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Aerosol absorption parameters were investigated in this study using the measurements performed by an
aethalometer during a monitoring campaign from December 2021 to July 2022 in a suburban area in south-
eastern Italy. The aerosol absorption coefficient was compared to both PM2.5 and NO; concentrations from
two nearby stations (a rural and an urban site). Different seasonal evolutions were identified for these extensive
parameters, even if they also showed a common feature because all these parameters presented a higher vari-
ability in winter due to the highly variable meteorological conditions during that season. Intensive parameters
like the aerosol absorption Angstrém exponent and the PM2.5/PM10 ratio were also investigated showing the
effects of wood burning from domestic heating and of vehicular traffic, especially both in the urban and in the
suburban site. Then, the weekly evolution of both selected extensive and intensive parameters was also analyzed
to identify potential impacts due to the weekly cycle of human activities. Most of the selected parameters pre-
sented a significant increase starting from Tuesday to Friday and then they generally decreased during the
weekends due to the relevant reduction of the human activities. The selection of different types of monitoring
sites (urban, suburban, and rural) and temporal scales (seasonal and weekly) has been proved for a proper
characterization of the aerosol absorption properties at the monitored area due to its geographical location at the
center of the Mediterranean area.

1. Introduction

One of the main atmospheric components among aerosol particles
with light-absorbing properties is generally represented by elemental
carbon (EC), also known as black carbon (BC). It has a significant effect
on Earth’s climate due to its contribution to atmospheric warming,
which is in turn associated with glacier melting and perturbations in
atmospheric circulation (e.g., Liithi et al., 2015; Wang et al., 2020;
Kaskaoutis et al., 2021). Open biomass burning (40%), diesel emissions
(27%), and domestic solid-fuel combustion (25%) largely represent the
most common sources of BC particles, according to Bond et al. (2013).
Both BC and the other component of carbonaceous aerosols, referred to

as organic carbon (OC), are generally identified within the aerosol fine
mode (e.g., Wu et al., 2018; Kompalli et al., 2020). Their main sources
are associated with various anthropogenic activities such as road traffic,
industrial emissions, biomass burning, and some secondary processes in
the atmosphere (Yan et al., 2018; Conte et al., 2020). Contrary to what is
generally found for BC, OC is instead mainly characterized by light
scattering properties, although it may also present absorption properties
at UV wavelengths (e.g., Kaskaoutis et al., 2021). In fact, in this way it is
defined the so-called brown carbon (BrC), which represents the
light-absorbing component of OC (e.g., Laskin et al., 2015; Tang et al.,
2016; Costabile et al., 2017; Pandey et al., 2020), with potential sig-
nificant contributions also to radiative forcing as proved by some recent
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studies (e.g., Saleh et al., 2015; Zhang et al., 2017). Among the aerosol
extensive parameters (defined as the parameters directly related to
aerosol amount, e.g., Rajesh and Ramachandran, 2020), the aerosol
absorption coefficient (caps) is commonly used to quantify the light
absorption by particulate matter. In more detail, the aethalometer rep-
resents the most used instrumentation for c,ps determination at different
wavelengths by using an optical methodology. Among the numerous
intensive aerosol parameters (defined as the parameters not directly
dependent on aerosol amount, but on other aerosol characteristics like
size, type, and/or shape, e.g., Rajesh and Ramachandran, 2020) asso-
ciated with absorption properties, Angstrom absorption exponent (AAE)
presents a particular importance since it is mainly associated with
aerosol emission sources, combustion efficiency, and atmospheric aging
(e.g., Pokhrel et al., 2016; Stockwell et al., 2016). About the carbona-
ceous aerosols with light absorption properties, several previous works
were devoted to the BC source apportionment (Sciare et al., 2011; Healy
et al., 2017; Liakakou et al., 2020a; Rajesh et al., 2021) and the BrC
characterization (Massabo et al., 2015; Liakakou et al., 2020b; Pani
et al.,, 2021), mostly associated with fossil fuel and biomass burning
sources, respectively. Regarding the Mediterranean area, several recent
studies have evaluated the main aerosol absorption parameters. For
instance, Katsanos et al. (2019) and Liakakou et al. (2020b) reported
significantly higher aerosol absorption levels in Athens (Greece)
compared to other Southern European cities (e.g., Costabile et al., 2017;
Titos et al., 2017; Romano et al., 2019). Milinkovi¢ et al. (2021)
investigated the temporal variation of aerosol optical properties and
evaluated the main emission sources of BC, considering different seasons
in a typical Mediterranean coastal environment. Their field campaign
conducted in Sibenik (Croatia) during February-July 2019 provided
valuable insights. In contrast, Lopez-Caravaca et al. (2022) focused on
characterizing the seasonal evolution of PM1 concentration, aerosol
absorption coefficient, and AAE at the Aitana mountain site in Spain
during 2018. They found that AAE exhibited opposite seasonality
compared to the aerosol absorption coefficient, showing maximum
values in winter, while PM1 concentrations and aerosol absorption co-
efficients were highest during some Saharan dust outbreaks. Several
other studies have also examined the intensive aerosol absorption
properties by determining the AAE values for various sites in Northern
Italy. For example, Massabo et al., 2015 conducted research in Genoa,
Bernardoni et al. (2017) in Milan, and Costabile et al. (2017) in Bologna.
Another significant effect associated with anthropogenic sources of at-
mospheric aerosols is the relationship between their absorption prop-
erties and their weekly cycle, which mainly follows human activities
with a significant reduction during weekends. For instance, Mbengue
et al. (2020) analyzed the weekly variations of aerosol absorption
properties during a 5-year monitoring campaign in the Czech Republic,
while Popovicheva et al. (2022) conducted similar research in an urban
site in Moscow (Russia), experiencing significant variations between
weekday and weekend periods. The association of aerosol absorption
properties with other gaseous pollutants like NO, has been widely
investigated at different types of monitoring sites, as reported in several
previous studies (e.g., Vestreng et al., 2009; McDuffie et al., 2020).

