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A B S T R A C T

The performance of aerosol classification schemes based on intensive optical parameters and applied to mixed
particle populations monitored at the surface has been investigated to test the ability of optical parameters to
identify different types of particles/particle mixtures and explore their complex features. The results show that
the combination of two intensive optical parameters does not allow for the unique identification of different
particle types. The classification scheme based on the Absorption Ångström Exponent (AAE) as a function of the
Scattering Ångström Exponent (SAE) and color-coded by the Single Scattering Albedo difference (dSSA) is a good
graphical framework to discriminate between different types of particle/particle mixtures. This aerosol classi-
fication scheme has been applied to study the optical properties of heterogeneous PM2.5 particles that were
monitored at a coastal site of the Central Mediterranean and were significantly affected by both natural and
anthropogenic sources also because of long-range transport from surrounding countries. The calculated AAE,
SAE, and dSSA hourly means smoothly and continuously vary within their respective range (0.6–3.4, −0.7–3.0,
and −0.33–0.52, respectively) because of the different mixing degree of different types of particles.
Consequently, the main features of the particle populations depend on the range of the AAE, SAE, and dSSA
values. Eight different clusters have been selected within the used graphical framework to identify four key
particle populations (dust, marine, OC-dominated, and BC-dominated particles) and four particle mixtures
dominated by key aerosol populations. In addition, their main features have been characterized. Particle mix-
tures consisting of large and low-absorbing particles (LLAP), small and high-absorbing particles (SHAP),
dominated by dust, and large organic particles have been characterized. Marine, LLAP, and mixed dust clusters
with a SAE value below 1 are responsible for aerosol scattering coefficients (σs; at 470 nm) below 100Mm−1.
Conversely, SHAP, BC-dominated, and OC-based mixtures are responsible for the highest σs values and represent
dominant particles species.

1. Introduction

Natural and anthropogenic atmospheric aerosols play an essential
role in the Earth's radiation budget. They significantly influence the
climate system on local, regional, and global scales, directly by scat-
tering and absorbing the solar and terrestrial radiation (e.g., Coakley
et al., 1983; Haywood and Shine, 1995; Yu et al., 2006) and indirectly
by acting as cloud and ice condensation nuclei (e.g., Rosenfeld and
Lensky, 1998; Lohmann and Feichter, 2005). As recently stated in In-
tergovernmental Panel on Climate Change – IPCC's Fifth Assessment
Report on Climate Change (2013), the contribution of aerosol particles

represents one of the largest uncertainties in the estimates of the total
radiative effect. This can be mostly attributed to the high spatial and
temporal variability of the aerosol particle concentrations, chemical
composition, shape, refractive index, size, vertical distribution, and
water uptake (e.g., Kaufman et al., 2002; Masmoudi et al., 2003; Kinne
et al., 2006). Because aerosol particles can be transported over long
distances up to the intercontinental scale (e.g., Chin et al., 2007; Yu
et al., 2013), their optical and microphysical properties may change
because of their interactions and mixing, leading to significant varia-
tions of their radiative effect. Consequently, long-term and global
monitoring of aerosol concentrations and properties and the
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identification of the main aerosol types are fundamental to better pre-
dict their climatic effects.

Aerosol types with significant light-scattering properties mainly
include organic particles, water-soluble inorganic species, such as sul-
phates or nitrates generally associated with fossil fuel/biomass com-
bustion, and ammonium from fertilizers or biological sources (e.g.,
Charlson et al., 1992; Ten Brink et al., 1996; Haywood and
Ramaswamy, 1998; Zhang et al., 2012). Mineral dust and sea salt may
also significantly contribute to light scattering (e.g., Li et al., 1996;
Lowenthal and Kumar, 2006; Nousiainen and Kandler, 2015). Carbo-
naceous particles are important light-absorbing species of the aerosol
population (e.g., Cazorla et al., 2013; Costabile et al., 2013). On one
side, there is black carbon (BC), refractory material that strongly ab-
sorbs light over a broad spectral range. Then, there is the colorless
organic carbon (OC), non-refractory material, with no absorption or
low absorption in the ultraviolet–visible (UV–vis) spectral range (e.g.,
Costabile et al., 2017). The term brown carbon (BrC) has recently
emerged in the scientific literature (e.g., Andreae and Gelencsér, 2006;
Bahadur et al., 2012) to describe colored organic compounds with an
absorption spectrum smoothly increasing from the visible to the near-
UV wavelengths, with a strong wavelength dependence of the light
absorption coefficient (λ−2 - λ−6) according to Costabile et al. (2017,
and references therein). Mineral dust is also a light-absorbing species of
the aerosol population (e.g., Yang et al., 2009; Rizzo et al., 2011).

Nephelometers and aethalometers are widely used to monitor
aerosol scattering and absorption coefficients, respectively, which re-
present the main extensive optical parameters characterizing aerosol
populations. Based on these extensive parameters, different intensive
aerosol optical properties can be calculated such as the Scattering and
Absorption Ångström Exponents (SAEs and AAEs), respectively, which
represent the wavelength dependence of the scattering and absorption
coefficients, and the single scattering albedo (SSA) and its wavelength
dependence (dSSA). Intensive optical properties are commonly used to
identify different aerosol types, which have to be known to characterize
the aerosol's role in atmospheric processes, detect the main aerosol
sources, improve aerosol satellite retrieval algorithms, and validate
climate models (Russell et al., 2014). Therefore, different combinations
of aerosol-scattering and -absorbing intensive parameters were used to
define many classification schemes, as summarized by Schmeisser et al.
(2017). Most of them are based on the AAE vs. SAE plot to visualize the
relationships between aerosol optical properties and identify corre-
sponding aerosol types (e.g., Yang et al., 2009; Russell et al., 2010;
Bahadur et al., 2012; Lee et al., 2012). The SAE is mainly related to the
aerosol size distribution (Schuster et al., 2006), while the AAE depends
on the composition of the absorbing aerosol (Bergstrom et al., 2007;
Russell et al., 2010). Therefore, a unique combination of the two se-
lected intensive parameters is associated with a particular aerosol type.
Cazorla et al. (2013) and Cappa et al. (2016) designated low SAE values
in combination with high AAE values as representative of dust or dust
mixed with BC or BrC. In contrast, high SAE values in combination with
AAE values of ∼1 are considered representative of aerosol populations
dominated by BC. Cazorla et al. (2013) combined AAE and SAE values
derived from ten AErosol RObotic NETwork (AERONET) sites in Cali-
fornia (USA) to deduce the chemical particle speciation from the
spectral dependence of the particle optical properties. They validated
the methodology they developed by in situ measurements of the particle
optical properties and chemical composition during three aircraft field
campaigns in 2010 and 2011. A clear predominance of mixed aerosol
types was observed during the aircraft field campaigns. The metho-
dology proposed by Cazorla et al. (2013) was then updated by Cappa
et al. (2016) to investigate the optical properties of the PM1, PM2.5,
and PM10 fractions during the 2010 field campaign of the Carbonac-
eous Aerosols and Radiative Effects Study (CARES) in California (USA).
They demonstrated that optical property measurements can be used to
assess chemical differences of contributing particle types, identify key
particulate matter (PM) sources, and establish discrepancies in the

behavior of sub- and supermicron PM. The SSA (e.g., Yang et al., 2009;
Russell et al., 2010) and dSSA (e.g., Costabile et al., 2013; Li et al.,
2015) were also used in different aerosol classification schemes. The
SSA characterizes different aerosol types because values of ∼1 are ty-
pical of nonabsorbing “white aerosols” and values below 0.85 are as-
sociated with highly absorbing particles. Yang et al. (2009) combined
the SSA values with corresponding SAE and AAE values to distinguish
between desert dust, biomass burning, industrial plumes, and clean air
in Beijing (China). Costabile et al. (2013) later proposed a scheme to
classify aerosols based on the SAE, AAE, SSA, and dSSA using in situ
urban data obtained over two years in Rome (Italy) coupled with nu-
merical simulations to create a paradigm that links key aerosol popu-
lations to their unique aerosol optical properties. The developed para-
digm is suitable to identify the presence of key aerosol populations
including soot, biomass burning, organics, dust, and marine particles.

