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A B S T R A C T

The “Carbonaceous Aerosol in Rome and Environs” (CARE) experiment took place at a Mediterranean urban
background site in Rome (Italy) deploying a variety of instrumentation to assess aerosol physical-chemical and
optical properties with high-time resolution (from 1 min to 2 h). In this study, aerosol optical properties, che-
mical composition, and size distribution data were examined with a focus on the analysis of several intensive
optical properties obtained from multi-wavelength measurements of aerosol scattering and absorption coeffi-
cients. The spectral behaviour of several quantities related to both aerosol composition and size was explored,
analysing their high-time resolved temporal patterns and combining them in order to extract the maximum
information from all the available data.

A methodology to separate aerosol types using optical data only is here proposed and applied to an urban area
characterised by a complex mixture of particles. A key is given to correctly disentangle cases that could not be
distinguished observing only one or few parameters, but that can be clearly separated using a suitable ensemble
of optical properties.

The SSCAAE, i.e. the wavelength dependence of the Single Scattering co-albedo 1-SSA (where SSA is the Single
Scattering Albedo) - that efficiently responds to both aerosol size and chemical composition – resulted to be the
best optical intensive parameter to look at for the discrimination between episodes characterised by specific
aerosol types (e.g. sea salt, Saharan dust) and more mixed conditions dominated by local emissions. However, this
study also highlighted that it is necessary to combine temporal patterns of different optical parameters to robustly
associate SSCAAE features to specific aerosol types. In addition, the complete chemical speciation and the high-
time resolved size distribution were used to confirm the aerosol types identified via a combination of aerosol
optical properties. Look-up tables with most suitable ranges of values for optical variables were produced;
therefore, these pieces of information can be used at the same site or at locations with similar features to quickly
identify the occurrence of aerosol episodes. Graphical frameworks (both from the literature and newly designed)
are also proposed; for each scheme features, advantages, and limitations are discussed.

1. Introduction

Atmospheric aerosol is a complex mixture of suspended particles
characterised by a huge variability in terms of chemical composition,

size and shape. Aerosols can have a direct (by direct scattering and
absorption) and indirect (by impacting on cloud formation and albedo)
effect on atmospheric radiation (IPCC, 2013). Moreover, atmospheric
aerosol is known to have detrimental effects on human health (Dockery
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et al., 1993; Pope et al., 2002).
Estimates of the climate impacts of atmospheric aerosol and their

optical properties are affected by very large uncertainties; never-
theless, direct measurements of aerosol optical properties are not
usually performed by air quality (AQ) monitoring networks, in con-
trast to particle concentration and chemical composition, often per-
formed for different size fractions. Aerosol optical properties are re-
lated to the size and composition of the particles, as well as to their
mixing state (e.g. Bond and Bergstrom, 2006). Spectral scattering and
absorption properties depend on the considered aerosol type; there-
fore, simultaneous measurements of multi-wavelength aerosol optical
properties, chemical composition, and size distribution can improve
our knowledge about atmospheric particles impact on the radiative
forcing and air quality.

Several classification schemes have been proposed in the literature
to distinguish aerosol types and mixtures. Most of these methods make
use of column-integrated properties usually retrieved from remote-
sensing data, such as those provided by the global network of ground-
based sun and sky radiometers AERONET (Aerosol Robotic Network)
or obtained by Sun photometers (e.g. Dubovik et al., 2002; Gobbi
et al., 2007; Kalapureddy et al., 2009; Russell et al., 2010; Giles et al.,
2011, 2012; Cazorla et al., 2013; Rupakheti et al., 2019). There are
also few studies dealing with in-situ measurements of optical prop-
erties, both ground-based and airborne (e.g. Yang et al., 2009; Lee
et al., 2012; Costabile et al., 2013; Cappa et al., 2016; Donateo et al.,
2018; Romano et al., 2019). As pointed out by Schmeisser et al.
(2017), the majority of the existing classification schemes work well at
sites where the aerosol characteristics are fairly homogeneous, while
their performance is worse in areas that experience a heterogeneity of
particle sources and/or episodes characterised by aerosol transported
from e.g. deserts or oceans. The methods proposed to distinguish PM
types are sometimes supported by chemical composition, size dis-
tribution data, or back trajectory analyses; however, these pieces of
information are not usually included in the classifying approaches
themselves.

Data analysed in this paper were collected in the frame of the CARE
Experiment (Carbonaceous Aerosol in Rome and Environs), which was
carried out in Rome (Italy) using a variety of instruments and techni-
ques to obtain a comprehensive and highly time-resolved picture of the
aerosol properties at a Mediterranean urban background site. Indeed,
several studies in recent literature (e.g. Timonen et al., 2010; Lucarelli
et al., 2015; Costabile et al., 2017) pointed out the importance of
shorter time scale (< 1 h) to study atmospheric processes and source
variability. The CARE campaign was carried out at a site impacted by
different local emission sources and sometimes affected by medium-
long range transport of e.g. sea salt or Saharan dust. An overview of
measurements performed and methodologies applied during the CARE
experiment is given by Costabile et al. (2017).

A phenomenology of specific episodes characterised by aerosol with
different properties is given exploiting all the available information
about high-time resolved optical properties, chemical composition, and
size distribution of atmospheric aerosol. The main objective here is to
find out one or more possible combinations of intensive optical para-
meters that can be used as a tool to identify aerosols with different
origin. In addition, graphical classification schemes reported in the
literature were applied and some were newly developed to visually
distinguish specific episodes and aerosol types via 2D plots of optical
parameters. These representations appear useful to have a first hint on
the typologies of particles observed during a campaign, even though
they are not able to clearly disentangle different contributions, espe-
cially when atmospheric aerosol is dominated by mixtures of particles
emitted by a variety of sources. In these cases, it is shown here that,
exploiting multi-wavelength optical properties measured with high-
time resolution, only the combined analysis of their temporal patterns
allows to identify the dominant contributions.

2. Material and methods

2.1. Site description

The CARE experiment took place from January 27th to February
28th 2017 at an urban background site in downtown Rome. Due to its
geographical position (in the middle of the Mediterranean Sea) and its
meteorological conditions, this site can experience the advection of air
masses transported from the Sahara Desert (Barnaba and Gobbi, 2004;
Gobbi et al., 2007; Barnaba et al., 2017; Gobbi et al., 2019) or from the
sea (Perrino et al., 2009). The CARE measurement site is also affected
by local urban sources such as vehicular traffic and biomass burning for
heating and cooking (Costabile et al., 2017, 2019).

