed to polluted or
dust air masses, depending on the alpha values. The Hybrid
Single-Particle Lagrangian Integrated Trajectory (HYPLIT4)
model (Draxler and Rolph 2003). the Dust REgional Atmo-
sphericModel (DREAM), and the Navy Aerosol Analysis and
Prediction System (NAAPS) aerosol maps from the Barcelona
Supercomputing Center (http://www.bsc.es/projects/
earthscience/DREAM/) and the Naval Research Laboratory
(http://www.nrlmry.navy.mil/aerosol/) were used as a further
confirmation of the aerosol loading classification. Volcano-
affected days were identified according to the VAAC atmo-
spheric dispersion model (http://www.metoffice.gov.uk/
aviation/vaac/features). To accurately describe the
peculiar features characteristic of the background,
polluted, dust, and volcano air masses and to avoid air
masses mixing conditions, 13 days were considered
among the 50-day dataset. In Table 2, for each of these
aerosol classes, the measurement days and the corre-
sponding measurement numbers are reported.

Along with the columnar aerosol measurements, simulta-
neous impactor sampling at the ground were conducted: the
same 13 days of measurements were considered with the only
difference between the two data sets that columnar data were
obtained during sunlight hours, whereas in situ data were col-
lected over a 24-h period.

In the last part of this study, one impactor sampling for
each air mass, considered enough to highlight the main
characteristics of deposited particles under various air
masses circulation, was chosen to be examined by SEM/
EDX analysis.

Radiometric data set analysis

A summary of the main aerosol parameters derived by
radiometric measurements (AOD at 500 nm and at
780 nm and the alpha parameter) are reported in Table 3.

In particular, the minimum, maximum, mean values, and
associated standard deviations for all parameters are
grouped for each aerosol type and discussed.

The background conditions are characterized by both the
AOD780 minimum and mean lowest values, typical of a poor
particle loading. The alpha values range between 0.15 and 2.6
(mean value 1.1), suggesting the contribution of both small
and large particles: first are related to the emissions produced
by vehicular traffic and to some local anthropogenic activities,
whereas second ones are likely due to the local soil particle
up-lift.

In polluted conditions, that is, with air mass back trajecto-
ries crossing North/East Central Europe, the highest alpha
values were recorded (maximum value 3.6, average value
1.91), whereas AOD780 assumes lower values than dust and
volcanic conditions, as expected.

During strong Saharan dust advection, the alpha parameter
ranges from 0.03 to 0.80 with an average value 0.39, typical of
very large suspended aerosols. The AOD780 can reach values
as high as 0.59. In this case, locally produced small particles
do not substantially contribute to the AOD, opposite to the
background conditions.

Volcanic ash data have been collected during the two main
phases of the last eruption of the Eyjafjallajokull volcano
(April–May 2010). The first phase (14–18 April) was charac-
terized by tephra, ejected to over 8 km in the atmosphere,
whose composition was benmoreite (Gudmundsson et al.
2012). The second explosive phase (5–17 May) was charac-
terized by a rapid variation in the melt composition from
benmoreite to trachyte, along with an increasing tephra grain
size. The range of the alpha variation (0.11÷1.5) was probably
affected not only by this variation in dimensions but also by a
contribution to the aerosol loading of transported dust parti-
cles on May 13 and 14.

Table 2 Radiometric data set descriptions for each aerosol type

Aerosol
type

Measurements days Measurements
number

Background 09 July 2008, 16 July 2008,
08 February 2011

95

Dust 27 May 2008, 08 July 2008,
16 June 10, 17 June 2010

105

Polluted 24 June 2008, 29 July 2008,
31 July 2008

75

Volcanic 21 April 2010, 29 April 2010,
13 May 2010

54

Table 3 Minimum, maximum, mean values, and corresponding
standard deviations for each aerosol class

Aerosol type Parameter Min Max Mean St. dev.