In this paper, nephelometer and aethalometer measurements were
used to characterize the main extensive and intensive optical properties
of PM2.5 particles that were monitored in winter (from December 2015
to March 2016) at a coastal site in southeastern Italy. Aerosol classifi-
cation studies are generally performed by using ground-based remote
sensing (e.g., Russell et al., 2010; Bahadur et al., 2012; Giles et al.,
2012; Cazorla et al., 2013; Schmeisser et al., 2017) or satellite data
(e.g., Russell et al., 2014). In contrast, ground-based in-situ measure-
ments of aerosol optical properties were used in this study to identify
and characterize different types of aerosols (e.g., Yang et al., 2009;
Costabile et al., 2013; Cappa et al., 2016; Ealo et al., 2016; Pandolfi
et al., 2018). The study area is affected by a large variety of aerosol
types because of its geographic location in the center of the Medi-
terranean Basin. In particular, it is affected by mineral dust from the
Sahara Desert and surrounding arid regions, polluted particles from
urban and industrial areas of Northern and Eastern Europe, sea salt and
spray from the Mediterranean Sea itself or from the Atlantic Ocean, and
biomass-burning particles produced mostly in summer by forest fires
(e.g., Perrone et al., 2012, 2014). Therefore, the performance of aerosol
classification schemes with respect to the application to key particle
and mixed aerosol populations was tested and their complex features
were explored.

2. Experimental

2.1. Site description

The measurements of this study were performed at the Aerosol and
Climate Laboratory of the Mathematics and Physics Department of the
Salento University in Lecce (40.33°N, 18.11°E, 30m a.s.l.) in south-
eastern Italy. The monitoring station is in a flat peninsular area, ∼6 km
away from the city center of Lecce (∼95000 inhabitants), ∼20 km
away from both the Ionian and Adriatic seas, and ∼100 and 800 km
away from the Balkan and North African coasts, respectively. Therefore,
it is representative of coastal sites of the Central Mediterranean, away
from large sources of local pollution (e.g., Basart et al., 2009; Perrone
et al., 2014).

2.2. Instrumentation

A light-emitting diode- (LED-)based integrating nephelometer
(model Aurora 3000, ECOTECH, Knoxfield, Australia) was used to
measure the aerosol scattering and backscattering coefficients (σs and
βs, respectively) at 450, 525, and 635 nm with a temporal resolution of
5min. The nephelometer operates with the Kalman filter. Air was
sampled from the top of a 1.5m long stainless-steel tube with 15mm
internal diameter, which was equipped with a PM2.5 sampling head. A
relative humidity threshold of 40% was set using a processor-controlled
automatic heater inside the nephelometer to prevent hygroscopic ef-
fects that enhance particle scattering (e.g., Zieger et al., 2014, 2017;
Titos et al., 2016). A full calibration of the device was carried out
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approximately every two months using CO2 as high span gas and in-
ternally filtered free air as low span gas. The precision was regularly
checked (on a weekly basis) to detect any drift in the nephelometer
calibration. Factors reported by Müller et al. (2011a) were used to
correct systematic uncertainties due to angular truncation and non-
Lambertian illumination. For a 5-min average time, the detection limits
of the total aerosol scattering are 0.10, 0.13, and 0.11Mm−1 at 450,
525, and 635 nm, respectively. The minimum values measured during
this study were more than ten times larger than the corresponding
detection limits.

An aethalometer model AE-31 (Magee Scientific, Berkeley,
California, USA) equipped with a PM2.5 sampling head, separated from
that of the nephelometer, was used to determine the aerosol absorption
coefficient (σa) at seven wavelengths (370, 470, 520, 590, 660, 880,
and 950 nm) with a temporal resolution of 5min. The aethalometer AE-
31 includes a quartz fiber filter tape: the air flow passes through it for a
fixed temporal interval (5 min) at a constant flow rate (∼4 l min−1).
Due to the particle deposition on the filter tape, the radiation beam is
attenuated for each of the seven wavelengths. The light attenuation at
the 880 nm channel is considered standard for BC concentration cal-
culations because other aerosol species do not exhibit absorption
properties at this wavelength (Hansen et al., 1984). The attenuation
coefficient σaeth can be directly estimated from aethalometer measure-
ments, as reported in some studies (e.g., Weingartner et al., 2003;
Arnott et al., 2005; Schmid et al., 2006). However, this parameter does
not correspond to the aerosol absorption coefficient σa mainly because
of measurement artifacts, as described in Collaud-Coen et al. (2010)
who also summarized the main methodologies that were developed to
convert σaeth data into aerosol absorption coefficients. In this study, we
used the methodology recommended by the Aerosols, Clouds and Trace
gases Research InfraStructure (ACTRIS; https://www.actris.eu), which
was described by Müller (2015). For each wavelength λ, σa was derived
from σaeth based on the following equation:

=σ λ σ λ
C
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where C0 (equal to 3.5 with an uncertainty of± 25%) is the wave-
length-independent correction factor empirically determined by Müller
(2015). Aethalometer (e.g., Calvello et al., 2017; Saturno et al., 2017;
Zotter et al., 2017), nephelometer (e.g., Perrone et al., 2014, 2015;
Pandolfi et al., 2018), and both instruments (e.g., Ealo et al., 2016;
Titos et al., 2017) have widely been used to monitor the aerosol light
absorption and scattering coefficients at multiple wavelengths.

2.3. Particulate matter intensive optical parameters

The nephelometer operates at λ=450, 525, and 635 nm, while the
aethalometer operates at λ=370, 470, 520, 590, 660, 880, and 950
(Section 2.2). The σa and σs values have been calculated at the ae-
thalometer wavelengths to allow a proper comparison and calculate
intensive parameters.

The SAE and AAE represent the spectral dependence of the scat-
tering and absorption by particles, respectively, and can be estimated
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The SAE is an intensive optical parameter, which is strictly related
to the aerosol size: particles with diameters larger than a few microns,

such as dust and sea salt aerosols, are characterized by SAE values
below 1, while particles with diameters below 1 μm, such as anthro-
pogenic particles, have SAE values larger than 1 (Seinfeld and Pandis,
1998; Schuster et al., 2006, and references therein). However, the SAE
value alone does not provide unambiguous information on the relative
weight of fine and coarse mode particles if both are present in the
monitored air samples. In fact, Schuster et al. (2006) proved that large
fine mode particles can have the same SAE as mixtures of coarse and
small fine mode particles, indicating that it is also important to consider
the wavelength pair used to calculate the SAE when qualitatively as-
sessing the corresponding aerosol size distribution.