The results reported in this study are based on the daily mean values
of both aerosol absorption coefficient and absorption Angstrém expo-
nent from an 8-month monitoring campaign performed in a Central
Mediterranean site, in south-eastern Italy, characterized by a mixed
aerosol type, as discussed in Romano et al. (2019). The characterization
of the aerosol absorption properties at the selected site was performed in
relation to extensive parameters like PM2.5 and NO5 concentrations and
the intensive parameter denoted as PM2.5/PM10 ratio retrieved from
two nearby monitoring stations. In more detail, both extensive and
intensive parameters were analyzed considering their seasonal and
weekly evolution to investigate the effects associated with meteorolog-
ical and anthropic factors, respectively.
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2. Material and methods
2.1. Site description

The monitoring area of this study is located in Lecce, a small-sized
city (=95,000 inhabitants), in a narrow and flat peninsula of south-
eastern Italy, about 40 and 70 km away from large industrial areas of the
Apulia region in Brindisi and Taranto, respectively, less than 100 km
away from the Balkan and Greek coasts, and about 700 km away from
the North African coast (Fig. S1). The monitoring campaign was carried
out in an 8-month period from December 2021 to July 2022, to inves-
tigate the seasonal evolution of the analyzed parameters by dividing the
dataset in winter (from December 2021 to February 2022), spring (from
March to May 2022), and summer (June-July 2022). The measurements
of aerosol absorption properties were performed by a 7-wavelength
aethalometer at the monitoring station of the Mathematics and Phys-
ics Department of the University of Salento (40.33 °N, 18.11 °E), in an
area of the university campus mainly affected by the vehicular traffic as
local source of particulate matter and classified as suburban site. PM2.5,
PM10, and NO, concentrations were instead monitored at the stations
denoted as Lecce-Cerrate (40.46 °N, 18.12 °E, a rural background site
only about 4 km from the Adriatic coast) and Lecce-Libertini (40.35 °N,
18.18 °E, an urban site frequently affected by an intense vehicular
traffic) belonging to the ARPA (Agenzia Regionale per la Prevenzione e
la Protezione dell’Ambiente) Puglia monitoring network (https://www.
arpa.puglia.it/). The importance of the study area for the characteriza-
tion of aerosol properties is due to its large variety of aerosol types, in
turn due to its geographic location at the center of the Mediterranean
basin, as clearly shown in Fig. S1. In more detail, the study area is
generally affected by polluted particles from urban and industrial areas
of Northern and Eastern Europe, sea salt and spray from the Mediter-
ranean Sea or the Atlantic Ocean, mineral dust from the Sahara Desert
and/or the surrounding arid regions, and biomass burning particles
produced mostly in summer by forest fires, in addition to some local
sources like vehicular traffic and domestic heating (e.g., Romano et al.,
2019). Further details about the characterization of mean aerosol optical
and physical properties and meteorological conditions at the study area
were provided in previous works (e.g., Perrone et al., 2014, 2015).

2.2. Aethalometer measurements

An aethalometer model AE33 (Magee Scientific, Aerosol d. o.o.,
Drinovec et al., 2015) equipped with a PM2.5 sampling head was used to
determine the aerosol absorption coefficient (caps) at seven different
wavelengths (370, 470, 520, 590, 660, 880, and 950 nm) with a tem-
poral resolution of 1 min during an 8-month monitoring campaign from
December 2021 to July 2022 at the monitoring station of the Mathe-
matics and Physics Department of the University of Salento in Lecce
(Italy). The used aethalometer continuously collects external airborne
particles with a constant flowrate (2 1 min ') using a spot on a filter tape.
The aerosol absorption can be estimated using the light transmission
through both one section of the sample filter tape and an unloaded
section of the filter tape considered as a reference spot. Consequently,
the aethalometer can determine the instantaneous concentration of
optically-absorbing aerosols using the rate of variation of the attenua-
tion of light transmitted through the particle-laden filter tape. In more
detail, the used aethalometer model performs two different measure-
ments that are obtained at the same time from two sample spots with
different rates of accumulation of the sample. Due to the particle
deposition on the filter, the related radiation beam is attenuated for each
of the seven used wavelengths. In more detail, the aerosol absorption
coefficient o,y is determined using the optical attenuation ATN and the
attenuation coefficient cary as follows:

ATN = —100 - In (I/Ty) [1]


http://www.arpa.puglia.it/
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D. Peccarrisi et al.

oatny = (S - AATN/100) / (Fy, - At) [2]
Gabs = 6ATN / C [3]

where I and Ij represent the spot and the reference signal, respectively, S
is the spot area, Fj, is the flow of the device, At is the selected interval
time, while C is the multiple scattering parameter (Weingartner et al.,
2003). The attenuation coefficient 6oty can be directly estimated from
aethalometer measurements, as reported in some studies (e.g., Wein-
gartner et al., 2003; Arnott et al., 2005; Schmid et al., 2006). However,
this parameter does not correspond to the aerosol absorption coefficient
0aps Mainly because of some measurement artifacts defined by the C
parameter, as described in Collaud-Coen et al. (2010). In more detail,
the primary artifact arises from the loading effect induced by the
accumulation of aerosol particles in the filter matrix (e.g., Virkkula
et al., 2007). Following the deposition of particles, the detection of al-
terations in attenuation diminishes and eventually saturates, resulting in
an underestimation of black carbon absorption and, consequently,
reduced estimated elemental carbon concentrations (e.g., Drinovec
et al., 2017). Therefore, it is important to highlight that the aethal-
ometer AE33 incorporates an automated correction mechanism for the
loading effect, alongside real-time computation of correction parame-
ters across all seven wavelengths. This instrument operates by concur-
rently measuring attenuation through two sample spots, each with
distinct rates of particulate accumulation, both sourced from the iden-
tical input air stream (Drinovec et al., 2015).

The light attenuation at the 880 nm channel is generally considered
standard for BC concentration calculations because other aerosol species
do not exhibit absorption properties at this wavelength (Hansen et al.,
1984). The aerosol absorption coefficients estimated by the aethal-
ometer at different wavelengths (\; and Ay) can be used to calculate an
aerosol optical intensive parameter like the aerosol absorption Ang-
strom exponent AAE using the following formula:

AAE (A1, 22) = - In [6ubs(M1)/Oabs(A2)] / In (Mi/A2) [4]

More specifically, note that in this study the AAE estimated at the
470-660 nm wavelength pair was analyzed because it takes into account
the closest wavelengths of the used aethalometer to those used in some
previous reference studies (e.g., Bahadur et al., 2012; Cazorla et al.,
2013; Costabile et al., 2013; Lee et al., 2012). The AAE values are
generally investigated in a specific site because they can be related to the
chemical composition of particulate matter (Ealo et al., 2016;
Schmeisser et al., 2017) and can be used to determine the major
absorbing type in a mixture of different aerosols (Cazorla et al., 2013).
An AAE of ~1 is generally associated with pure black carbon since the
absorption by these particles usually follows a A~ * spectral dependence
(Bergstrom et al., 2002). On the contrary, AAE values larger than 1 are
generally typical of OC as BrC (e.g., Cappa et al., 2016; Costabile et al.,
2017) and mineral dust because these last types of aerosol particles
contribute to light absorption mainly in both ultraviolet and blue
spectral regions (Kirchstetter et al., 2004; Kim et al., 2012). Note also
that mineral dust typically presents AAE values in the 1.5-6.5 range, as
proved by Collaud Coen et al. (2004), Petzold et al. (2009), and Yang
et al. (2009). Therefore, the urban pollution particles can be associated
with AAE values close to 1, while biomass smoke particles like those
from wood burning in cities are instead associated with AAE values close
to 2 (Bergstrom et al., 2007; Russell et al., 2010; Clarke et al., 2007;
Martinsson et al., 2017). It is also worth observing that each AAE value is
strictly dependent on the selected wavelength pair (Cazorla et al., 2013).