Background AOD (500) 0.025 0.27 0.11 0.04

AOD (780) 0.004 0.19 0.07 0.03

Alpha 0.15 2.6 1.1 0.48

Dust AOD (500) 0.11 0.63 0.30 0.14

AOD (780) 0.1 0.59 0.27 0.14

Alpha 0.03 0.8 0.39 0.18

Polluted AOD (500) 0.14 0.33 0.21 0.05

AOD (780) 0.03 0.19 0.09 0.04

Alpha 1.02 3.6 1.91 0.53

Volcanic AOD (500) 0.15 0.49 0.29 0.06

AOD (780) 0.06 0.35 0.2 0.07

Alpha 0.11 1.5 0.86 0.35
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To summarize the aerosol properties corresponding to the
different air masses, scatter-plot of AOD780 and alpha param-
eter is reported in Fig. 1, where each particle family occupies
different areas on the plot, with some overlap among different
families. The background data correspond to lower AOD780

values (poor aerosol loading).
AOD780 values for polluted data are similar to background

data with the corresponding points simply shifted toward
higher alpha values, suggesting predominant small particles,
as expected by the emissions of anthropogenic activities. In
Fig. 2a, only background and polluted measurements are
shown, along with the two corresponding fitting lines, which
both follow a power law with the same exponent (0.59). The
correlation coefficient of polluted data is higher (0.83 vs. 0.42)
due to the more pronounced signature of anthropogenic
particles.

Dust measurements correspond to a higher coarse particle
loading even if an overlapping of the background and dust
data in the regions 0.1≤AOD780≤0.19 and 0.29≤alpha≤
0.67 can be explained by considering that, in background
conditions, local air circulation can favor up-lifting of soil
particles in the atmosphere.

Volcano points, compared to background, cover a more
extended range of AOD780 values (0.06≤AOD780≤0.35),
indicating a heavier aerosol content. Considering Fig. 1,
polluted and volcanic data have an overlapping region de-
fined by the following intervals: 0.06≤AOD780≤0.19 and
1.02≤alpha≤1.45. This continuity is shown in Fig. 2b,
where polluted and volcano points are reported as a whole
family, which could be related to the presence of sulfate
particles in both groups that are mainly produced in gas-to-
particle conversion processes and are characteristic of both
industrial and volcanic emissions.

Aerosol composition from columnar AODs

In Fig. 3, for each prevailing air mass (background, polluted,
dust, and volcano), daily mean values of the measured
AOD500 and model-estimated AOD500 for each component
are reported. In general, the major components of background
AODs are WS and S; only on 9 July 2008, bioparticles con-
tribute as much as soot (approximately 24 %). On 16 July
2008, MD and bio components account respectively for 8
and 7 %, whereas on 08 February 2011, biological particles
in background conditions and SScoa account for 6 and 6.7 %.
This is in agreement with previous remarks about a contribu-
tion of both small and coarse fraction to the background aero-
sols at the site.

Polluted measurements, as expected, show a very strong
contribution of WS (55–77 %), whereas soot accounts for
22–43 % of the total AOD500. Remaining components give
a minor contribution.

Looking at the AOD500 dust plot (Fig. 3c), it is interesting
to note how MD is not the dominant component (from 10 to
22 %). The relevant presence of both SSacc (15–23 %) and
SScoa (10–24%) is justified by the air mass pathways, which,
under Saharan particle intrusion, move from North Africa,
across the Mediterranean Sea, before the arrival at the mea-
surements site. However, the not negligible percentages of
WS (11–18 %) and soot (10–27 %) seem to be surprising for
trajectories coming from North Africa. In a recent study
(Rodríguez et al. 2011). it has been demonstrated, by means
of chemical characterization, that desert dust at the Izana
Global Atmospheric Watch (GAW) Observatory in Tenerife,
Canary Islands is often mixed with anthropogenic particles
coming from industrial production in Northern and Eastern
Algeria, Tunisia and Atlantic Morocco. In particular, they
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coloured points correspond to
different aerosol families
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found crude oil refineries, phosphate-based fertilizer industry,
and power plants to be responsible for nitrate, ammonium, and
part of the sulfate emissions.