The AAE values provide information about the chemical composi-
tion of atmospheric aerosols (Ealo et al., 2016; Schmeisser et al., 2017)
and can be used to evaluate the dominant absorbing aerosol type of a
mixture of aerosols (Cazorla et al., 2013). The absorption by pure black
carbon particles typically follows a λ−1 spectral dependence, yielding
an AAE of ∼1 (Bergstrom et al., 2002). Conversely, OC as BrC (e.g.,
Cappa et al., 2016; Costabile et al., 2017) and mineral dust contribute
to light absorption mostly in the ultraviolet and blue spectral regions,
yielding an AAE value larger than 1 (Kirchstetter et al., 2004; Kim et al.,
2012). Collaud Coen et al. (2004), Petzold et al. (2009), and Yang et al.
(2009) reported AAE values in the 1.5–6.5 range for mineral dust. The
AAE values close to 1 may also be representative of urban pollution
particles, while AAE values close to 2 are generally associated with
biomass smoke particles including particles from wood burning in cities
(Bergstrom et al., 2007; Russell et al., 2010; Clarke et al., 2007;
Martinsson et al., 2015). Note that both the SAE and AAE values depend
on the selected wavelength pair (Cazorla et al., 2013).

The SSA is defined as the ratio between σs and the extinction
coefficient (equal to the sum of σs and σa) at a given wavelength λ:

=
+

SSA (λ) σ (λ)
σ (λ) σ (λ)

s

s a (4)

and represents the relative effect of scattering and absorption of the
radiation. Therefore, it indicates the potential of aerosol particles to
cool or warm the atmosphere (Haywood and Shine, 1995; Hansen et al.,
1997; Bergstrom et al., 2007). The SSA varies from 0 for a completely
absorbing or “black particle” to 1 for a purely scattering or “white
particle” (Seinfeld and Pandis, 1998; Moosmüller et al., 2012). There-
fore, nonabsorbing particles, such as sulfate, have a SSA of ∼1, while
lower SSA values (generally < 0.85) indicate the presence of more
absorbing particles (Pandolfi et al., 2011). Hence, the SSA is widely
used to characterize aerosol types (e.g., Russell et al., 2010, 2014;
Gyawali et al., 2012). In this study, we also estimated the dSSA using
the following equation:

dSSA (λ1, λ2)= SSA (λ1) – SSA (λ2) (5)

Costabile et al. (2013) defined the dSSA as a type of “SSA Ångström
exponent” because its value also depends on the aerosol size. Ackerman
and Toon (1981) demonstrated that the predominance of coarse mode
particles leads to positive dSSA values. Bergstrom (1973) reported ne-
gative dSSA values for aerosol mixtures that do not contain large mode
particles. In fact, negative dSSA values were found for urban pollution
and smoke aerosols (e.g., Dubovik et al., 2002; Bergstrom et al., 2007)
and positive dSSA values were observed for desert dust (e.g., Kaufman
et al., 2001; Müller et al., 2011b).

Schmeisser et al. (2017) provide a review on the classification
schemes recently used to infer aerosol type from intensive optical
properties. They found, in general, that the methodology to estimate
the dominant aerosol type using optical properties was more suitable
for monitoring sites with a stable and homogenous aerosol population,
particularly continental polluted (carbonaceous aerosol), marine pol-
luted (carbonaceous aerosol mixed with sea salt), and continental dust/
biomass sites (dust and carbonaceous aerosol). However, the current
classification schemes perform poorly when predicting dominant
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aerosol type at remote marine and Arctic sites and at stations with more
complex locations and topography where variable aerosol populations
were not well represented by median optical properties. Therefore,
more work is needed to find aerosol typing methods that are useful for a
larger range of geographic locations and aerosol populations.

3. Aerosol optical properties: variability and daily trends

Several studies have been performed at the study site to characterize
the aerosol optical and microphysical properties from remote sensing
measurements (e.g., Perrone and Burlizzi, 2015; Perrone et al., 2015),
the particle optical properties at the surface from nephelometer mea-
surements (e.g., Perrone et al., 2014, 2015), and the particle chemical
composition from in situ surface samplings (e.g., Perrone et al., 2013a,
2013b; Perrone et al., 2018). All studies have shown that the atmo-
spheric particles over southeastern Italy are significantly affected by
long-range transported particles from the surrounding countries and the
Mediterranean Sea and that the study site could be considered re-
presentative of coastal sites of the Central Mediterranean away from
large sources of local pollution. Then, lidar measurements have shown
that the study site is characterized by a shallow (< 1000m) planetary
boundary layer (PBL), in accordance with radio sounding measure-
ments (e.g., De Tomasi and Perrone, 2006; Perrone and Romano, 2018).
The maximum value of the PBL height hourly mean is reached around
midday and is equal to 470 ± 160m in spring-summer (SS) and
580 ± 170m in autumn-winter (AW). Therefore, it is on average
greater in AW than in SS, in contrast to what is generally observed. A
weak dependence of the PBL height on both the day hours and the
seasons has also been observed, with respect to the ones generally ob-
served worldwide (e.g., Seidel et al., 2012; Lewis et al., 2013), likely
because of the site geographical location. Seidel et al. (2012) in-
vestigated the PBL climatology over the continental United States and
Europe from radiosonde observations. They found that the median
daytime PBL height was< 1 km over both continents, while median
night-time values were<0.5 km. Daytime values over Europe occa-
sionally reached 2 km in summer. In contrast, 2 km-PBL-heights were
more often found over the U.S. in both spring and summer. At the study
site, the mean diurnal variation of the PBL height is of about 400m in
AW and 200m in SS. The PBL height generally increased in the morning
hours reaching the highest value around midday and, then, decreased
with time because of the temperature and wind speed decrease (Perrone
and Romano, 2018).

3.1. Scattering and absorption properties: main features and relationships

The main features of the scattering (σs) and absorption coefficient
(σa) are presented and discussed in this subsection. Table 1 shows the
main statistical parameters calculated both at 470 and at 660 nm based
on hourly means. The σs (470 nm) mean value is slightly lower than
that at 450 nm obtained from December 2011 to March 2012 (Perrone
et al., 2014) for total suspended particles (TSP) likely because of the
significant contribution of fine mode particles at the study site (e.g.,
Perrone et al., 2015; Donateo et al., 2018), if we assume that the aerosol
sources affecting the study site have not significantly changed in the
last five years. The mean σs and σa values are larger than the corre-
sponding median values and, therefore, are characterized by a posi-
tively skewed distribution (Table 1).

Fig. 1a shows the daily evolution of the hourly averaged σs (black
dots) and σa (grey triangles) values at 470 nm calculated by averaging
all measurements from December 22, 2015, to March 30, 2016. Error
bars represent the standard error of the mean (SEM). The σs and σa
values are characterized by a similar daily trend, mainly driven by the
wind speed (WS) as widely discussed in Perrone et al. (2015) for dif-
ferent seasons. Fig. 1d shows the daily evolution of the hourly averaged
WS (black dots) and relative humidity (RH, grey triangles) at the sur-
face from a local meteorological station. The PBL height generally

increases in the morning hours because of the heating of the Earth's
surface, which in turn is mainly responsible for the decrease of the
atmospheric stability and the related increase of WS and turbulent
fluxes (Romano et al., 2017, 2018). The wind speed affects the vertical
dispersion of the ground-level aerosols and, as a consequence, one
observes that σs decreases (increases) with the increase (decrease) of
WS. The σs daily evolution is also quite affected by the local tempera-
ture and relative humidity daily evolution, which is linked to the Sun's
radiation reaching the Earth's surface. In fact, the mixing height and,
hence, the vertical aerosol dispersion increase with the temperature,
and the decrease of the relative humidity (Perrone and Romano, 2018).
High ambient RHs favour chemical reactions leading to the formation
of new atmospheric particles (Seinfeld and Pandis, 1998), besides af-
fecting the size of hygroscopic aerosol components. Consequently, high
ambient RHs may also affect the σs values. Therefore, the nighttime σs
values are related to the lower PBL heights and WSs, which favour the
accumulation of pollutants closer to the surface, to the emissions due to
the vehicle traffic during the evening rush hours and the evening do-
mestic heating, and likely to the high RHs. The early morning σs peak
value is likely associated with the aerosols produced by the onset of
anthropogenic activities, but it is contained by the wind speed rise.
Results similar to the ones of Fig. 1 have also been found at Valencia
(Spain), a coastal site of the western Mediterranean with a local me-
teorology rather similar to the one of this study (Esteve et al., 2012).
Clear diurnal σs patterns were also observed at the urban site of
Granada (Spain), where the morning σs peak values were, on average,
reached later and were significantly larger than the evening σs peak
values (Lyamani et al., 2010). Both the diurnal anthropogenic activities
of the Granada urban area and the local meteorology were responsible
for the diurnal σs pattern, according to Lyamani et al. (2010).