2.2. Aerosol characterisation techniques

A detailed list of the instruments deployed during the CARE ex-
periment and their operating conditions has been already reported in
Costabile et al. (2017). Instruments and techniques which produced
data here analysed will be shortly described in the following. Where not
specified, instruments were operated at ambient relative humidity
(RH).

2.2.1. Wavelength-dependent optical properties
On-line instruments continuously measured multi-wavelength

PM10 scattering and absorption coefficients with a time resolution of
1 min. In this study, 5-minute averages of each parameter are con-
sidered in order to reduce data noise.

A 3-wavelength integrating Nephelometer (Aurora 3000, Ecotech)
measured dry aerosol scattering coefficient σs(λ) at 450, 525, and
635 nm. Total scattering coefficients were corrected for truncation error
according to Müller et al. (2011a).

On-line dry aerosol absorption coefficient σa(λ) at 7 wavelengths
(370, 470, 520, 590, 660, 880, and 950 nm) was retrieved by equiva-
lent Black Carbon (eBC) concentrations measured by a dual-spot
Aethalometer (AE33, Magee Scientific) (Drinovec et al., 2015) and
using instrument-specific Mass Absorption Cross sections (MAC) at
different wavelengths.

Moreover, a Multi-Angle Absorption Photometer (MAAP, Thermo
Scientific) was used to measure eBC concentration at RH < 30%. From
these data, σa(637) was retrieved using the MAC of 6.6 m2/g set in the
MAAP and a wavelength correction factor of 1.05 as reported in Müller
et al. (2011b).

2.2.2. Chemical analyses
Both on-line and off-line techniques were used to assess aerosol

chemical composition (elements, carbonaceous fractions, non-re-
fractory components) on different size fractions with time resolution
from 30 min to 2 h.

PM2.5 samples collected with 1-hour time resolution using a
streaker sampler were analysed off-line as for elemental composition by
Particle Induced X-Ray Emission (PIXE) analysis (Calzolai et al., 2015).
This technique allows the detection and quantification of Z > 10
elements.

A Sunset Field Thermal-Optical Analyzer (Model-4 Semi-Continuous
OC-EC Field Analyzer – Sunset Laboratory inc.) measured elemental
carbon (EC) and organic carbon (OC) in PM2.5 with a 2-hour time re-
solution.

An Aerodyne Aerosol Chemical Speciation Monitor (ACSM; Ng
et al., 2011) provided PM1 non-refractory chemical components (or-
ganic matter, sulphate, ammonium, nitrate, and chloride ions) on-line.
The instrument operated at RH < 30% with 30-minute time resolution
and 1-hour averages were then calculated. Organic aerosol (OA) con-
centration apportioned among the sources by the SoFi software
(Canonaco et al., 2013) was also analysed as an additional information;
vehicular traffic (HOA), oxygenated secondary aerosol (OOA), and
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biomass burning (BBOA) were the major components taken into ac-
count.

2.2.3. Particle number size distributions
To obtain particle number size distribution (PNSD), a Scanning

Mobility Particle Sizer (TROPOS-SMPS) and an Aerodynamic Particle
Sizer (APS, TSI) were employed during the CARE campaign. Both in-
struments were operated with a time resolution of 5 min. SMPS and APS
covered the 8–700 nm range in electrical mobility diameter (dm) and
0.5–20 μm in aerodynamic diameter (da), respectively. To obtain a
unique number size distribution in the range 8 nm ≤ dm ≤ 10 μm, APS
data were converted to a dm-based size distribution (i.e. dN/dlog(dm))
and then merged to SMPS output following the procedure described in
Khlystov et al. (2004). More details about the PNSD calculation at the
CARE site can be found in Costabile et al. (2017) and in Alas et al.
(2019).

3. Calculations

3.1. Aethalometer data corrections

The multi-wavelength aerosol absorption coefficient σa(λ) was ob-
tained by an AE33 Aethalometer, which gives eBC concentration using
instrument-specific MAC values at seven wavelengths (e.g. 10.35 m2/g
at 660 nm). As described in Drinovec et al. (2015), the instrument in-
ternal software retrieves σa(λ) from attenuation measurements and
corrects them for loading (k parameter) and multiple scattering (C
factor) effects. It is noteworthy that literature studies (e.g. Collaud Coen
et al., 2010; Segura et al., 2014) pointed out the site-specificity and
possible wavelength dependence of these effects.

As evidenced by some recent literature studies (e.g. Goetz et al.,
2018), the C factor equal to 1.57 currently fixed in AE33 to convert
attenuation into absorption can lead to a significant overestimation of
the σa(λ) by this instrument. Aiming at reducing this bias, in this work
the availability of parallel (independent) optical measurements was
exploited and - following Collaud Coen et al. (2010) –the loading-cor-
rected C factor (here Ccorr) was inferred via a linear regression analysis
between the attenuation coefficient (loading-corrected) σatn,k(660)
calculated from the eBC concentration given by the AE33 and σa(637)
measured by the MAAP. Indeed, the MAAP is often considered as the
reference instrument for filter-based measurements of aerosol light
absorption coefficient (Müller et al., 2011b), and no simultaneous in-
situ σa data were available for the CARE campaign. However,
Hyvärinen et al. (2013) showed that when eBC concentration is high,
the MAAP response lacks in linearity; in this study a non-linear beha-
viour at σa(637) > 100 Mm-1 was observed, thus only MAAP data
giving σa(637) < 100 Mm-1 were considered in the regression
σatn,k(660) vs σa(637).

The AE33 attenuation coefficient σatn,k(660) was retrieved as fol-
lows:

σatn,k(660) = σa(660)·C = [eBC(660)]·MACAE33(660)·C
= [eBC(660)]·10.35·1.57.

The linear fit (performed with a Deming regression – see Fig. S1)
had intercept compatible with zero (within 95% confidence interval)
and a slope (i.e. the Ccorr) of 2.66 that was used to correct the AE33
absorption coefficients at all wavelengths, following the approach de-
veloped by Collaud Coen et al. (2010) and neglecting the possible
wavelength-dependence as controversial results are reported in the
literature so far.