3. Main results and discussion on the aerosol absorption
properties

3.1. Seasonal evolution and correlation analysis for aerosol extensive
parameters

The temporal evolution of the three aerosol extensive parameters
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analyzed in this study (aerosol absorption coefficient 64,5 at 470 nm
from the monitoring station of the University of Salento and PM2.5
concentrations from Lecce-Cerrate and -Libertini stations) is reported in
Fig. 1a using different colors. The analyzed period was divided in three
seasons (December 2021 and January-February 2022 for winter, March-
April-May 2022 for spring, and June-July 2022 for summer) according
to the grouping adopted in previous works at the same study site
(Romano et al., 2019, 2020). Note from the evolution based on the daily
mean values from December 2021 to July 2022 (Fig. 1a) that the aerosol
absorption coefficient presented a significant decrease from winter to
spring-summer. In more detail, the winter mean value of 645 at 470 nm
was 37.5 + 3.3 Mm ! that drastically decreased up to 19.2 + 3.3 Mm !
in summer. This marked decrease could be explained considering the
main sources of PM that generally are associated with an increase of the
aerosol absorption properties. In fact, at the study area the domestic
heating is a relevant PM source during the winter period and typically
represents the key factor for the larger values of 6,ps at 470 nm in winter
with respect to their values in summer (Romano et al., 2019). On the
contrary, both PM2.5 concentrations from the rural (Lecce-Cerrate) and
the urban site (Lecce-Libertini) showed a less marked difference in their
mean values between winter and summer. More specifically, a slightly
larger mean value in summer (11.6 + 0.5 pg/m3) than in winter (9.1 £+
0.5 pg/m>) was observed for the rural site probably due to the larger
effect of forest fires in the warm period, while a similar value of 13.7 +
0.7 pg/m> was detected in winter and 14.2 + 0.5 pg/m? in summer for
the urban site, which is strictly affected by the vehicular traffic for all the
year. About these last observed differences, we are aware that the
aerosol absorption and the PM2.5-NO; measurements were performed
in different sites, however their distance is very limited (a few kilome-
ters) and, therefore, we believe that this aspect cannot represent a factor
significantly affecting the results reported in this study. Indeed, they
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Fig. 1. Temporal evolution of the daily mean values of (a) aerosol absorption
coefficient o,ps at 470 nm (black line) at the monitoring station of the Mathe-
matics and Physics Department of the University of Salento in Lecce and PM2.5
concentration from the Lecce-Cerrate (background site, orange line) and the
Lecce-Libertini (urban site, light blue line) stations belonging to the ARPA
Puglia monitoring network in the period from December 2021 to July 2022.
The corresponding time evolution of the daily mean values of NO, concentra-
tion at the same ARPA Puglia stations was reported in (b). The vertical black
and dashed lines separate the different seasons of the monitoring campaign.
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exhibited analogous characteristics, as discernible in Fig. 1a, wherein a
notably pronounced decrease in all analyzed parameters was observed
starting from April. Taking into account that the vehicular traffic is a PM
source during all the year at the study sites investigated in this work, the
marked difference between March and April 2022 for the analyzed pa-
rameters could be due to the significant decrease in the domestic heating
starting from April due to a significant increase of the mean tempera-
tures at the study area. Another common feature between the aerosol
absorption coefficient and the PM2.5 concentrations is represented by
the higher variability experienced in winter than that observed in
summer. In fact, the larger winter variability is generally associated with
variable meteorological conditions at the study area during the “cold”
period, while a larger atmospheric stability with stagnant conditions and
low variability is typically observed in the “warm” period (Romano
et al., 2019). A similar evolution of PM2.5 concentration and the pro-
portional aerosol scattering coefficient retrieved by an integrating
nephelometer at the study area was also found and described in previous
studies (e.g., Perrone et al., 2014, 2015; Romano et al., 2019). A sig-
nificant decrease of the NO2 concentration at the study sites from the
“cold” to the “warm” seasons can be also observed from Fig. 1b. In fact,
the NO, concentration decreased from 19 =+ 1 pg/m?® in winter to 15 = 1
pg/m> in summer for the rural site of Lecce-Cerrate and from 61 + 3
pg/m® in winter to 35 + 2 pg/m® in summer for the urban site of
Lecce-Libertini. In detail, note that this decrease was more marked for
the urban site considering that the domestic heating generally associated
with an increase of the NO; concentration could present a lower effect in
a rural area (e.g., Vestreng et al., 2009; Ruberti and Romano, 2020;
Ravina et al., 2022). Therefore, o455 at 470 nm from the university
suburban site and NO, concentrations from Lecce-Cerrate rural site and
Lecce-Libertini urban site presented a similar season evolution, probably
due to their common sources like vehicular traffic and domestic heating
(e.g., McDuffie et al., 2020; Bertazza et al., 2023; Morillas et al., 2024).
In addition, the main differences in meteorological effects between
winter and spring-summer could also represent a significant factor in
determining the seasonal differences between the investigated param-
eters. When comparing the trends shown in Fig. 1a and b, it is evident
that the concentrations of PM2.5 and NO, are notably higher in
Lecce-Libertini, an urban site, compared to Lecce-Cerrate, a rural site.
This difference can be attributed to the typical sources and
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environmental conditions associated with urban areas. In fact, the larger
effects of vehicular traffic and domestic heating in the urban site are
only partially offset by the larger effects of forest fires in the rural site in
summer. Note also from Fig. 1 that all the spring and summer values in
the plots presented similar values and evolutions considering that in the
investigated area these two seasons generally present similar features.
The only relevant difference in this aspect is represented by the NO,
concentration in the selected urban site (light blue line in Fig. 1b) with
larger values in spring than in summer, as also reported by Kalabokas
et al. (2023) in another Mediterranean site.