The daily σs and σa means are characterized by a large day-to-day
variability due to the high variability of the particle types, properties,
and concentrations. This effect could be attributed to the geographical
location of the study site, which is also significantly affected by the
contribution of long-range-transported particles, as discussed in several
studies (e.g., Perrone et al., 2013a, 2014; 2015; Esteve et al., 2012). The
hourly σa means are plotted as a function of the corresponding hourly σs
means in Fig. 2, in addition to the fitting line, highlighting a significant
spread of the data points. The Pearson correlation coefficient
(R=0.85), which is statistically significant with a p-value ≪ 0.01,
indicates that σa increases linearly with σs. Pandolfi et al. (2011) and
Lyamani et al. (2008) reported similar relationships between σs and σa
during measurement campaigns performed at two Mediterranean sites.
Pandolfi et al. (2011) investigated the relationship between σs and σa in
Montseny (Spain), a typical background site of the Western

Table 1
Statistics (mean, standard deviation SD, median, minimum, maximum, and
skewness values) of hourly averaged aerosol scattering and absorption para-
meters obtained from measurements performed from December 22, 2015, to
March 30, 2016. The aerosol scattering and absorption coefficients (σs and σa,
respectively) at 470 and 660 nm, aerosol scattering and absorption Ångström
exponents (SAE and AAE, respectively) estimated for the wavelength pair
470–660 nm, single scattering albedo (SSA) at 470 and 660 nm, and single
scattering albedo difference (dSSA) estimated for the wavelength pair
470–660 nm are reported.

Parameters Mean SD Median Min Max Skewness

σs (470 nm) [Mm−1] 88 40 51 3 576 2.19
σs (660 nm) [Mm−1] 54 25 34 2 383 2.94
σa (470 nm) [Mm−1] 16 10 8 1 102 2.01
σa (660 nm) [Mm−1] 10 6 5 1 67 2.12
SAE (470, 660 nm) 1.4 0.6 1.5 −0.7 3.0 −0.99
AAE (470, 660 nm) 1.5 0.3 1.4 0.6 3.4 0.99
SSA (470 nm) 0.83 0.09 0.86 0.30 0.99 −1.74
SSA (660 nm) 0.84 0.10 0.87 0.32 0.99 −1.53
dSSA (470, 660 nm) 0.00 0.07 0.00 −0.33 0.52 0.42
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Mediterranean area, and found that relatively high values of σs and σa
were associated with a significant transport of anthropogenic particles
at the study site. Lyamani et al. (2008) performed simultaneous ab-
sorption and scattering parameter measurements at an urban site in
Granada, a non-industrialized and medium-sized city that is situated in
a natural basin surrounded by mountains in southeastern Spain. During
a specific pollution event, they found that the high values of both σs and
σa were associated with air masses from Central Europe. In contrast,
low σs and σa values were mainly associated with rain events or very
high WS conditions.

3.2. Intensive optical properties: main features and relationships

The main statistical parameters of SAE and AAE hourly means are
reported in Table 1. The hourly SAE means vary from −0.7 to 3.0, with
a mean value ± standard deviation (SD) of 1.4 ± 0.6. The SAE
variability range and mean value are rather similar to the corre-
sponding ones retrieved at the study site from TSP measurements per-
formed from December 2011 to March 2012 (Perrone et al., 2014),
likely because of the weak year-to-year variability of the aerosol mean
properties and the dominance of fine mode particles (Perrone et al.,
2015). The AAE hourly means range between 0.6 and 3.4, with a mean
value (± SD) of 1.5 ± 0.3. Note that this variability agrees with that
observed by several authors for polluted aerosol particles and/or pol-
lution mixed with natural aerosols in the Mediterranean Basin (e.g.,
Toledano et al., 2007; Costabile et al., 2013; Mallet et al., 2013). The
mean AAE value is larger than the corresponding median value. The
AAE values are therefore characterized by a positively skewed dis-
tribution. Conversely, the SAE values are characterized by a negatively
skewed distribution, as also reported by Pandolfi et al. (2011).

Fig. 1b shows the daily evolution of the hourly averaged SAE (black
dots) and AAE (grey triangles) values calculated by averaging all
available measurements. The SAE values decrease with increasing WS
at the surface (Fig. 1d) because fine mode particles are more efficiently
dispersed than coarse ones, as discussed in Perrone et al. (2015). The
hourly AAE means generally reach minimum values in the early
morning, likely because of the increase of the fine-absorbing particle
contribution, as also suggested by corresponding SAE values. The AAE
values are in the range of 1.4–1.5 from approximately 09:00 UTC to
midnight, without any marked dependence on the hour of the day.

Table 1 also reports the hourly-based statistics of the SSA at 470 and
660 nm and dSSA calculated for the 470–660 nm wavelength pair. The
SSA values at 470 nm vary from 0.30 to 0.99, with a mean value
(± SD) of 0.83 ± 0.09, while dSSA values range from −0.33 to 0.52
with a mean value (± SD) of 0.00 ± 0.07. The hourly SSA means are
characterized by a negatively skewed distribution, as Pandolfi et al.
(2011) also found. Conversely, the hourly dSSA means show a posi-
tively skewed distribution. The mean SSA value (at 470 nm;
0.83 ± 0.09, Table 1) estimated at the study site is consistent with the

Fig. 1. Daily evolution of the hourly averaged aerosol (a) scattering coefficient
(σs, black dots) and absorption coefficient (σa, grey triangles) at 470 nm, (b)
scattering Ångström exponent (SAE, black dots) and absorption Ångström ex-
ponent (AAE, grey triangles) estimated for the wavelength pair 470–660 nm, (c)
single scattering albedo (SSA, black dots) at 470 nm and single scattering al-
bedo difference (dSSA, grey triangles) estimated for the wavelength pair
470–660 nm, and (d) wind speed (WS, black dots) and relative humidity (RH,
grey triangles) from December 22, 2015, to March 30, 2016. The error bars
represent the standard error of the mean.

Fig. 2. Hourly mean aerosol absorption coefficients (σa, at 470 nm) as a func-
tion of the corresponding hourly mean aerosol scattering coefficients (σs, at
470 nm) from December 22, 2015, to March 30, 2016. The linear correlation
coefficient (R), number of data points (n), and equation of the fitting regression
line (dashed line) are also provided.
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mean value (0.76 ± 0.07) reported by Saha et al. (2008) for Toulon, an
urban coastal site in southern France, based on data collected from
December 2005 to February 2006. Mean SSA values similar to that of
this study were also found at different Mediterranean coastal sites by
Mallet et al. (2003), Gerasopoulos et al. (2003), and Pandolfi et al.
(2011) and at the urban site of Granada (Spain) by Lyamani et al.
(2010) and Titos et al. (2012).