The corrected σa(λ) from AE33 data were then calculated as:
σa,corr(λ) = σa(λ)·C/Ccorr = σa(λ)·1.57/2.66.
For the sake of simplicity, σa,corr(λ) calculated with this procedure

will be referred to as σa(λ) in the following.

3.2. Intensive optical parameters

Wavelength dependences of scattering and absorption coefficients,
represented respectively by Scattering Ångström Exponent (SAE) and
Absorption Ångström Exponent (AAE), have been used in literature
(e.g. Cazorla et al., 2013; Cappa et al., 2016) to distinguish different
aerosol types. Indeed, while SAE is mainly related to particle size, AAE
is more linked to aerosol composition, even though it is influenced by
particle size distribution as well. Consequently, the combination of
these two parameters (SAE and AAE) can provide information about the
origin and properties of the studied aerosol.

In order to highlight possible stronger or weaker dependences of
optical properties in some spectral regions, SAE and AAE were here
calculated at different wavelength pairs. SAE(λ1,λ2) and AAE(λ1,λ2)
were thus obtained as

=SAE( , ) ln( ( )/ ( ))
ln( / )1 2
s 1 s 2

1 2

=AAE( , ) ln( ( )/ ( ))
ln( / )1 2
a 1 a 2

1 2

where λ1 < λ2.
With a similar equation Extinction Ångström Exponent EAE(λ1,λ2)

was also inferred from extinction coefficients σe(λ) calculated at
Nephelometer wavelengths (i.e. 450, 525, and 635 nm) as
σe(λ) = σa(λ) + σs(λ).

Due to the difference in the operating wavelengths of in-
strumentation used for measurements of scattering and absorption
properties, σa(λ) was reported to 450, 525, and 635 nm (i.e. the three
operating λs of the Nephelometer). Since the absorption coefficient
wavelength dependence can be represented by a power law (σa(λ)~λ-

AAE) with good approximation, the quantity AAE(fit) was calculated via
a power-law fit of all 7-λ σa(λ) to exploit all the available absorption
spectral range.

For each of the three operating λs of the Nephelometer, the re-

sulting σa(λ) was then obtained as = ( )( ) ( )a a ref
AAE(fit)

ref
where

λref is the nearest wavelength at which absorption data were available
(i.e. 470, 520, and 660 nm for the AE33).

To better analyse the spectral behaviour of σa(λ), the variation in
AAE calculated employing different wavelength pairs was considered as
the AAE itself may vary with the wavelength (Eck et al., 1999; Schuster
et al., 2006; Moosmüller and Chackabarty, 2011). Indeed, even though
the absorption wavelength dependence is usually represented by a
simple power law, it has to be noted that especially when different
aerosol components (e.g. Black Carbon, Brown Carbon and mineral
dust) contribute to light absorption, the spectral behaviour can be more
complicated; this feature is commonly referred to as spectral curvature.

The parameter used to quantify this effect will be hereafter referred
to as dAAE(λ1,λ2,λ3); it represents the spectral curvature of σa(λ),
computed as the derivative of AAE as a function of ln(λ). This calcu-
lation is similar to the one performed to obtain the curvature of Aerosol
Optical Depth (AOD) often used by the AERONET network as a proxy
for particle size (Kaufman, 1993; Eck et al., 1999; Schuster et al., 2006).
Therefore, dAAE(λ1,λ2,λ3) was calculated as:

=dAAE( , , ) 2· AAE( ) AAE( )
ln( / )1 2 3

1 2 2 3

3 1

where λ1 < λ2 < λ3.
It is noteworthy that several dAAE were calculated using different λ

combinations. Finally, dAAE(450,635,880) was selected as it responded
well to absorption spectral variations. The 450–880 nm range was
preferred to 370–950 nm interval in order to limit the possible bias
reported by Zotter et al. (2017) at the shortest wavelength of 370 nm
and because λ = 880 nm is the reference λ used by the Aethalometer to
retrieve eBC concentration. In addition, AAE calculated using also
370 nm did not show a response to specific aerosol types as significant
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as the one obtained when using 450 nm.
Aerosol absorption coefficients corrected for multiple scattering and

adjusted for different wavelengths were also used to calculate the Single
Scattering Albedo (SSA), representing the fraction of light extinction
that is scattered. In the present work, SSA was retrieved at 450, 525,
and 635 nm as SSA(λ) = σs(λ)/σe(λ).

As pointed out by some authors (e.g. Moosmüller and Chackabarty,
2011; Costabile et al., 2013; Ealo et al., 2016; Titos et al., 2017) also the
SSA wavelength dependence might be useful to give hints of variations
in aerosol size and composition, as it responds to both physical and
chemical properties. Specifically, dSSA/dλ can serve as an indicator of
the aerosol type especially at sites where Saharan dust transport events
are detected (Collaud Coen et al., 2004; Yang et al., 2009; Costabile
et al., 2013; Romano et al., 2019). For instance, Valenzuela et al. (2015)
exploited spectral SSA to distinguish between so-called dust or non-dust
periods, i.e. periods influenced or not by advections of aerosol from the
Sahara desert.

Single Scattering Albedo Ångström Exponent (SSAAE) was also
computed following Moosmüller and Chackabarty (2011):

=SSAAE( , ) SAE( , ) EAE( , )1 2 1 2 1 2

Indeed, as σs(λ) ≈ s·λ-SAE and σe(λ) ≈ e·λ-EAE (where s and e are
constants), it follows:

= = =SSA( ) ( )
( )

s
e

· s
e

· s
e

·s

e

SAE

EAE
(SAE EAE) SSAAE

Since extinction is usually dominated by scattering, SSAAE is likely
the difference between two quantities (SAE and EAE) with comparable
values. For this reason, in most cases SSA is expected to have a weak
wavelength dependence and high uncertainties; therefore, it was not
taken into account here. Opposite, the single scattering co-albedo
SSCA = 1-SSA = σa(λ)/σe(λ) has a wavelength dependence which can
be represented by the Single Scattering Co-Albedo Ångström Exponent
(SSCAAE) (Moosmüller and Chackabarty, 2011), here computed as

=SSCAAE( , ) AAE( , ) EAE( , )1 2 1 2 1 2

It is noteworthy that co-albedo wavelength dependence does not
depend on the relative contribution of absorption to extinction but only
on the difference in their wavelength dependence. Moreover, being EAE
comparable with SAE in most cases, SSCAAE is sensitive to both particle
size (via EAE) and composition (through AAE), thus it is itself a com-
bination of intensive optical properties describing different aerosol
characteristics.