In Fig. 3d, volcano component clearly shows differences in
the aerosol composition between 21 and 29 April 2010 and 13
May 2010, thus discriminating between the two eruption
phases. In fact, the April AOD500 is strongly dominated by
WS and soot components and, with different percentages, by
MD and biological particles. During these days, the back-
trajectories arose close to Iceland and moved across North
Europe, thus carrying not only volcanic ash and sulfates but
also industrial combustion emissions. On 13 May, back-
trajectories arose again close to Iceland, but they moved
across the Atlantic Ocean and Mediterranean Sea, close to
North Africa, carrying higher contributions of SSacc, SScoa,
and MD components.

Pie-plots in Fig. 4 reporting model-estimated mean per-
centages of AOD components for each air mass summarize
aerosol composition variation.

Gravimetric measurements

The aerosol mass size distributions at ground level were col-
lected by a Dekati low-pressure impactor, almost simulta-
neously with the radiometric data, for the 13 considered mea-
surements days in Table 2. Plots in Fig. 5 showing mass size
distributions were obtained by means of the procedure fully
described in a previous work (Calvello et al. 2010). The evi-
dent features are the intense fine modes prevailing over the
coarse modes for polluted days; on the contrary, the coarse
modes are dominant for dust days. Comparing the volcanic
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polluted families only. Fitting
lines have the same exponent.
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shown as a whole family of
measurements
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size distributions on 29 April and on 13 May, an increased
coarse mode is observed in the last case, in agreement with
radiometric observations, related to the different eruption

phases and to the advection of dust particles fromNorth Africa
on 13 May. Overall, less intense modes were obtained in the
case of background conditions.
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SEM/EDX analysis

Particle SEM analysis was performed on four groups of 13
DLPI polycarbonate filters, each representative of one air
mass type. For each sampling, particles were grouped in fine
(0.01–0.94 μm, stages 1–8) and coarse (0.94–9.77 μm, stages
9–13) fractions that have been separately observed and ana-
lyzed. As observed in a previous work (Wittmaack et al.
2002). an amorphous matter and microcrystals grown on fil-
ters prevailingly form the fine fractions of all the samplings, as
it will be shown later, thus preventing quantitative analyses.

Previous observations (Mikhailov et al. 2009) help to ex-
plain the amorphous matter development. In fact, it has been
shown how organic aerosols in droplet solutions, after the
evaporation of the aqueous phase, are likely to aggregate in
an amorphous matter and, further, how multicomponent mix-
tures, typical of atmospheric aerosols, can magnify these for-
mations. As it will be explained later, SEM technique limits
information on particulate because organic components can-
not be detected in the fine fraction, but we cannot exclude a
priori their presence. Main processes ruling the growth of
microcrystals on finer stage filters, according to relative hu-
midity and temperature variations, were deliquescence and
efflorescence of inorganic salts grains, i.e., S-salts and K-salts.

Unlike the fine fraction, quantitative analysis is allowed on
coarse fraction particles. This was performed for each air mass
on a set of 1000 particles deposited on stages 10 and 11 (size
range 1.58–3.93 μm), corresponding to the maximum of the
coarse fraction mass distributions (Fig. 5a–d). Particles were
divided into different classes based on the morphology and
chemical composition and then gathered into ten different
groups (Table 4, Fig. 6a–d). Columns in Table 4 represent
groups, classes, elemental composition, morphology, and
distinguishing marks, such as damage to some species under
electron bombardment (Ebert et al. 2002, 2004). To compare
ground-based results with columnar ones, SEM particle clas-
ses corresponding to OPAC components are reported in a
further column. For each air mass, the abundance percentage
of particles belonging to the different classes in stages 10 and
11 are reported. In the following, the obtained results for fine
and coarse fractions corresponding to the four different air
masses are discussed.