Fig. 1c shows the mean daily evolution of the hourly averaged SSA
at 470 nm (black dots) and dSSA (grey triangles) values (± SEM) and
highlights that the SSA and dSSA values significantly vary depending on
the hour of the day, unlike the AAE values. The hourly SSA means
decrease in the first hours of the day, likely because of the increasing
fine-absorbing particle contribution, as the SAE and AAE values also
indicate (Fig. 1b). These values could be associated with aerosols
dominated by fossil fuel and biomass burning particles, according to
Bahadur et al. (2012). Then, the SSA values increase with increasing
surface WS (Fig. 1d), which favors convective motions and, hence, the
dispersion of fine mode particles that likely are the most absorbing
particles. In fact, after midday, the mean SSA values decrease again
with the decreasing WS because of the increasing fine-absorbing par-
ticle contribution at the surface. A similar diurnal variability was ob-
served in an urban site by Lyamani et al. (2010) and it was attributed to
an increase in the contribution of absorbing particles likely due to an
increase of the anthropogenic activities. The hourly SSA means increase
again after sunset, reaching nearly constant values at night. The hourly
dSSA means also significantly vary depending on the hour of the day:
the smallest and largest values are observed in the first hours of the day
and around sunset, respectively. The daily dSSA trend appears to be
linked to the daily evolution of local meteorological parameters
(Fig. 1d). The smallest dSSA values that occur in the first hours of the
day may also be associated with the increase of the fine-absorbing
particles (Dubovik et al., 2002; Bergstrom et al., 2007). Conversely, the
highest dSSA values that are generally observed from ∼16:00 to 19:00
UTC (Fig. 1c, grey triangles) are likely due to a significant contribution
of coarse mode particles as found by Ackerman and Toon (1981).

The ability of intensive parameters to distinguish among particles
characterized by different absorption and scattering properties and,
hence, of different type is further revealed by Fig. 3, which shows the 5-
min mean values of the σs/σa ratio (at 470 nm) as a function of the
corresponding dSSA values. The data points in Fig. 3 are color-coded by
the corresponding 5-min average (a) SSA (at 470 nm) and (b) SAE
(470 nm, 660 nm) values. Fig. 3a and b shows that the σs/σa, SSA, dSSA,

and SAE values are spread over a wide range, likely because of the
significant contribution of mixed particle populations at the study site.
The σs/σa ratio increases with SSA (Fig. 3a) and 3b shows that the SAE
variability range narrows and moves to smaller values with the increase
of the σs/σa values, indicating that the highest σs/σa and SSA values are
mainly associated with the large-size fraction of the monitored PM2.5
particles. Conversely, σs/σa and SSA values smaller than 5 and 0.75,
respectively, can be associated with particle populations characterized
by SAE values spanning the −0.5–2.5 range (Fig. 3a and b) and, hence,
with both small- and large-size PM2.5 particles. Fig. 3b also shows that
the dSSA values decrease with increasing SAE and, hence, with the
decrease of the mean particle size. In more detail, Fig. 3b highlights that
positive dSSA values are associated with particles and/or particle
mixtures characterized by SAE values< 1 and that the dSSA assumes
negative values for SAE values> 1.

Fig. 4 shows the 5-min average SAE values as a function of the

Fig. 3. Aerosol scattering to absorption coefficient ratio (σs/σa, at 470 nm) as a function of the single scattering albedo difference (dSSA, estimated for the wavelength
pair at 470–660 nm) color-coded using the (a) single scattering albedo (SSA) at 470 nm and (b) scattering Ångström exponent (SAE) for the wavelength pair at
470–660 nm. All instantaneous values from simultaneous nephelometer and aethalometer measurements (with a temporal resolution of 5 min) from December 22,
2015, to March 30, 2016, were used. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 4. Instantaneous (5min) values of the scattering Ångström exponent (SAE,
estimated for the wavelength pair at 470–660 nm) as a function of the corre-
sponding aerosol scattering coefficients (σs, at 470 nm) and color-coded using
the related values of the aerosol absorption coefficient (σa, at 470 nm). All in-
stantaneous values from simultaneous nephelometer and aethalometer mea-
surements from December 22, 2015, to March 30, 2016, were used. (For in-
terpretation of the references to color in this figure legend, the reader is referred
to the Web version of this article.)
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corresponding σs values during the studied period. This type of graph is
commonly used to identify different aerosol types (e.g., Santese et al.,
2008). The data points in Fig. 4 are color-coded by the corresponding σa
values. In addition to revealing the significant contribution of fine
particles (particles with SAE>1) at the study site, Fig. 4 also shows
that the largest σs values are mainly associated with particles and/or
particle mixtures characterized both by SAE values spanning approxi-
mately the 1.2–1.8 range and high σa values (> 30Mm−1). Conversely,
situations characterized by a predominance of larger particles (SAE<
0.5) are associated with lower absorption and scattering coefficients. A
similar behavior of the SAE as a function of σs was also reported by
Pandolfi et al. (2011) for Montseny (Spain) and Aaltonen et al. (2006)
for Pallas (Finland), a subarctic site at the northern border of the boreal
forest zone. Aaltonen et al. (2006) observed the highest σs values (at
550 nm;>40Mm−1) for SAE values in the 1.3–2.3 range by mon-
itoring PM particles with aerodynamic diameters (dae)< 5 μm. The SAE
was calculated for the 550–700 nm wavelength pair. They suggested
that the high σs values were due to submicron particles from various
combustion sources that were long-range-transported from Central or
Eastern Europe rather than from local or regional pollution. Fig. 4
shows that quite high σs values (up to ∼550Mm−1) associated with σa
values up to ∼40Mm−1 were also observed for SAE values of ap-
proximately −0.5, representing an exception of the σs and σa de-
creasing trend for SAE values below 0.8. These last data points are
mainly caused by the advection of dust particles from the Sahara De-
sert, characterized by both high scattering and absorbing properties, as
it will be shown in the following discussion. In fact, Pandolfi et al.
(2011) explained that the σs decreasing trend with decreasing SAE is
mainly due to the absence of Saharan dust intrusions associated with
negative SAE values and the prevalence of Atlantic advection episodes
leading to low PM concentrations during their study period.

4. Identification of the main particle/particle mixture types

Graphical frameworks based on intensive optical parameters have
generally been used to classify main particles using column (e.g.,
Bahadur et al., 2012; Giles et al., 2012; Cazorla et al., 2013) and surface
aerosol properties (e.g., Costabile et al., 2013; Cappa et al., 2016), as
discussed in Sections 1 and 3. We have tested several graphical fra-
meworks and three examples of them have already been shown and
discussed in Section 3.2 (Figs. 3 and 4). In the following subsection, we
discuss the graphical framework that in our opinion allows to better
define clusters of data points characterized by different intensive op-
tical parameters and, hence, representative of different particle/particle
mixture types.

4.1. Characterization of the selected classification scheme

We have found that a classification scheme based on the AAE vs.
SAE plot (color-coded using the dSSA) can represent one of the best
graphical frameworks involving optical parameters that can be used to
discriminate between different PM2.5 particle/particle mixture types at
the study site. Because the SAE is strictly related to the mean aerosol
size and the AAE provides information on both the aerosol composition
and size, the combination of these two intensive optical parameters
allows to infer the aerosol types (Costabile et al., 2017; Cappa et al.,
2016, and references therein). In addition, the dSSA, which char-
acterizes the spectral dependence of the SSA, can be used to clearly
separate the optical data in a graphical framework with respect to other
intensive parameters, based on Costabile et al. (2013). They highlighted
that this last result is mainly associated with both the inverse correla-
tion between SAE and dSSA, resulting from their common dependence
on the particle size (clearly shown in Fig. 3b), and the inverse corre-
lation between AAE and dSSA, determined by their common depen-
dence on the particle composition. Russell et al. (2010) also used the
dSSA to classify the main particle types.