SSAAE shows the same features too but the range of variability of its
absolute values is small compared to SSCAAE for typical atmospheric
conditions (i.e. SSA > 0.5); thus, in this work SSCAAE was preferred as
more effective in discriminating aerosol with different characteristics
detected during specific episodes (see Section 4.1).

For all optical parameters calculated with two wavelengths, the
widest Nepehlometer λ range (450–635 nm) was used to avoid extra-
polation of σs(λ) from 635 nm to 880 nm. Indeed, calculations per-
formed with other couples of wavelengths (450–525 and 525–635) did
not show significantly different features; the upper limit at 880 nm was
considered for dAAE calculation only.

For the sake of clarity, Table 1 reports a synthesis of the optical
parameters used in this work and their definitions.

3.3. Optical source apportionment

To further confirm the identification of aerosol types (see Section
4.1.2), the well-known Aethalometer model (for detail see e.g.
Sandradewi et al., 2008) was applied to estimate the fossil fuel (FF) and
biomass burning (BB) contributions to the measured absorption coef-
ficient. Indeed, the availability of multi-wavelength absorption coeffi-
cients by the AE33 allowed the apportionment of such contributions
using AAE(FF) = 0.9 and AAE(BB) = 1.68, as suggested by Zotter et al.
(2017) when site-specific values are lacking.

4. Results and discussion

In the following, a detailed analysis of temporal patterns for in-
tensive optical properties taken into account for aerosol classification is
reported.

4.1. Temporal patterns of aerosol intensive optical properties – episodes and
aerosol types identification

Temporal patterns of 1-h averaged SSCAAE(450,635), SAE(450,635),
AAE(450,635), dAAE(450,525,635), and dAAE(450,635,880) are shown
in Fig. 1. High time-resolution temporal behaviour for multi-wavelength
scattering, absorption coefficients, and SSA, together with concentration
of chemical components and particle number in different size ranges can
be found in the Supplementary Material.

As discussed in Section 3, SSCAAE is sensitive to both particle size
and composition, thus very high or low values are likely indicative of
aerosol with particular properties. During the CARE experiment,
SSCAAE had a median value of 0.2 and the 5th and 95th quantiles equal
to −0.1 and 1.2, respectively. Interestingly, in some periods SSCAAE
values appeared significantly higher than the median value for the
campaign; three events with SSCAAE(450,635) values larger than 1
occurred on 3–6 February (hereafter referred to as first episode), 24–25
February (hereafter referred to as second episode), and for a few hours
in the afternoon of February 26th (hereafter referred to as third epi-
sode).

Temporal patterns of SAE, AAE, and dAAE calculated with two λ
triads (exploring different wavelength ranges) were analysed to look for
different responses of these intensive properties among the three events
during which SSCAAE was almost the same.

Comparing several intensive optical properties (Fig. 1), it was evi-
dent that the three episodes identified via SSCAAE temporal pattern
represented events with different characteristics. In particular, SAE had
significant lower values during the first two events and AAE was low in
the period 3–6 February, higher during the second episode, and reached
its absolute maximum in correspondence to the last one. The absorption
spectral curvature dAAE(450,635,880) resembled the AAE(450,635)
pattern, whereas dAAE(450,525,635) was not sensitive to the event
occurring between February 24th and 25th.

In the next sections, episodes detected looking at intensive optical

Table 1
Intensive optical parameters used in this work.

Parameter name Definition Symbol

Single Scattering Albedo σs(λ)/σe(λ) SSA(λ)
Single Scattering co-albedo σa(λ)/σe(λ) = 1-SSA(λ) SSCA(λ)
Scattering Ångström Exponent -ln[σs(λ1)/σs(λ2)]/ln(λ1/λ2) SAE(λ1,λ2)
Absorption Ångström Exponent -ln[σa(λ1)/σa(λ2)]/ln(λ1/λ2) AAE(λ1,λ2)
Extinction Ångström Exponent -ln[σe(λ1)/σe(λ2)]/ln(λ1/λ2) EAE(λ1,λ2)
Absorption spectral curvature 2[AAE(λ1,λ2)-AAE(λ2,λ3)]/ln(λ3/λ1) dAAE(λ1,λ2,λ3)
Single Scattering co-albedo Ångström Exponent AAE(λ1,λ2)-EAE(λ1,λ2) SSCAAE(λ1,λ2)
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parameters will be analysed in detail in order to distinguish the aerosol
origin and physical-chemical characteristics responsible for the ob-
served features in optical properties. In particular, periods char-
acterised by advection-dominated and local sources-dominated aerosols
will be addressed with the aim of checking the effectiveness of SSCAAE
as the key parameter to quickly identify the presence of specific aerosol
events.

4.1.1. Advection-dominated aerosol types
As already mentioned, the first episode was characterised by high

SSCAAE values especially between February 3rd and 6th. As shown in
Fig. 1, SAE(450,635) was low (below 0.5), indicating the predominance
of large particles. Moreover, SSA(λ) was quite high (above 0.8) and
exhibited a negative wavelength dependence (Fig. S4) thus further
suggesting a significant contribution of particles with large diameters,
as also reported by Takemura et al. (2002) for desert dust and sea salt
(with a weaker wavelength dependence). During this period σa(λ) was
low (see Fig. S3) and AAE(450,635) was small (about 1.3), thus sug-
gesting that the absorption spectral behaviour was dominated by Black
Carbon (BC) contribution from local fresh traffic emissions, typically

associated to AAE = 1, as also shown by Costabile et al. (2019). Finally,
both dAAE(450,525,635) and dAAE(450,635,880) were lower than the
campaign average, confirming a weak wavelength dependence of the
absorption coefficient.

All these data together were suggestive of a sea salt advection epi-
sode; indeed, sea salt aerosol is generally characterised by quite large
particles (from 0.5 to tens of micrometres – Ramachandran, 2018) and
it does not typically contribute to σa(λ) wavelength dependence due its
negligible absorption coefficient. The attribution to a desert dust event
(that can show similar SAE values) was excluded as higher AAE values
are typically observed for this aerosol type (as explained in the fol-
lowing).