Background conditions (08 February 2011)

The amorphous matrix dominating the background fine frac-
tion aerosol, collected in wintertime, is mainly constituted by
agglomerates phases and microcrystals (Fig. 7a). The
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Fig. 6 Relative abundances of particle groups for stages 10 and 11 of a background, b polluted, c dust and d volcanic air masses

Fig. 7 SEM images of the background fine (a–c) and coarse fractions
(d–f). a Amorphous mass and elongate crystalline phases; b KNO3

crystals (left square) before electron bombardment and the same KNO3

crystals (right square) after electron beam bombardment; c bright
particles as metals (Fe, Pb, PbCl, and PbS); d soot with crystalline
secondary phases inclusion; e Tar Balls; f Zn-spherical particles
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chemical composition of the Bsoft^ amorphous aerosol matter
cannot be completely resolved due to the EDX inaccuracy for
elements with Z≤8 (oxygen). Nevertheless, the two dominant
peaks in the X-ray spectra highlight S and K, two of biomass
burning tracers, as constituents of both soft matter and micro-
crystals. In agreement with several studies (e.g., Buseck and
Pósfai 1999; Pósfai and Molnar 2000; Wittmaack et al. 2002;
Ebert et al. 2002, 2004; Vester et al. 2007). SEM analysis
allows attribution of the soft aerosol matter to complex sec-
ondary aerosol, such as (NH4)2SO4, K2SO4, and KNO3

(Fig. 7a). The size of crystalline particles in the soft matter
was much larger than expected, as shown in Fig. 7a, b
(stages 4 and 7, 0.10 μm≤EAD≤0.61 μm), where elongat-
ed crystalline phases are approximately 10 μm in size. This
suggests their formation on filters due to the evaporation
and recrystallization mechanisms (Dingle and Joshi 1974;
Zehnder and Arnold 1989; Wittmaack et al. 2002) mainly
governed by relative humidity and aerosol matter compo-
sition (Wittmaack et al. 2002).

Crystal growth matches sulfur and potassium subtraction
from amorphous matter, whereas crystal damage (Fig. 7b) in-
dicates phases characterized by weak bonds. Back-scattered
electron images show the presence of metallic particles with
prevailing Fe compositions and, subordinately, Pb, Pb-Cl, and
Pb-S compounds (Fig. 7c).

Crustal elements (Si, Al, Fe, Mg, and Ca) are found from
stages 6 and 7 (0.26–0.61 μm), whereas the corresponding
chemical compounds (K and Fe aluminosilicates, Ca and
Ca-Mg carbonates, and silica particles) are distinguishable in
stage 8 (0.61–0.94 μm ), and they are often included in soot
agglomerates.

The coarse composition is characterized by high amounts
of carbonate particles (approximately 40 %), silicates (20–
30 %) and soot (up to 20 %), with a remarkable contribution
of industrial spherical particles characterized in turn by Fe, Al,
Mn, Pb, and Zn (Table 4, Fig. 6a). These elements can some-
times be found in chloride salts or in S compounds.

The presence of abundant carbonate particles is in dis-
agreement with the local geology and soil composition
(official geological cartography of Italy can be found at
www.isprambiente.gov.it/Media/carg/470_POTENZA/
Foglio.html), thus suggesting a local anthropogenic source.
Silicate particles, mainly composed of Si and Al, with
minor Ca, Fe, and/or Mg, show an irregular shape due to
the mechanical production processes (e.g., windblown soil
dust). Soot particles were often observed in agglomerates
(Fig. 7d), sometimes with inclusion of crystalline
ammonium/sodium nitrate secondary phases, suggesting
RH-related deposition on soot chains, coated by aqueous
and salt solutions (Lewis et al. 2009).

This fraction is also characterized by very small spherical
particles (0.1–0.4 μm; Fig. 7e) without a crystal habit and
resistant to electron beam impact. These characteristics

correspond to tar balls (TB), particles originating from bio-
mass burning, such as domestic wood heating, according to
the sampling period (winter season) (Pósfai et al. 2004; Lewis
et al. 2009; China et al. 2013). Along with TB, Zn-containing
spherical particles (mean diameter 0.7 μm) and deliquescent
Na-containing particles were observed (Fig. 7f). The simulta-
neous presence of Zn particles and Na particles suggests a
common anthropogenic origin from local industrial activity
(Lettino and Fiore 2013).