Fig. 5a shows the 5-min average AAE values as a function of the
corresponding SAE values, color-coded using the dSSA values. The
three intensive parameters were evaluated for the 470–660 nm wave-
length pair. For comparison, Fig. 5b represents the classification
scheme based on the relationship between AAE and SAE proposed by
Cappa et al. (2016), where the AAE and SAE values were calculated for
the 532–660 nm and 450–550 nm wavelength pair, respectively. Cappa
et al. (2016) delineated the whole AAE vs. SAE framework area and
categorized all combinations of optical property values, as shown in
Fig. 5b. They particularly classified particles with 1 < AAE<1.5 and
SAE>1 as black carbon (BC) dominated (BC is approximately
equivalent to EC; Lack et al., 2014). Particles with AAE>2 and
SAE>1.5 were considered to be absorbing OC or strong BrC. Dust-
dominated particles were associated with AAE>2 and SAE<0.5. The
other sectors of the graphical framework from Cappa et al. (2016) were
associated with specific particle mixtures. The comparison of Fig. 5a
and b shows that the AAE and SAE values in this study are within the
variability ranges suggested by Cappa et al. (2016) and that the optical
parameters continuously vary within the identified ranges because of
the high variability of the particle/particle mixture types. The geo-
graphical location of the study site in the Central Mediterranean Basin

Fig. 5. (a) Instantaneous (5min) absorption Ångström exponents (AAEs, at the
wavelength pair 470–660 nm) as a function of the corresponding scattering
Ångström exponents (SAEs, at the wavelength pair 470–660 nm), color-coded
using the related single scattering albedo difference (dSSA, at the wavelength
pair 470–660 nm). All instantaneous values from simultaneous nephelometer
and aethalometer measurements from December 22, 2015, to March 30, 2016,
were used. The grey boxes represent the eight selected clusters: (a) dust-
dominated, (b) marine, (c) large and low-absorbing particles (LLAP), (d) small
and high-absorbing particles (SHAP), (e) black carbon (BC)-dominated, (f)
mixed dust, (g) organic carbon (OC)-dominated, and (h) large OC particles. The
dashed black lines in (b) represent the classification scheme from Cappa et al.
(2016). (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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contributes to these last results (e.g., Perrone et al., 2013a, 2014, 2015),
as mentioned.

The AAE and SAE values in this study were calculated for wave-
length pairs different from those by Cappa et al. (2016) because dif-
ferent instruments were used. The AAE (470 nm, 660 nm) and SAE
(470 nm, 660 nm) values were on average 12% smaller and 29%
greater, respectively, than the corresponding AAE (532 nm, 660 nm)
and SAE (450 nm, 550 nm) values because of the dependence of the
AAE and SAE values on the selected wavelength pair. Figs. S1a and b in
the Supplementary Material provide the plots of AAE (470 nm, 660 nm)
versus AAE (532 nm, 660 nm) and SAE (470 nm, 660 nm) versus SAE
(450 nm, 550 nm), respectively.

We observed that the AAE versus SAE plot color-coded using the
dSSA values (Fig. 5a) allows a better identification of different particle/
particle mixture types than the corresponding plot color-coded using
the SSA values. The weaker dependence of the AAE–SAE relationship
on SSA values is likely responsible for this last result. For comparison,
Fig. S2 in the Supplementary Material shows the 5-min average AAEs
versus the corresponding SAEs, color-coded using the SSA values. Fig.
S2 shows that the SSA values on average increase with the decrease of
the SAE values and highlights a rather weak dependence of SSA on the
AAE values.

Fig. 5a shows that on average the AAE increases with the SAE de-
crease, mainly for negative SAE values that are associated to large-size
particles as desert dust. The dSSA (470 nm, 660 nm) on average de-
creases with increasing SAE (470 nm, 660 nm) because negative dSSA
values are linked to larger SSAs at 660 nm by anthropogenic pollution
particles containing BC, as mentioned before. Conversely, positive dSSA
values are associated with larger SSAs at 470 nm by mineral dust con-
taining iron oxide.

The smooth and continuous variability of the AAE, SAE, and dSSA
values within their corresponding variability range resulting from
Fig. 5a is likely due to the different degrees of mixing of particles of
various type. We believe that clusters of data points related to specific
aerosol and/or aerosol mixture types can likely be identified at the
edges of the graphical framework area where data points are located
(Fig. 5a). The highest and/or the smallest values of the plotted intensive
parameters fall in the above mentioned edge areas and they are likely
more suitable to identify aerosol populations of a specific type, as it will
be shown in the following. The grey boxes in Fig. 5a identify the
variability ranges of the AAE, SAE, and dSSA values that we have se-
lected to investigate the mean features of different particle/particle
mixture types. Table 2 shows the variability of the SAE, AAE, and dSSA
values, in addition to the corresponding SSA (470 nm) ranges, which
have been used to identify eight different clusters of data points (de-
noted by the letters a–h in Fig. 5a). Results from previous studies and
the aerosol classification scheme from Cappa et al. (2016) reported in
Fig. 5b have also been accounted for to select the variability ranges of
the intensive optical parameters related to the grey boxes of Fig. 5a.
However, it is worth observing that they are not the only possibilities of

classification because of the smooth and continuous changes of all in-
tensive parameters at the study site.

The dust-dominated particles (cluster a) are characterized by ne-
gative SAE values (−0.8 to −0.2) because of their large mean size and
by AAE values in the range of 2.0–3.5 based on previous studies (e.g.,
Collaud Coen et al., 2004; Yang et al., 2009). The corresponding SSA
and dSSA values vary within the 0.87–0.99 and 0.01–0.07 ranges, re-
spectively, because of the small absorption coefficients and the de-
creasing trend of the SSA depending on the wavelength for desert dust
particles (e.g., Müller et al., 2011b, and references therein). Negative
SAE values (-1–0) are also assigned to marine particles (cluster b) be-
cause of the significant contribution of their large size (Seinfeld and
Pandis, 1998). The corresponding SSA and dSSA values vary in the
ranges 0.85–0.99 and −0.01–0.08, respectively, which are in reason-
able accordance with the findings by Costabile et al. (2013). In fact, SSA
values close to one and dSSA values close to zero are assigned to marine
particles because of their low absorbing properties and the weak
spectral dependence of the SSA (Dubovik et al., 2002; Russell et al.,
2010; and references therein) in the wavelength range of this study. The
AAE range of marine particles is poorly defined in the literature. In-
deed, Russell et al. (2010) emphasized that the AAE used as an indicator
of the aerosol composition is not applicable to pure sea salt particles
because of undefined AAE values. Moreover, according to Schmeisser
et al. (2017), a major missing piece of currently available aerosol
classification methods is the identification and validation of optical
property thresholds to classify sea salt particles. The AAE values of
marine particles vary in the range 0.0–1.5 based on the classification
scheme used in this study, which is also supported by the discussion in
Section 5. Note that the Positive Matrix Factorization (PMF) technique
applied to chemically speciated PM2.5 samples collected at the study
site from July 2008 to May 2010 clearly indicated a secondary marine
source characterized by Na+ and Cl− as principal markers (Perrone
et al., 2013b).

The AAE values ranging from 0.0 to 1.2 are also assigned to the
aerosol mixture made by large and low absorbing particles (LLAP,
cluster c), characterized by 0.2 < SAE < 0.8 and
0.00 < dSSA < 0.06. Marine and anthropogenic pollution particles
likely contributed to the LLAP mixture. The SSA variability (0.70–0.96)
supports this last assumption. Conversely, the contribution of fine and
absorbing particles increases with increasing SAE, mainly for AAE<1,
as shown in Fig. 5a. Therefore, the cluster d characterized by
0.0 < AAE<1.1, 1.0 < SAE<1.8, and −0.09 < dSSA<0.00 has
been selected to represent a particle mixture consisting of small and
high-absorbing particles (SHAP), indicating a significant contribution of
BC particles. The SSA variability (0.40–0.89) and negative dSSA values
likely support the main features of cluster d. The BC-dominated cluster
e is characterized by 0.8 < AAE<1.6, 2 < SAE<3.5,
−0.10 < dSSA < −0.02, and 0.39 < SSA<0.85, which agrees
with the results by Cappa et al. (2016).