The sea salt transport episode identified through optical parameters
was confirmed by particle number in different size ranges and chemical
composition data.

Total particle number in the ranges 1 μm < da < 2.5 μm and
2.5 μm < da < 10 μm - that will be referred to as intermodal and
coarse fractions, respectively - was calculated. From February 3rd to
February 6th a large increase in number concentration of the inter-
modal and coarse fractions was observed in agreement with the

Fig. 1. Temporal patterns of SSCAAE(450,635), SAE(450,635), AAE(450,635), dAAE(450,635,880), and dAAE(450,525,635) during the CARE campaign.
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indication given by SSA wavelength dependence and consistently with
results shown by Costabile et al. (2019).

During the sea salt episode, particle number concentrations in the
intermodal and coarse size fractions were higher and sub-micrometric/
intermodal ratio was lower (both of one order of magnitude) than in the
rest of the campaign. It is noteworthy that during the period 3–6
February three sub-events were identified due to significant differences
in aerosol properties. Indeed, the ratio of intermodal/coarse fractions
was similar to previous days until the late afternoon of February 3rd
(even though concentration of super-micrometric aerosol is already
high), it subsequently peaked in the evening of February 4th and in-
creased again in late morning in February 5th. It is noteworthy that
these sub-events can also be detected by a more detailed analysis of
SSCAAE, exhibiting a first small peak contemporary to the period of
stable intermodal/coarse ratio on February 3rd, and two periods with
values higher than 1 interrupted by a minimum corresponding to low
SSA values and an increasing number concentration of sub-micrometric
particles compared to the one in intermodal and coarse size fractions
(Fig. S8).

A focus on chemical composition can be seen in Fig. 2, that re-
presents temporal patterns of Na, Mg, Cl, V, Ni and S concentrations
measured by PIXE analysis on PM2.5 streaker samples.

The sea salt advection episode (see Fig. 2) was characterised by a
simultaneous increase in Na, Cl, and Mg concentrations - reaching
1158, 2518, and 362 ng/m3, respectively - compared to average values
of 92, 38, and 33 ng/m3 detected during the rest of the campaign. Sea
salt aerosol fresh emissions are typically identified through diagnostic
ratios for bulk sea water (Seinfeld and Pandis, 1998), e.g. Cl/Na (1.8)
and Mg/Na (0.12). It has to be noted that sea salt Cl in aerosol particles
can be depleted due to heterogeneous reactions with other compounds
occurring in the atmosphere (Seinfeld and Pandis, 1998), whereas Mg
and Na are not involved in these processes; as a consequence, the Cl-to-
Na ratio measured in sea salt aerosol can be lower than the one cal-
culated based on bulk sea water composition, while Mg-to-Na ratio is
maintained. As Na and Mg can be originated by multiple sources (e.g.
sea salt, crustal material, industrial processes), when using the above
mentioned diagnostic ratio only the contribution to the concentration
of these elements due to sea salt should be taken into account. In this
work, the elemental concentration was assessed by PIXE, therefore the
concentration of sea salt Na (ssNa) was calculated following Diapouli
et al. (2017). During the first episode, the ssNa-to-Na ratio was on
average 0.95 ± 0.04, therefore the total Na concentration was used to
calculate diagnostic ratios, to avoid further uncertainties related to
assumptions in the ssNa calculation. In the first sub-event (February

3rd) Mg-to-Na ratio (0.16 ± 0.08) was fairly in agreement with the
expected value of 0.12 while Cl-to-Na ratio was much lower
(0.06 ± 0.02) than the one expected for fresh sea salt. The diagnostic
ratios were thus suggesting that aged sea salt particles impacted on the
sampling site and that Cl was likely depleted by atmospheric re-
processing during the plume transport (Seinfeld and Pandis, 1998).
Indeed, on February 3rd (afternoon) peaks in V, Ni, and S concentra-
tions - well known tracers for ship emissions (Viana et al., 2009) - were
also registered. These chemical fingerprints confirmed that this first
sub-event corresponded to the impact of a plume of aged and polluted
marine aerosol.

An increase in SSCAAE and peaks in Cl, Na, and Mg concentrations
characterised the second sub-event (February 4th). The Cl/Na and Mg/
Na ratios were 1.79 ± 0.75 and 0.14 ± 0.01, respectively, i.e.
comparable to diagnostic ratios for fresh sea salt. In this episode no
significant contribution from anthropogenic components (e.g. V, Ni,
EC) was observed, thus indicating the advection of clean marine air
mass to the sampling site.

On February 5th, a third SSCAAE peak was registered and the
aerosol characteristics were similar to the previous period but for
smaller Cl/Na ratio (0.88 ± 0.38) and concentrations of S, V, and Ni,
thus indicating the aging of the sea salt aerosol reaching the CARE site.

In between the second and third peak, a decrease in SSCAAE
(Fig. 1), SSA (Fig. S4), and concentrations of typical sea salt compo-
nents together with increases in EC and σa(λ) accounted for a tem-
porary predominance of local urban emissions, as further confirmed by
a corresponding decrease in wind speed (not shown).

The assignment of the observed properties to the advection of
marine aerosol was also supported by back trajectory analysis (see Fig.
S9).

The SSCAAE peak (Fig. 1) registered between February 24th and
25th highlighted the second episode, when low SAE(450,635) (below
0.5) and high AAE(450,635) (above 1.5) were also observed. In addi-
tion, a different response by dAAE(450,635,880) and dAAE
(450,525,635) was recorded with high and low values, respectively,
thus pointing at the smaller absorption spectral curvature at longer
wavelengths compared to the shorter ones. In the literature, SAE with
values comparable to zero have often been reported as an indication of
desert dust detected at the studied site (e.g. Andreae et al., 2002; Yang
et al., 2009; Costabile et al., 2013; Ealo et al., 2016; Titos et al., 2017;
Lihavainen et al., 2017; Horvath et al., 2018; Romano et al., 2019).
Indeed, SAE is linked to particle size (as described in Section 3) and
desert aerosol is generally characterised by a large-sized particle con-
tribution greater than in typical urban background PM. Advection

Fig. 2. Concentrations of Na, Mg, Cl, V, Ni, and S in PM2.5 during the CARE campaign.
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events of desert aerosol have usually been associated to AAE sig-
nificantly larger than one (in the range 1.2–3.5 – Collaud Coen et al.,
2004; Fialho et al., 2006; Yang et al., 2009; Lee et al., 2012; Costabile
et al., 2013; Lihavainen et al., 2017; Romano et al., 2019), in contrast to
sea salt aerosol (exhibiting similar SAE but lower AAE). Moreover, it
has been shown (e.g. Collaud Coen et al., 2004; Yang et al., 2009) that a
non-negligible SSA wavelength dependence and more specifically ne-
gative SSAAE values, can be attributed to the predominance of large
particles, usually associated with desert dust.