Polluted conditions (29 July 2008)

As in background conditions, a sulfur-rich matrix and micro-
crystals grown during the sampling under pollution episode
characterize the fine fraction. Thesemicrocrystals vary in their
form and composition, as long as they increase in size.

In particular, in stages with an EAD≤0.10 μm, prismatic
crystals of ammonium nitrates are present (Fig. 8a), whereas,
on stages with 0.10 μm<EAD≤0.61 μm, recrystallized
phases are mainly constituted by both elongated crystals (up
to 100 μm) and hexagonal tabular sulfates (ammonium-, so-
dium-, and potassium-sulfate) (Fig. 8b). X-ray analysis of the
hexagonal tabular sulfates highlight a small amount of Zn con-
firmed by the back-scattered electron images. Moreover, Zn is
present in this fraction as spherical single particles (Zn-oxides)
or associated with Fe (spinels) (Fig. 8b). At the same time,
biological particles, such as brochosomes, spores and biogenic
fragments (Després et al. 2012). spherical or irregular shaped
aluminosilicates, carbonates, and soot chains, appear.

The polluted coarse fraction composition (Table 4,
Fig. 6b) is mostly characterized by biological particles
(26 %), silicates (23–26 %), carbonates (11–22 %), and
industrial particles (9–24 %) with minor amounts of sul-
fates, quartz, and soot. The abundance of biological parti-
cles is related to the sampling season (summer).

Silicates show two morphologies: irregular-shaped parti-
cles, typical of a terrigenous origin, and spherical particles
(fly ash), produced by anthropogenic activities from heavy
industrial processes (e.g., van Malderen et al. 1993; Miler
and Gosar 2009) (Fig. 8c).

Terrigenous silicates show high contents of Si and Al with
variable amounts of K, Ca, Fe, and/orMg. On the contrary, the
elemental composition of fly ash particles, Si, Al, K, and Fe, is
rather homogenous. The fly ash concentration (7 %) indicates
a relevant contribution from industrial activities.

In addition to fly ash, Al, Fe, Zn, and Fe-Zn particles con-
stitute anthropogenic aerosols. As in the background sample,
Na-containing particles, in absence of Cl, can be associated
with industrial combustion processes.

Sulfates are present as barite and gypsum, which are indus-
trial byproducts that may also be included in other matrices,
such as coal, as revealed by back-scattered electrons (Fig. 8d).
Simultaneous presence of barium sulfate and fly ash particles
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is strictly related to emissions from high-temperature industri-
al coal burning (Jablonska et al. 2001).

Ca-S particles mainly come from SO2 secondary reactions
of industrial emissions and from fertilizer industry (phos-
phates), which produces phosphogypsum (Bernabé et al.
2005). This explains the simultaneous presence of Ca-S
(gypsum) and Ca-P (apatite) particles (Table 4).

As in background conditions, TB were found on polluted
filters (Fig. 8e), and their detection in coarse stages could be
due to the presence in the sampled air volume of larger water
droplets containing them. Biological particles are detected too
as shown in Fig. 8f.

Dust conditions (16 June 2010)

Unlike background and polluted air masses, particle matter
collected on the impactor finer stages (EAD<0.15 μm) during
Saharan dust advection is characterized by crustal elements
(Si, Al) and gypsum (S-Ca), as found during the SAMUM
campaign in Tinfou, Morocco ( Kandler et al. 2009). These
elements are enclosed in an amorphous material (Fig. 9a) with
nitrates as the main component of the ultra-fine stages (EAD≤
0.10 μm) and sulfates as the main component of the higher
stages (0.1 μm<EAD≤0.6 μm).

Starting from stage 7 (EAD≈0.38 μm), aluminosilicate
particles become an important constituent of the aerosol mat-
ter (Fig. 9b). They are flake-like shaped, often with K, Ca, Fe,

and Mg. Sometimes these particles are captured in soot chain
agglomerates (Fig. 9c).