Mineral dust and OC contribute to light absorption, mostly in the

Table 2
Variability of the intensive aerosol optical properties (scattering Ångström exponent SAE and absorption Ångström exponent AAE for the wavelength pair at
470–660 nm, single scattering albedo SSA at 470 nm, and single scattering albedo difference dSSA for the wavelength pair at 470–660 nm) and number (N) of
experimental data related to the eight selected clusters: (a) dust-dominated, (b) marine, (c) large and low-absorbing particles (LLAP), (d) small and high-absorbing
particles (SHAP), (e) black carbon (BC)-dominated, (f) mixed dust, (g) organic carbon (OC)-dominated, and (h) large OC particles.

Cluster SAE (470, 660 nm) AAE (470, 660 nm) SSA (470 nm) dSSA (470, 660 nm) N

(a) dust-dominated −0.8–−0.2 2.0–3.5 0.87–0.99 0.01–0.07 179
(b) marine -1–0 0.0–1.2 0.85–0.99 −0.01–0.08 152
(c) LLAP 0.2–0.8 0.0–1.2 0.70–0.96 0.00–0.06 255
(d) SHAP 1.0–1.8 0.0–1.1 0.40–0.89 −0.09–0.00 438
(e) BC-dominated 2.0–3.5 0.8–1.6 0.39–0.85 −0.10–−0.02 459
(f) mixed dust 0–1 1.8–3.5 0.57–0.97 −0.01–0.09 213
(g) OC-dominated 1.5–2.3 1.8–3.5 0.67–0.95 −0.03–0.05 355
(h) large OC 1.2–1.5 1.4–1.7 0.66–0.96 −0.01–0.03 705
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ultraviolet and blue spectral regions, yielding AAE values larger than 1
(Schmeisser et al., 2017; and references therein). Consequently, the
clusters f and g in Fig. 5a are representative of mixtures that are largely
affected by dust particles (mixed dust cluster) and absorbing OC par-
ticles (OC-dominated cluster), respectively. The SSA and the dSSA
ranges (0.57–0.97 and −0.01–0.09, respectively) suggest that the
mixed dust cluster was also affected by absorbing OC particles, which
are characterized by similar SSA and dSSA values (0.67–0.95 and
−0.03–0.05, respectively). Therefore, the clusters f and g are re-
presentative of the “reacted dust” and “combustion including biomass
burning” sources, respectively, identified by the PMF technique applied
to chemically speciated PM2.5 particles (Perrone et al., 2013b). The
cluster h in Fig. 5a represents a mixture dominated by OC particles. The
SAE variability (1.2–1.5) indicates that the particle mean size of cluster
h is greater than that of cluster g. Consequently, this cluster was de-
noted as “large OC”. The related AAE variability also highlights the
differences between the OC-dominated and large-OC mixtures. It is well
known that the OC particles include primary and secondary compo-
nents (POC and SOC, respectively). In a recent study, Perrone et al.
(2018) showed that the POC contribution decreases with the decrease
of the mean SAE value. Consequently, we assume that the larger con-
tribution of the SOC particles to cluster h than to cluster g is likely
responsible for the different optical parameters characterizing the two
clusters.

The frequency distribution of the (a) SSA, (b) SAE, (c) AAE, and (d)
dSSA values associated with the identified particle/particle mixture
types are shown in Fig. S3 of the Supplementary Material to highlight
the SSA weak ability to identify different particle/particle mixture types
and show that SAE, AAE, and dSSA are more suitable parameters, even
if one must be aware that the frequency distributions are biased by the
classification scheme that limits the SAE and AAE value of each cluster.

The 5-min average SAE values of the eight selected clusters (Fig. 5a)
marked by different colors/symbols have been plotted in Fig. 6 as a
function of the corresponding σs values at 470 nm to highlight how the
identified particle/particle mixture types affect an extensive parameter
such as σs and, hence, provide further insight into the loading of the
different particle types. Schmeisser et al. (2017) explained that the
incorporation of aerosol extensive parameters into a classification
scheme based on intensive optical parameters leads to a more complete
picture of the aerosol type and conditions at the monitoring station.
However, to the best of our knowledge, very few studies have made use
of extensive optical properties to support the identified particle/particle
mixture types at particular sites (e.g., Schmeisser et al., 2017, and re-
ferences therein). Undefined data points are marked by grey open dots
in Fig. 6. The identified particle/particle mixture types are generally
located in different regions of the SAE vs. σs framework, highlighting
their different impact on the analyzed extensive parameter. Interest-
ingly, Fig. 6 shows that the clusters b, c, and f, typically dominated by
large-size particles, are generally responsible for the lowest σs values.
Conversely, the highest σs values are associated with dust particles
(cluster a) and mainly with cluster d, which is representative of particle
mixtures dominated by BC. The OC-dominated (cluster g) and the large
OC mixture (cluster h) are also responsible for high σs values. Fig. 6
highlights the significant role of the OC and BC particle mixtures with
respect to other species that are characterized by SAE<1 because of
their high σs values. These last findings are supported by mass re-
construction analyses of chemically-speciated PM2.5 samples, which
showed that the organic matter and BC mass represent nearly 58% of
the PM2.5 total mass (Perrone et al., 2013b).

4.2. Case studies: main features of dust-dominated, BC-dominated, and
marine particles

The temporal evolutions of intensive and extensive optical para-
meters of most particles associated with clusters a, b, and e (Fig. S4 in
the Supplementary Material) are analyzed in this section with the main

goal of further demonstrating the ability of the selected aerosol classi-
fication scheme to detect different particle types. Table 3 shows the
measurement days and the corresponding time intervals during which
most of the data points (more than 87%) of cluster a, b, and e were
retrieved. Most of cluster-a particles (> 97%) were monitored during
the February 28–29, 2016 dust event (Fig. S5, Supplementary Material)
and the severe dust outbreak that affected southern Italy on March
22–23, 2016 (e.g., Rizza et al., 2018), as the back trajectory pathways
from the HYbrid Single-Particle Lagrangian Integrated Trajectory
(HYSPLIT) model also show (Fig. S6, Supplementary Material). The
comparison of Table 3 data with the corresponding ones of Table 1
shows that the dust-dominated σs values of March 22–23 are sig-
nificantly greater than the corresponding mean values retrieved
throughout the sampling period (Table 1). The SAE and AAE mean
values of the dust-dominated particles (Table 3) are significantly
smaller and greater, respectively, than the corresponding mean values
reported in Table 1 because of the large mean size of mineral dust
particles and their light absorption mostly in the ultraviolet and blue
spectral regions (e.g., Kirchstetter et al., 2004; Kim et al., 2012), re-
spectively. Consequently, the dSSA values of dust-dominated particles
are greater than the corresponding Table 1 mean value.