All these considerations, together with the combined temporal
patterns of different optical properties (see Figs. 1, S2, S3, S4) were
suggestive of an episode of desert dust transported to the CARE sam-
pling site between February 24th and 25th. To confirm the hypothesis
of a Saharan dust transport, size-segregated particle number and che-
mical composition were also investigated. The sub-micrometric/inter-
modal ratio showed a sharp decrease compared to days close in time
and concentration of dust elemental tracers showed a huge increase
(Fig. 3) (Nava et al., 2012; Gobbi et al., 2019).

Back-trajectory analysis evidenced that the air mass reaching the
CARE site during the night between February 24th and 25th had passed
over the Sahara desert at ground level on February 22nd and then
reached the sampling site after crossing the Mediterranean at higher
altitudes (see Fig. S10).

4.1.2. Local sources dominated aerosol types
Another feature shown by SSCAAE was a narrow peak on February

26th afternoon (Fig. 1), when smoke was seen by researchers working
at the CARE site. Indeed, around 13:00 (LT) a large amount of smoke
was noticed at Stadium Caracalla and at 18:00 (LT) smoke was smelled
at Terme di Caracalla, nearby the CARE sampling site.

As shown in Fig. 1, during this episode AAE(450,635) reached its
highest value indicating the presence of relatively small particles (SAE
was about 1) with an absorption wavelength dependence stronger than
the one of BC. This was likely due to the presence of Brown Carbon
(BrC) and it was consistent with the presence of combustion-generated
emissions. As reported in Fig. 4, a sharp increase in the biomass burning
tracer BBOA was observed during the event (Fig. 4); it is noteworthy
that the concomitant occurrence of AAE(450,635) and dAAE
(450,635,880) peaks reinforced the attribution to a short fire episode
characterised by absorbing particles with a stronger absorption at
shortest wavelengths. The Radon temporal pattern (Fig. S11) revealed
that the fire episode occurred during well-mixed atmospheric condition
(low Radon values) while soon after a strong atmospheric stability af-
fected the monitoring site thus promoting the pollutants accumulation

(high Radon values and BBOA peak).
The central part of the CARE campaign (from February 11th to

22nd) was characterised by atmospheric stability (see Fig. S11), with
low wind speeds and clear sky. During this period, high σa(635) values
(> 50 Mm-1) especially in the evening were recorded. Low SSA(635)
values (very often below 0.8), SSCAAE(450,635) < 0.65 and mean
SAE(450,635) and AAE(450,635) values of 1.33 ± 0.19 and
1.57 ± 0.23, respectively, were observed. These aerosol character-
istics pointed at a mixture of local emissions from traffic rush hours and
biomass burning used for domestic heating. Indeed, the SAE and AAE
values indicated a dominance of small particles with quite a strong
absorption wavelength dependence, as the one caused by BrC. In the
central period of the campaign wind speed was low (average ±
standard deviation: 1.46 ± 0.89 m/s) suggesting a major role of local
aerosol sources.

Multi-wavelength high-time resolved absorption coefficient data
were used to perform an optical source apportionment through the
well-known Aethalometer model (see Section 3). The two sources
considered in the model (fossil fuels - FF and biomass burning - BB)
should give the highest contributions at 880 nm and 450 nm (i.e. the
longest and the shortest wavelengths used here for aerosol absorption

Fig. 3. On the left: concentrations of Al, Si, and Fe in PM2.5. On the right: Ratio of sub-micrometric/intermodal particle number. The period represented refers to the
Saharan dust episode.

Fig. 4. Temporal patterns of AAE(450,635), dAAE(450,635,880), and BBOA
concentration during the biomass burning event of February 26th, 2017.
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properties) due to the different absorption spectral dependence of
aerosol particles emitted by FF and BB. Therefore, σa(880)(FF) and
σa(450)(BB) were taken as representative parameters for periods
dominated by traffic and biomass burning emissions, respectively, as
also confirmed by the similarity in temporal patterns of HOA and BBOA
(Fig. 5).

Increased concentration of EC and HOA, typically associated to
traffic emissions, were detected as well (Figs. S6 and S7).

In Fig. 6 diurnal cycles of number concentration for ultrafine par-
ticles (< 0.1 μm in size, UFPs) and for particles in the size range
0.1–1 μm during working days are shown; as expected, UFPs peaked
during traffic rush hours, confirming that the dominant contribution
during these hours was given by very small particles from fresh vehi-
cular emissions. In addition, particles in the 0.1–1 μm size fraction
showed similar peaks but remained higher during the night, probably
due to the effect of emissions from domestic heating combined with the
daily evolution of the boundary layer height.

4.2. Graphical aerosol classification schemes

Some aerosol classification schemes based on the combination of
aerosol properties will be presented in the following with the aim of
providing graphical tools that can be useful to quickly distinguish
specific events out of a complex dataset comprising optical variables.

Ranges of intensive optical properties allowing to best discriminate
among aerosol types identified during the CARE campaign were derived
based on the comprehensive analyses previously reported.

In Table 2 ranges of the optical parameters used to classify each type
are listed; all the reported conditions should be met in order to robustly
identify different aerosol types.

In this work, six main aerosol types were classified. The identifi-
cation of aerosol particles originated by vehicular traffic and biomass
burning during the atmospheric stable period (see Section 4.1.2) was
the most difficult task as the intensive optical properties were not suf-
ficient to discriminate the two aerosol types. Therefore, the information
retrieved by the Aethalometer model (see Sections 3 and 4.1.2) was

added to identify periods when aerosol was dominated by traffic or
biomass burning emissions.