The correlation analyses reported in Fig. 2 allowed us to better un-
derstand the relationships between 6,5 at 470 nm and PM2.5 and NO4
concentrations at the selected study area. Pairwise comparisons by the
Mann-Whitney test (e.g., Cheung and Klotz, 1997) indicated that all the
analyzed parameters were not significantly different at a p-level <0.05.
As one can observe from Fig. 2a and c, a higher correlation between c,ps
at 470 nm and PM2.5 concentration was found in winter than in spring
and in summer both in the rural (Lecce-Cerrate) and in the urban site
(Lecce-Libertini). This result could be associated with the similar winter
sources of both optical and physical aerosol parameter examined in this
section such as vehicular traffic and domestic heating. By comparing
Fig. 2a and c, observe also that the correlation coefficients between cps
at 470 nm and PM2.5 concentration were similar in Lecce-Cerrate and in
Lecce-Libertini, except for spring because probably this season is
generally characterized by a marked variability in the aerosol sources. In
addition, both in the analyzed rural and urban site, we experienced
lower correlation coefficients for the relationships between o6,ps at 470
nm and NO; concentration (Fig. 2b—d) than those between o,ps at 470
nm and PM2.5 concentration (Fig. 2a-c). In any case, note by the
comparison of Fig. 2b and d that the correlation coefficients between
Oabs at 470 nm and NO; concentration were higher in Lecce-Libertini
than in Lecce-Cerrate since the aerosol absorption properties and NO,
concentrations generally present similar sources in an urban site (mainly
the vehicular traffic). In addition, observe also from Fig. 2b and d that
the correlation coefficients between 6,55 and NOy concentration did not
show any seasonal dependence because these coefficients presented
similar values among the studied seasons.
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3.2. Seasonal evolution and correlation analysis for aerosol intensive
parameters

Fig. 3a shows the temporal evolution of the daily mean values of the
two aerosol intensive parameters, i.e. aerosol absorption Angstrom
exponent AAE estimated at the 470-660 nm wavelength pair for the
suburban monitoring station of the University of Salento and the PM2.5/
PM10 ratio for the urban site of Lecce-Libertini and the rural site of
Lecce-Cerrate, analyzed in this study for the period December 2021-July
2022. Observe from the AAE temporal evolution in Fig. 3a that this
intensive aerosol parameter presented a clear seasonal variation with
larger values in the “coldest” months (from December to March), a rapid
decrease in April and, then, lower values in the “warmest” months (from
May to June). In more detail, the AAE mean seasonal value significantly
decreased from 1.71 + 0.01 in winter to 1.43 & 0.01 in summer, which
corresponds to a decrease of about 16%. The main aerosol sources at the
selected site can explain this seasonal behavior since the winter months
are largely affected by the domestic heating with wood burning effects
that highly increase the AAE values (brown carbon usually presents AAE
values larger than 1.5), while the summer months can present larger
AAE value only if some forest fire events occur. The summer AAE mean
values are typically in the range of urban/suburban sites largely affected
by the vehicular traffic since the AAE value for black carbon particles
and other fossil fuel related aerosol particles are generally very close to
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1. Observe from Fig. 3a that this AAE reduction from winter to summer
was also associated with a corresponding reduction of PM2.5/PM10
ratios. In fact, in both the urban site of Lecce-Libertini and the rural-
background site of Lecce-Cerrate a PM2.5/PM10 ratio average
decrease of about 10% from winter to summer was observed. Therefore,
the average size of the collected aerosol particles was lower in winter
due to a larger concentration of fine-mode particles associated with the
wood burning related to the domestic heating effects, in addition to a
significant effect of desert dust particles in summer that generally
contribute to an increase of the mean aerosol size and, therefore, a
decrease of the PM2.5/PM10 ratio. On the contrary, the effects of the
vehicular traffic cannot be considered in the explanation of these sea-
sonal variations because it is a common effect in all the year. The
vehicular traffic is instead determinant in the explanation of the higher
PM2.5/PM10 ratios in the urban site than in the rural site since it
generally produces fine-mode particles mostly in an urban area.
Observing Fig. 3a note that both AAE and PM2.5/PM10 values pre-
sented a larger variability in winter than in summer months considering
the related higher variability of the meteorological conditions in winter
at the monitoring sites, as also reported in the previous section.
Considering the marked seasonality of the selected parameters, we
decided to perform the respective correlation analyses dividing the data
per season. Analogously to what was found for the extensive parameters
(Section 3.1), pairwise comparisons by the Mann-Whitney test indicated
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that all the parameters reported in Fig. 3 were not significantly different
at a p-level <0.05. Firstly, we compared the AAE daily means with the
corresponding values of PM2.5 concentration in the selected rural site
(Fig. 3b) and urban site (Fig. 3c). Note from Fig. 3b and c that in both the
selected sites a discrete correlation between AAE values and PM2.5
concentrations was observed because larger AAE values (larger OC
contribution) are generally associated to an increase of PM2.5 concen-
trations (possible effect of the increase in domestic heating with wood
burning). On the contrary, lower AAE values (typical of fossil fuel
combustion) appeared associated with lower values of PM2.5 concen-
trations in the selected sites. By comparing Fig. 3b and c, it is also worth
observing that the correlation AAE vs PM2.5 concentration was not
largely affected by some seasonal variations and that the selection of a
rural or urban site did not present a marked effect in this correlation.
Then, by comparing Fig. 3d and e, note that we found similar correla-
tions between AAE daily means and corresponding PM2.5/PM10 daily
means if we compare the selected rural site of Cerrate and the urban one
of Libertini. Therefore, this last result highlights that the monitoring site
location is not a significant factor in the correlation between the AAE
and the PM2.5/PM10 values. In addition, observe both from Fig. 3d and
from Fig. 3e that the positive correlation between the optical parameter
AAE and the physical parameter PM2.5/PM10 was found only in winter
and in spring, while on the contrary a negative correlation between
these two parameters was detected in summer, probably because of the
forest fires that generally occur during the “warm” seasons.