The coarse fraction composition of dust sample (Table 4,
Fig. 6c) is marked by seawater-derived particles (up to 15%),
carbonates (up to 19%), and a high content of silicate particles
(up to 57%) as such as illite, smectite, and kaolinite (Fig. 9d).

Aged and fresh sea salt particles represented, respectively,
by sodium nitrate (higher percentage) and NaCl (lower per-
centage) have been observed (Fig. 9e). Air mass pathway
moving from North Africa across the Mediterranean Sea ex-
plains these types of aerosols. Fresh sea salt (NaCl containing
aerosol) particles could have modified their chemical compo-
sition and morphology by losing Cl to form NaNO3 (Pósfai
and Molnar 2000). On the basis of SEM observations, aged
sea salt crystals have rhombohedral and prismatic shapes and
are beam-damaged.

Due to long-range transport, elongated gypsum crystals can
be found internally mixed with clay (or with not completely
transformed carbonatic particles (Fig. 9f, left side)). They are
formed by heterogeneous chemical reactions involving atmo-
spheric S compounds and carbonatic particles (Usher et al.
2002). where adsorbed SO2 on dust particles can be oxidized
to sulfate by atmospheric ozone.

Sulfur deposition on dust particles can derive from sea
droplets or from anthropogenic activities, but soot aggregates
externally mixed with dust particles and sulfates (Fig. 9f right
side) support the second hypothesis. In observations at the
GAW observatory in Izaña (Canary Islands) (Rodríguez et

Fig. 8 SEM images of the polluted fine (a–b) and coarse fractions
(c–f). a Crystalline growth of ammonium nitrates (prismatic
crystals); b Zn as spherical particle and as component of sulfate

crystals on stage 7; c silicate spheres (fly ash); d coal particle
with inclusion of bright barite crystals; e Tar balls; f spherical
biological particle and angular quartz particle
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al. 2011). a clear increase of elemental carbon (soot) during
dust events was found, confirming the hypothesis above.
Aerosol source was not investigated, but these particles
very likely derive from the same industrial process
(Formenti et al. 2011).

In particular, the particle shown in Fig. 9f (right side), con-
stituted by a soot chain externally mixed with a clay-sulfate
internally mixed particle, to the authors knowledge, has never
been found. In fact, observations of a large data set (101 sam-
plings) in Cape Verde ( Kandler et al. 2011) highlighted only
internal mixtures of mineral dust with sulfate and soot with
sulfate.

Volcano conditions (13 May 2010)

The amorphous phase of volcanic fine particles is dominated
by sulfur-rich matter with some needle-shaped crystalline par-
ticles of sodium sulfates and, subordinately, of ammonium
sulfates.

Sodium sulfate (mirabalite and/or thenardite) crystal sizes
have been observed to grow up to 100 μm. Figure 10a shows
the morphological changes of sodium sulfate crystals into
double salts of CaSO4 and Na2SO4, so called penta salt
(Hill and Wills 1938). X-ray spectra of the hexagonal tab-
ular penta-salts reveal Zn and Mg peaks (Fig. 10b). In
addition to sulfates, nitrates occur as squat crystals (ammo-
nium nitrate) or elongated thin sheets (sodium nitrate)
(Fig. 10c, bottom panel).

In the coarse fraction, sulfur is not dominating anymore
because a high percentage of sea salt crystals, mostly as rhom-
bohedral crystals of sodium nitrate and some cubic-like NaCl,
was observed. Their abundances can reach, in turn, 39 and
25 % of the total number of particles (Table 4, Fig. 6d).

Two mechanisms can explain the abundant NaCl crystals:
the first one is the intrusion of sea water into volcano mag-
matic room (Allen et al. 2000). the second one is the up-lift of
marine particles during the long-travel pathway of the air mass
over the Atlantic Ocean and Mediterranean Sea. The highly
acidic nature of volcanic plumes favored the transformation of
NaCl crystals into Na2NO3 crystals (Mamane and Gottlieb
1992). Intermediate phases of these crystals were also found
(Fig. 10d).