Together, the polluted and the clean marine air masses advected to
the sampling site occurred in 7.9% of the cases (i.e. whole CARE da-
taset); desert dust data covered 2.7% of the cases; data referring to the
fire event were 0.3% of the cases; traffic and biomass burning data
represented 20.6% and 17.2% of the cases, respectively.

Fig. 5. Top panel: Temporal patterns of σa(880)(FF) and HOA concentration. Bottom panel Temporal patterns of σa(450)(BB) and BBOA concentration. Absorption
coefficients were averaged over 1 h to match OAs time resolution. Only data in the central part of the campaign (February 11–22) are represented.

Fig. 6. Diurnal variation (normalised, in local time) of particle number con-
centration for UFPs and particles in the 0.1–1 μm size fraction. Data refer to the
central part of the campaign (February 11–22).
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Table 3 reports ranges of AAE, SAE, and SSA that were used in
previous studies to classify aerosol types. Indeed, AAE and SAE were the
most commonly employed parameters, usually combined to assess
aerosol origin. In some works, information about SSA was added to help
the distinction.

Table 3 shows that AAE and SAE values used in this study are
generally in agreement with literature values; differences may be due to
the wavelengths used in the calculation of intensive optical properties,
as well as to the fact that columnar or in-situ properties are employed. It
has to be noted that episode-discriminating values reported in Table 2
are in principle wavelength-dependent, thus they are expected to be
different if other wavelengths are employed for the calculation of in-
tensive optical properties. Moreover, they may differ depending on the
location and season, due to the mixing of pure aerosol types with local
emissions, that could affect optical properties. Therefore, in the per-
spective of using such approach in monitoring networks, it is strongly
suggested to perform a preliminary study to check the most suitable
ranges of optical variables. Nevertheless, graphical frameworks pre-
sented in the following can serve as guides to identify possible episodes
simply observing where data are located in each plot.

After identification and selection of the events, data with 5-min
resolution were represented in some graphical schemes. In Figs. 7 and

8, the left panel represents data classified as a particular aerosol type
according to the methodology described above, whereas the right panel
shows the rest of the data (not classified). Data points belonging to
different aerosol types are distinguished using different symbols.

4.2.1. AAE vs SAE plot
AAE vs. SAE plot was originally developed in literature for data

retrieved from the AERONET network (Russell et al., 2010) and then
refined by Cazorla et al. (2013). Other authors (e.g. Cappa et al., 2016;
Romano et al., 2019) applied the same methodology to in-situ ground-
based data. The graphical classification scheme in Fig. 7 is the AAE vs
SAE plot, colour-coded by SSA(635) following Costabile et al. (2013).

As expected from the values reported in the look-up table (Table 2),
when representing episodes in a plane, the corresponding data points
are placed in different areas. It can be noted that “ship”, “sea”, “dust”
and “fire” data are largely not mixed with non-classified data in the
respective plot areas, as emerges also from Fig. 7 (right panel), where
some zones of the graph are not covered by points. Points classified as
“ship” or “sea” (i.e. marine air masses) are the majority of data in the
area defined by (SAE < 0.8 and AAE < 1.5); they were considered
together since they are mixed in the graphical scheme. “Traffic” and
“BB” points, although not completely overlapped, are also mixed with

Table 2
Ranges of optical parameters useful to classify aerosol types. σa is given in Mm-1. Note that “dust” stands for desert aerosol; “sea” and “polluted marine” stand
respectively for the first sub-event and the second and third sub-events of the sea salt aerosol advection episode; “fire” stands for the short biomass burning episode;
“traffic” indicates periods dominated by traffic emissions; “BB” indicates periods dominated by the contribution of biomass burning for residential heating.

Aerosol type SSCAAE (450,635) SAE (450,635) AAE (450,635) dAAE (450,635,880) dAAE (450,525,635) SSA (635) σa (450)(BB) σa (880)(FF)

Dust > 0.6 < 0.4 > 1.5 > 1.6 < 0.2 > 0.8 – –
Sea > 0.6 < 0.4 < 1.5 < 1.7 < 0.2 > 0.8 – –
Polluted marine 0.6–0.9 0.3–0.8 < 1.5 1.0–1.5 −1.0-0.0 > 0.9 – –
Fire > 0.8 > 0.7 > 1.8 > 2.0 > 0 – – –
Traffic < 0.2 – – – – < 0.85 – > 8
BB < 0.65 – – – – – > 20 –

Table 3
AAE, SAE and SSA values used to classify aerosol types in literature works and this study.

Reference Columnar/in situ properties Wavelengths (nm) Aerosol type AAE SAE SSA

Bahadur et al., 2012 Columnar (AERONET) 440, 675 Dust > 1.5 < 0.5 –
Biomass burning 0.5–2 1–2 –
Urban fossil < 1.5 0.5–2 –

Cazorla et al., 2013 Columnar (AERONET) 440, 675 Dust > 1.5 < 1
Coated large particles < 1 < 1.5 –
OC dominated > 1.5 > 1.5 –
EC dominated < 1 > 1.5 –

Cappa et al., 2016 In-situ 532, 600 (AAE)
450, 550 (SAE)

Dust > 2 < 0.2 –
Large particle/low absorption mix < 1 < 1 –
Strong BrC > 2 > 1.5 –
BC dominated 1.0–1.5 > 1 –

Costabile et al., 2013 In-situ 467, 660 (SSA at 530 nm) Dust 2 < 0.5 > 0.85
Marine > 2 < 0.5 > 0.95
BC dominated < 1.5 > 2 < 0.8
Brown carbon > 2.5 0.5–2 > 0.9

Schmeisser et al., 2017 In-situ 450, 700 Biomass burning < 2 1–3 < 0.85
Dust > 1.5 < 1 –
Polluted marine 0.9–1.4 0.7–1.7 –
Remote marine 0.5–1.5 < 1 –

Romano et al., 2019 In-situ 470, 660 Continental polluted 1–1.5 > 1.4 –
Dust > 2 < −0.2 –
Marine < 1.2 < 0 –

Rupakheti et al., 2019 Columnar (AERONET) 440–870 (EAE instead of SAE, SSA at 675 nm) Dust 1.0–3.0 0.0–0.4 0.88–0.96
Biomass burning 1.1–2.3 0.8–1.7 0.82–0.91
Urban/Industrial 0.6–1.3 0.8–1.6 0.89–0.96

This study In-situ 450, 635 (SSA at 635 nm) Dust > 1.5 < 0.4 > 0.8
Sea < 1.5 < 0.4 > 0.8
Polluted marine < 1.5 0.3–0.8 > 0.9
Fire > 1.8 > 0.7 –
Traffic < 1.7 > 0.7 < 0.85
BB > 1.5 > 1.0 –
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each other, reflecting the mixture of local sources contributing to at-
mospheric aerosol during the central part of the experiment.