Fig. S2 in the supplementary material provides a scatterplot illus-
trating the relationship between the daily mean values of aerosol ab-
sorption coefficient 64ps at 470 nm and the corresponding daily means of
absorption ;\ngstrém exponent AAE estimated at the 470-660 nm
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wavelength pair at the university station in Lecce. The plot also in-
corporates the NO, concentrations from both the rural site (Lecce-Cer-
rate) and the urban site (Lecce-Libertini) using a color scale. By visually
representing the correlation between aerosol absorption properties and
NO, concentrations, Fig. S2 offers valuable insights into the atmospheric
composition and pollutant levels at the monitoring site. Observe that
larger AAE values are associated with larger o,ps values indicating that
atmospheric particles from domestic heating in winter and forest fires in
spring/summer (i.e., brown carbon, generally with AAE values larger
than 1.5) present larger absorption properties at the study site. Fig. S2
also shows that the increase of AAE and o,y values was also associated
with larger NOy values. As reported in the previous section, this last
result could be due to their common sources like domestic heating (e.g.,
McDuffie et al., 2020). Therefore, Fig. S2 serves as a useful visualization
tool to understand the connections between aerosol properties and
pollutant concentrations, contributing to a better comprehension of the
air quality dynamics at the studied Central Mediterranean site.

3.3. Weekly evolution for aerosol extensive parameters

The weekly evolution of the extensive aerosol parameters analyzed
in this study was reported in Fig. 4 to verify if they were significantly
affected the corresponding weekly cycle of the human activities. By
comparing Fig. 4a—c, observe that the weekly cycle of the 6,5 at 470 nm
detected in the suburban university site was similar to that of the PM2.5
concentration detected both in the rural and in the urban site investi-
gated in this study. Note also that the weekly evolution presented similar
values in the 3 selected sites even if we consider separately each season.
In more detail, in winter and in spring all the 3 selected sites presented
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larger values on Friday, while all the investigated parameters generally
decrease during the weekends due to the relevant reduction of the
human activities. In winter and in spring, this last anthropic effect was
also proved by the significant increase of the studied parameters from
Tuesday to Friday. On the contrary, from Fig. 4a—c a different mean
weekly evolution was detected in summer, characterized by both a
reduced variability and a significant decrease from the first days of the
week up to Friday. In addition, the significant reduction on Friday was
then followed by a slight increase of 4,5 at 470 nm and PM2.5 con-
centration during the weekends, probably due to the increase of the
vehicular traffic in the summer weekends in the monitoring area for
touristic reasons. The weekly mean evolution of NO, concentration was
also analyzed in Fig. 4d and e for the rural site of Lecce-Cerrate and the
urban one of Lecce-Libertini, respectively. This parameter showed a
larger weekly variability only in winter, since it is also strictly related to
the weekly cycle of the human activities. In fact, NOy concentration
presented a significant increase from Tuesday to Friday only in winter,
as also reported in previous studies (e.g., Stavrakou et al., 2020; Wang
et al., 2022; Di Bernardino et al., 2023) with the exception of spring for
the urban site of Libertini that also presented higher values on Saturday.
The remaining weekly evolutions of NO were instead characterized by a
lower variability, especially in summer. In conclusion, by comparing the
weekly cycles of aerosol extensive parameters like aerosol absorption
coefficient and PM2.5 concentration, in addition to NO, concentration,
we proved that all the investigated parameters presented a reduced
weekly variability in summer, while the urban/suburban sites generally
were associated with a more marked variability than the corresponding
rural site in winter and in spring.