Among silicates, chemical composition of volcanic parti-
cles (Fig. 10e) was close to the bulk of the Eyjafjallajökull ash
(trachyandesite) (Sigmundsson et al. 2010). This volcanic
phase predominantly consists of angular-shaped volcanic
glass and, subordinately, of particles having pyroxene/
amphibole chemical compositions. They also contain sulfur,
which provides a further discriminatory criterion to distin-
guish volcanic particles from other silicates (see Table 4).

The presence of flake-like shaped particles made of Si, Al,
K, and/or Ca, as well as the well-rounded quartz particles
(Fig. 10f), suggests the North African desert areas as an addi-
tional source (Coz et al. 2009). In fact, 5-day back-trajectories
were crossing North Africa just before their arrival at the mea-
surement site.

Fig. 9 SEM images of dust, fine (a–c) and coarse fractions (d–f).
a Amorphous sub-micrometric material (bottom-right corner) and
re-crystallized sulfate (center); b flake-like shaped aluminosilicate
particles on stage 7; c aluminosilicate particles captured in soot

agglomerate; d aggregate of hexagonal lamellar crystals of kao-
linite; e silicate and sea salt particles on stage 9; f internally
mixed state of elongated gypsum crystals with calcite (left side)
or clay and soot particles (right side)
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Discussion and conclusions

The absence of local strong sources at the semirural mea-
surement site represents a useful condition to study back-
ground aerosol loading, to compare aerosol-mixing effects
under different air masses circulation, both at the ground
and over the column, and to study morphological and com-
positional modifications of aerosol properties due to the
long-range transport. According to the radiometric mea-
surements clustering procedure, 13 days were considered
in this study, and 4 gravimetric samplings were considered
representative for SEM analysis of the four different aero-
sol loadings.

Despite the air mass pathways, similarities were found be-
tween columnar and ground observations and among ground-
based collected particles.

In background conditions, fine and coarse particles can
give comparable contributions over the column, as inferred
from the wide range of the alpha parameter variation (0.15÷
2.6), and from the ground-based mass size distributions show-
ing similar amplitudes of fine and coarse modes. Small indus-
trial activities and a freeway running 1 km far from the site
heavily contribute to the aerosol composition: on average,
anthropogenic particles (WS and soot) account for 72 % of
the total AOD (Fig. 4a). This is in good agreement with SEM/
EDX analysis observations of industrial, non-crustal
carbonatic particles and soot accounting for about 60 % of
the coarse fraction, as in Fig. 6a.

Under polluted air masses, the fine fraction prevails on both
radiometric and gravimetric measurements with WS and soot
dominating (99 %) the columnar composition (Fig. 4b).

Sulfur is present in recrystallized phases constituted by
both elongated crystals (up to 100 μm) and hexagonal tabular
sulfates (ammonium-, sodium-, and potassium-sulfate) on
which, sometimes, a small amount of Zn is present. Zn was
also found as individual spherical particles or associated with
Fe. Coarse fraction composition, as reported in Fig. 6b, re-
veals 26 % of biological particles and 39 % of anthropogenic
particles among which gypsum and apatite (fertilizer
manufacturing), fly ash and S-Ba in coal particles (high
temperature combustion processes), and metal-rich and
deliquescent sodium nitrate particles are a clear signature
of anthropogenic activities.