Most (> 91%) of the marine particles (cluster b) were monitored on
5 different days of February and March 2016 (Table 3). In fact, the back
trajectory pathways show that the air masses crossed the Mediterranean
Sea at very low altitudes before reaching the study site (Fig. S7) and
were likely responsible for the advection of marine particles. The
marine σs mean values are smaller than the corresponding mean value
of the whole study period (Table 1) because of the low particle con-
centration, as commonly observed during the advection of marine
aerosols (e.g., Perrone et al., 2015), and/or the particle shape and size.
The marine SAE and AAE mean values (Table 3) are smaller than the

Fig. 6. Instantaneous (5min) scattering Ångström exponents (SAEs, for the
wavelength pair at 470–660 nm) as a function of the corresponding aerosol
scattering coefficients (σs, at 470 nm) from December 22, 2015, to March 30,
2016, for the eight selected clusters: dust-dominated (yellow circles), marine
(blue boxes), large and low-absorbing particles (LLAP, red circles), small and
high-absorbing particles (SHAP, green boxes), black carbon (BC)-dominated
(black diamonds), mixed dust (violet triangles), organic carbon (OC)-dominated
(brown triangles), and large OC particles (light blue diamonds). The grey circles
represent unclassified data, which do not belong to a specific cluster. (For in-
terpretation of the references to color in this figure legend, the reader is referred
to the Web version of this article.)
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corresponding mean values of the total sampling period because of the
predominance of large-size particles. Consequently, the marine dSSA
mean values are on average greater than the corresponding mean value
reported in Table 1.

Most (> 83%) of the BC-dominated particles (cluster e) were
monitored on 7 different time intervals (Table 3) likely affected by
severe pollution events. In fact, the HYSPLIT back trajectory pathways
show that the related air masses crossed northern European countries,
likely affected by anthropogenic pollution, before reaching the study
site (Fig. S8). Several studies showed that advection patterns similar to
those of Fig. S8 were responsible for the transport of fine mode particles
mainly due to traffic and combustion including biomass-burning
sources at the study site (e.g., Perrone et al., 2013a, 2014). The BC-
dominated σs mean values (Table 3) are smaller, similar, or greater than
the corresponding σs mean value reported in Table 1, likely because of
the change of the BC-particle amount with the monitoring day. In fact,
the SAE and dSSA mean values (Table 3) are on average greater and
smaller, respectively, than the corresponding mean value of the whole
sampling period because of the predominance of fine absorbing parti-
cles. Note that negative dSSA values were generally found for urban
pollution and smoke aerosols (e.g., Dubovik et al., 2002; Bergstrom
et al., 2007). The AAE values of the BC-dominated particles (Table 3)
vary within the range of the corresponding mean value reported in
Table 1.

In conclusion, we believe that Table 3 supports the used classifica-
tion, in addition to revealing the high variability of the particle optical
properties.

5. Summary and conclusion

Multiwavelength nephelometer and aethalometer measurements
were analyzed with the main goal of defining a graphical framework
based on intensive optical parameters (σs/σa, SAE, AAE, SSA, and dSSA)
that can be used to identify different particle/particle mixture types.
Both the nephelometer and the aethalometer were equipped with a
PM2.5 sampling head and the respective measurements were performed
at the surface of a coastal site of the Central Mediterranean Basin af-
fected by long-range contributions from surrounding countries.
Consequently, both the extensive and the intensive particle parameters
vary smoothly and continuously within their respective ranges, which
are similar to those observed at other Mediterranean coastal sites.

• The plot of the σa hourly means as a function of the corresponding σs

hourly means shows that most of the absorbing particles are also
responsible for high scattering coefficients. Then, the SAE values
point out that the highest σa and σs values are on average associated
with the fine fraction of the PM2.5 sampled particles. In contrast,
the large-size PM2.5 particles (SAE < 0.5) are on average re-
sponsible for small σa and σs values.

• The SAE variability range narrows and moves to smaller values with
the increase of the σs/σa and SSA values, indicating that the highest
σs/σa and SSA values are mainly associated with the large-size
PM2.5 particles. Conversely, σs/σa and SSA values smaller than 5
and 0.75, respectively, are associated with particle populations
characterized by SAE values spanning the −0.5–2.5 range because
of the contribution of both small- and large-size PM2.5 particles.

• The σs/σa versus dSSA plot color-coded using the related SAE values
shows that the dSSA values decrease with increasing SAE showing
that the particle populations with SAEs> 1.5 and, hence, associated
with the smallest particles in the PM2.5 fraction, are characterized
by negative dSSAs.

• The AAE versus SAE plot, color-coded using the corresponding dSSA
values, is considered to represent the best framework for the iden-
tification of different particle/particle mixture types.

• The results also show that marine, LLAP, and mixed dust clusters, all
characterized by SAE values below 1, are responsible for σs values
(at 470 nm) smaller than 100Mm−1. On the contrary, the SHAP, BC-
dominated, and OC-based mixtures are on average responsible for
the highest σs values and are the dominant particle species.

• The SAE, AAE, and dSSA ranges were selected with the main goal of
highlighting the specific features of the main identified particles/
particle mixtures, but they are not the only possibilities of classifi-
cation because of the smooth and continuous changes of all in-
tensive parameters at the study site.

• The ability of the used classification scheme to identify particles of
different type also results from the analysis of most of the data
points associated with the dust-dominated, marine, and BC-domi-
nated cluster. In fact, we have verified that they refer to measure-
ments performed on days affected by air masses that crossed
northern Africa, the Mediterranean Sea, and the anthropogenic
polluted regions of northern and eastern Europe, respectively, be-
fore reaching the monitoring site.

In conclusion, this paper contributes to the characterization of the
PM2.5 fraction optical properties over the Central Mediterranean area
and, consequently, can be considered of general interest. This paper

Table 3
Measurement days and corresponding time intervals during which most of the data points related to the cluster a (dust-dominated), cluster b (marine), and cluster e
(BC-dominated) were retrieved. The corresponding mean values of scattering and absorption Ångström exponents (SAEs and AAEs, respectively) for the wavelength
pair at 470–660 nm, single scattering albedo difference (dSSA) for the wavelength pair at 470–660 nm, and aerosol scattering coefficient (σs) at 470 nm related to the
selected intervals have been also reported.

Cluster Start Time (dd/mm/yy; UTC
time)

End Time (dd/mm/yy; UTC
time)

SAE (470, 660 nm) AAE (470, 660 nm) dSSA (470, 660 nm) σS (470 nm) [Mm−1]

a (dust-dominated) 28/02/16; 23:15 29/02/16; 05:15 −0.53 2.30 0.03 141
22/03/16; 16:05 23/03/16; 07:40 −0.50 2.68 0.03 254

b (marine) 13/02/16; 05:20 13/02/16; 11:45 −0.26 1.10 0.07 12
15/02/16; 21:40 16/02/16; 04:45 −0.35 1.05 0.03 38
05/03/16; 20:20 06/03/16; 04:15 −0.09 1.06 0.02 19
12/03/16; 04:10 12/03/16; 08:30 −0.14 0.99 0.03 16
13/03/16; 01:40 13/03/16; 05:05 −0.21 0.85 0.05 11

e (BC-dominated) 23/12/15; 21:50 24/12/16; 06:15 2.19 1.30 −0.04 170
04/01/16; 00:30 04/01/16; 07:05 2.11 1.35 −0.05 83
19/01/16; 10:55 20/01/16; 15:40 2.41 1.31 −0.05 85
23/01/16; 08:35 23/01/16; 15:15 2.07 1.36 −0.03 27
25/01/16; 09:00 25/01/16; 16:25 2.17 1.14 −0.06 34
06/02/16; 00:30 06/02/16; 15:30 2.33 1.31 −0.05 18
11/02/16; 19:30 12/02/16; 06:25 2.12 1.46 −0.04 90
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also shows that the smooth and continuous changes of all intensive
parameters do not allow to uniquely identify different types of particles
because of the contribution of natural and anthropogenic particles from
local sources and/or particles long-range-transported to the study site
from surrounding countries.
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