The AAE vs SAE plot together with the third coordinate (SSA)
helped in the visual discrimination of episodes, even though no ideal
SAE, AAE, and SSA ranges were found to correctly classify the first sea
salt advection (dominated by ship emissions) without the combined use
of SSCAAE and dAAE, that allowed to distinguish this aerosol sub-type.

Therefore, a detailed analysis of temporal patterns of different in-
tensive optical properties (especially SSCAAE) gives a more complete
set of information which can be used to distinguish all the events that

may have occurred during a campaign. Moreover, for more complex
mixtures of aerosol from different sources (when atmospheric stability
occurs), the additional information from high-time resolved extensive
optical properties is necessary to separate the dominant contribution.

4.2.2. SSCAAE vs dAAE plot
The second graphical framework proposed is a SSCAAE vs dAAE

plot (Fig. 8), colour-coded by SSA(635). As far as the authors know, no
other study has used a similar scheme to distinguish episodes and
aerosol types.

Fig. 7. AAE vs SAE plot colour-coded by SSA(635). On the left: data related to an aerosol type. On the right: all the remaining – i.e. non classified – data. Different
symbols represent data of identified aerosol types. BB stands for biomass burning. Note that “ship” stands for the polluted marine event and “fire” for the short
biomass burning event.

Fig. 8. SSCAAE vs dAAE plot colour-coded by SSA(635). On the left: data related to an aerosol type. On the right: all the remaining – i.e. non classified – data.
Different symbols represent data of identified aerosol types. BB stands for biomass burning. Note that “ship” stands for the polluted marine event and “fire” for the
short biomass burning event.

S. Valentini, et al. Atmospheric Research 235 (2020) 104799

10



This new scheme (Fig. 8) confirmed the potential of SSCAAE as a
key parameter for episodes identification. Indeed, except for urban
aerosol, all the other aerosol types were characterised by SSCAAE
(450,635) > 0.5. The combination with dAAE(450,635,880) helped to
discriminate events, since this parameter responds to non-uniform ab-
sorption spectral dependence that can be different for episodes with
similar SSCAAE values. For instance, this was the case of “sea” and
“fire” aerosol types, characterised respectively by mean SSCAAE
(450,635) equal to 1.16 ± 0.18 and 1.05 ± 0.17 and mean dAAE
(450,635,880) of 1.25 ± 0.21 and 2.65 ± 0.39, respectively.

Also in this case episodes are placed in different regions of the plane
and some areas are not well covered by data points when considering
only non-classified data (Fig. 8 – right). In this graphical framework
some aerosol types (in particular “dust”, and to a less extent “fire”)
show an almost linear relationship between SSCAAE and dAAE. Finally,
local-sources dominated periods are characterised by an almost λ-in-
dependent co-albedo (SSCAAE ≈ 0) and by an increase in the absorp-
tion spectral curvature as the contribution of biomass burning emis-
sions increases compared to the one from vehicular traffic.

The SSCAAE vs dAAE plot and AAE vs SAE plot are useful to provide
a first hint about episodes and aerosol typologies. Nevertheless, 2D
plots areas do not correspond uniquely to different aerosol types;
especially aerosol mixtures impacted by local sources are not distin-
guishable from not classified data, since zones where the two popula-
tions are located in the plots overlap. This is a limitation of 2D plots
when plotting all data (both classified and unclassified) together as
urban aerosol mixtures produce a cloud of points comprehending both
traffic- and biomass burning-related emissions. In complex situations, it
is the separate study of temporal patterns of all the intensive optical
parameters (SSCAAE, SAE, AAE, and dAAE) that can provide further
information to distinguish aerosol with different origins.

5. Conclusions

Aerosol physical-chemical and optical properties measured at high
time resolution during the CARE experiment were analysed to classify
different aerosol types, both from advection episodes and by local
source emissions.

In particular, this study was focused on multi-wavelength optical
properties measured by widespread on-line instrumentation (i.e.
Nephelometer, Aethalometer, and MAAP). It has to be noted that, when
analysing such kind of data, attention has to be paid to their inter-
pretation and elaboration, since they require non-negligible corrections
to take into account biases due to the filter matrix (e.g. for the
Aethalometer) and for truncation effects (for the Nephelometer).

In this work, scattering and absorption coefficients were employed
to obtain several intensive optical parameters. At the CARE monitoring
site, the wavelength dependence of the co-albedo (SSCAAE) was the
most effective parameter in discriminating between aerosol particles
dominated by air masses advection or influenced by local emissions;
SSCAAE can be, therefore, a good candidate to be tested in similar
studies in the future. Nevertheless, even exploiting the high time re-
solution, only a combination of several optical properties led to a better
classification of different aerosol types. Chemical composition and size
distribution data were employed to confirm the advection episodes and
aerosol types identified by the optical parameters. Due to difficulties in
disentangling local source emissions impacting on aerosol properties in
atmospheric stagnant conditions, the well-known Aethalometer model
was applied which helped in identifying the contribution of traffic and
biomass burning to the absorption coefficient measured at different
wavelengths.

Graphical classification schemes developed in this work represented
useful tools to get a first classification of aerosol particles based on
optical intensive parameters for specific aerosol advection events. At
the same time, this work clearly showed that a more robust aerosol
classification can be obtained by observing temporal patterns of optical

parameters. Although based on the analysis of few episodes, the com-
plete aerosol chemical speciation and the availability of number size
distributions confirmed the nature of the episodes detected by optical
parameters.

The methodology here applied can be replicated at any site to
generate specific look-up tables or using the one reported in this work
at sites with similar characteristics; this approach can be useful to
discriminate in near-real-time between pollution vs. natural sources-
driven high PM events in environmental monitoring networks using
optical parameters only. Of course, this procedure is much simpler than
e.g. the methodology officially accepted by the European Commission
(see e.g. Querol et al., 2019) to estimate the African dust outbreaks but
provides hints also on the impact from other aerosol sources.
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