3.4. Weekly evolution for aerosol intensive parameters

Finally, the weekly mean evolution of the investigated aerosol
intensive parameters (AAE at the wavelength pair 470-660 nm and the
PM2.5/PM10 ratio at the urban site of Lecce-Libertini and the rural one
of Lecce-Cerrate) was also analyzed to study their potential relationships
with the corresponding weekly cycle of the human activities. Note by
comparing Fig. 5a with Fig. 5b and c that the weekly evolution of AAE
was significantly less marked with respect to those of the PM2.5/PM10
ratio for all the 3 investigated seasons. In more detail, as one can observe
from Fig. 5a, AAE showed a larger variability only in winter, with a
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significant increase from Tuesday to Friday. This last result proved an
increase of the OC concentration during the weekdays, probably asso-
ciated with the increase of human activities from Monday-Tuesday to
Friday, followed by their significant reduction during the weekends. On
the contrary, AAE did not show a significant variation in spring and in
summer during the week. Regarding the PM2.5/PM10 ratio, different
trends in its weekly evolution were observed for the 3 different selected
seasons. In winter, a significant increase from Tuesday to Friday was
observed both in the rural and in the urban site, while the PM2.5/PM10
presented higher values in the weekends only in the urban site that is
affected by a larger vehicular traffic also in the weekend days. In spring,
both the rural and the urban investigated sites presented higher values
of PM2.5/PM10 at the beginning of the week, then a significant reduc-
tion followed by a new increase was observed in the weekend days.
Conversely, in summer lower values of PM2.5/PM10 ratio were detected
during the central days of the week (Wednesday and Thursday) probably
related to an increase of the road dust that generally increases the
aerosol mean size.

4. Conclusion

In this study, we investigated both aerosol absorption coefficient and
absorption Angstrom exponent during a monitoring campaign from
December 2021 to July 2022 performed in a university campus at the
center of the Mediterranean area in Lecce (in south-eastern Italy). The
results obtained by analyzing the evolutions of the selected absorption
properties monitored at the university site were compared to both
PM2.5 and NO; mass concentrations and the PM2.5/PM10 ratio at two
nearby stations belonged to the ARPA Puglia monitoring network. In
more detail, both seasonal and weekly evolutions of the selected pa-
rameters were analyzed to investigate their potential impacts associated
with meteorological and anthropic factors, respectively.

Considering the main results obtained about the aerosol extensive
parameters investigated in this work, the aerosol absorption coefficient
from the university suburban site presented a significant decrease from
winter to spring-summer that was mainly associated with the decrease of
the domestic heating effect. On the contrary, both PM2.5 concentrations
from the rural (Lecce-Cerrate) and the urban site (Lecce-Libertini)
showed a less marked difference in their mean values between winter
and summer due to the effects of forest fires in summer for the rural site
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and the effects of vehicular traffic for all the studied period in the case of
the urban site. A common feature between the aerosol absorption co-
efficient and the PM2.5-NO, concentrations was also observed in rela-
tion to the higher variability in winter than that observed in summer.
This last result could be explained considering the highly variable
meteorological conditions at the study area during the “cold” period,
while a larger atmospheric stability with stagnant conditions and low
variability is typically observed in the “warm” period. Another inter-
esting result was that the 645 at 470 nm from the university suburban
site and the NO, concentrations from both Lecce-Cerrate (rural site) and
Lecce-Libertini (urban site) presented a similar seasonal evolution,
probably due to their common sources like vehicular traffic and do-
mestic heating.

Then, considering the main results obtained about the aerosol
intensive parameters investigated in this work, the AAE parameter
presented a clear seasonal variation with larger values in the “coldest”
months, a rapid decrease in April and, then, lower values in the
“warmest” months. In fact, the winter months are largely affected by the
domestic heating with wood burning effects that highly increase the
AAE values, while the summer AAE mean values are typically in the
range of urban/suburban sites largely affected by the vehicular traffic,
generally very close to 1. Both AAE and PM2.5/PM10 values presented a
larger variability in winter than in summer that could be associated with
the higher variability of the meteorological conditions in winter at the
study sites. Similar correlations between AAE daily means from the
university suburban site and corresponding PM2.5/PM10 daily means
were observed if we compare the selected rural site of Lecce-Cerrate and
the urban one of Lecce-Libertini.

Finally, the weekly evolution of both aerosol extensive and intensive
parameters analyzed in this work was investigated to detect possible
effects associated with the weekly cycle of human activities. About the
studied extensive parameters, we proved that they presented a reduced
weekly variability in summer, while the urban/suburban sites generally
were associated with a more marked variability than the corresponding
rural site in winter and in spring. In more detail, both in winter and in
spring all the parameters in the 3 selected sites increase from Tuesday up
to Friday showing the largest weekly values on Friday and, then, they
generally decrease during the weekends due to the relevant reduction of
the human activities. About the studied intensive parameters, AAE
showed a larger variability in its weekly evolution only in winter, with a
significant increase from Tuesday to Friday. This last result proved an
increase of the OC concentration during the weekday, probably associ-
ated with the increase of human activities from Monday-Tuesday to
Friday, followed by their significant reduction during the weekends. On
the contrary, AAE did not show a significant variation in spring and in
summer during the week.