Under Saharan dust advection, large particles significantly
contribute to both columnar and in situ measurements
(AOD780 increase and alpha reduction over the column, a
dominating coarse mode over the column and at the ground).
MD characterizes columnar aerosol composition, but it con-
tributes likewise SS, WS, soot and bio, clearly indicating the
influence of natural and anthropogenic sources on the aerosol
composition (Fig. 4c). At the ground, crustal elements (gyp-
sum and aluminosilicate often with K, Ca, Fe, and Mg) are
detected by SEM-EDX analysis since the fine fraction. Soot
aggregates mixed with dust particles and sulfates in the coarse
fraction indicate the interaction between primary particles
from crude oil refineries and power plants located along the

Fig. 10 SEM images of the volcanic fine (a–c) and coarse fractions (d–f).
a Elongated sulfate crystals with orthogonal penta-salt crystals on stage 7;
b hexagonal tabular sulfate with Zn and Mg; c lamellar hexagonal Na-K

sulfate crystal (top panel) and elongated thin sheet sodium nitrate crystals
(bottom panel); d sea salts and aged sea salts particles on stage 9; e vol-
canic glass particle; f rounded quartz particle
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North African coast and Saharan dust, whereas heterogeneous
chemical reactions involving S-compounds on carbonatic par-
ticles produce elongated gypsum crystals internally mixed
with clay.

In addition, sea salt aerosols are the main components of
the coarse fraction, accounting with dust particles for 71 % of
total particles (Fig. 6c). It is worth noting, once again, com-
mon features (sea salt particles, soot and mineral dust etc.) in
the results from columnar and ground-based data analysis.

Depending on the eruptive phase (April or May 2010), the
volcanic plume from the Eyjafjallajokull eruption produced
different effects on the aerosol properties. In fact, WS and soot
dominated in April, whereas SS and MD increased their con-
tribution in May also due to a contemporary advection of
Saharan dust (Fig. 4d). Corresponding gravimetric size distri-
butions were bimodal for both the April and May measure-
ments, but, in May, the coarse and fine modes are equally
intense (Fig. 5d). From SEM analysis of the May sampling,
volcanic, mineral particles and sea salts dominate the coarse
fraction (Fig. 6d). A clear signature of volcanic eruption is
provided by trachyandesite particles, the same as the
Eyjafjallajökull bulk composition, whereas flake-like particles
made of Si, Al, K, and/or Ca are indicative of a Saharan desert

contribution. The fine fraction shows a sulfur-rich matter with
crystal particles of sodium sulfate and sodium nitrate. In larger
stages of the fine fraction (stage 8), sodium sulfate crystals
modify their composition becoming CaSO4, MgSO4, K2SO4.

In the effort to make a uniform classification of columnar
and ground-based data, single coarse particles observed by
SEM have been classified according to the OPAC categories
as in Table 4. Corresponding percentages are reported in
Fig. 11a–d, where discrepancies with columnar data
(Fig. 4a–d) are evident, since MD represents the main com-
ponent for all air masses at the ground. This can be explained
by different reasons: first is that opposite to columnar optical
properties, SEM quantitative analysis is referred to the coarse
fraction only. As an example, nitrates belonging to the WS
columnar component are absent in the ground-based coarse
fraction. Second, MD particles over the column are related
to natural mineral transported aerosol, whereas SEM-
derived MD category includes both natural (silicates, sili-
ca, Ca-sulfates) and anthropogenic insoluble particles (fly ash,
carbonates, Ca and Ba-sulfates, metal-oxides, etc.).

Notwithstanding these differences, remarkable common
features, both at the ground and over the column, were
highlighted. Among these, sulfates, which are common to
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the different air masses, are found to be one of the major
components of the amorphous matrix produced by the evap-
oration of solutions of both organic and inorganic aerosols.
Besides, in the measurement area, sulfates are one of the prin-
cipal players involved in heterogeneous chemical reactions,
producing internally mixed secondary aerosol and modifying
optical properties and size distributions of primary particles
(i.e., soot or dust mineral).

In general, radiative transfer models could not disregard
long-range transport processes, such as secondary phase
formation and particle external mixing, metal-bearing clay
minerals, metal particles, and sulfates internally mixed.
Consequently, this study can represent a step ahead to sat-
isfy the modeler’s requests for a more detailed description
of the aerosol composition, both at the ground and over the
atmospheric column.

Finally, these findings should motivate scientists to study
aerosol mixing states, extending them to sites with different
local sources and air mass circulations to improve, i.e., radia-
tive models results.
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