In conclusion, this study has highlighted the main features of both
extensive and intensive parameters associated with aerosol absorption
properties at some south-eastern Italy monitoring sites that can be
considered as representative of the Central Mediterranean coastal areas.
The reported results have suggested the importance of considering
different types of monitoring sites (urban, suburban, and rural) for a
proper characterization of the aerosol absorption properties at the
selected area. In addition, the results of this study have also revealed the
need for including aerosol intensive properties to obtain a proper aerosol
typing and for including aerosol weekly evolution to properly define the
impact of the weekly cycle of human activities on the main air quality
parameters.

Funding

M. Fragola carried out this work with the support of a Ph.D.
fellowship from Regione Puglia (FSE-2020) — CUP: F88D19002400002.
D. Peccarrisi carried out this work with the support of a fellowship
financed by the Italian “PON Ricerca e Innovazione 2014-2020" in the
frame of the Project CIR01_00015_464576. The work was supported by

Atmospheric Pollution Research 15 (2024) 102131

the INFN (Istituto Nazionale Fisica Nucleare) of Italy, in the framework
of the projects IS-ABS (Integrated System for Aerosol and Bioaerosol
Studies at the Pierre Auger Observatory) and AT-SVB (Airborne Trans-
mission of SARS-CoV-2, Viruses, and Bacteria in workplaces), and by the
Project PER-ACTRIS-IT Enhancement of the Italian Component of the
Aerosol, Clouds, and Trace Gases Research InfraStructure
(PIR01_00015) funded by MUR.

CRediT authorship contribution statement

Dalila Peccarrisi: Data curation, Formal analysis, Investigation,
Methodology, Software, Validation, Visualization. Salvatore Romano:
Conceptualization, Formal analysis, Funding acquisition, Methodology,
Resources, Software, Validation, Writing — original draft. Mattia Fra-
gola: Data curation, Formal analysis, Investigation, Methodology,
Visualization. Alessandro Buccolieri: Data curation, Investigation,
Methodology, Validation. Gianluca Quarta: Conceptualization, Fund-
ing acquisition, Project administration, Supervision. Lucio Calcagnile:
Conceptualization, Funding acquisition, Investigation, Project adminis-
tration, Supervision.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.apr.2024.102131.

References

Arnott, W., Hamasha, K., Moosmiiller, H., Sheridan, P., Ogren, J., 2005. Towards aerosol
light-absorption measurements with a 7-wavelength Aethalometer: evaluation with
a photoacoustic instrument and 3-wavelength nephelometer. Aerosol Sci. Technol.
39, 17-29. https://doi.org/10.1080/027868290901972.

Bahadur, R., Praveen, P.S., Xu, Y., Ramanathan, V., 2012. Solar absorption by elemental
and brown carbon determined from spectral observations. P. Natl. Acad. Sci. USA
109, 17366-17371. https://doi.org/10.1073/pnas.1205910109.

Bergstrom, R.W., Russell, P.B., Hignett, P., 2002. Wavelength dependence of the
absorption of black carbon particles: predictions and results from the TARFOX
experiment and implications for the aerosol single scattering albedo. J. Atmos. Sci.
59, 567-577. https://doi.org/10.1175/1520-0469(2002)059<0567:WDOTAO>2.0.
CO;2.

Bergstrom, R.W., Pilewskie, P., Russell, P.B., Redemann, J., Bond, T.C., Quinn, P.K.,
Sierau, B., 2007. Spectral absorption properties of atmospheric aerosols. Atmos.
Chem. Phys. 7, 5937-5943. https://doi.org/10.5194/acp-7-5937-2007.

Bernardoni, V., Pileci, R.E., Caponi, L., Massabo, D., 2017. The multi-wavelength
absorption analyzer (MWAA) model as a tool for source and component
apportionment based on aerosol absorption properties: application to samples
collected in different environments. Atmosphere 8, 218. https://doi.org/10.3390/
atmos8110218.

Bertazza, E., Bisignano, A., Falocchi, M., Giovannini, L., 2023. Effects of COVID-19
lockdown measures on nitrogen dioxide and black carbon concentrations close to a
major Italian motorway. Meteorol. Appl. 30, 2. https://doi.org/10.1002/met.2123.

Bond, T.C., Doherty, S.J., Fahey, D.W., Forster, P.M., Berntsen, T., DeAngelo, B.J., et al.,
2013. Bounding the role of black carbon in the climate system: a scientific
assessment. J. Geophys. Res. 118, 5380-5552. https://doi.org/10.1002/jgrd.50171.

Cappa, C.D., Kolesar, K.R., Zhang, X., Atkinson, D.B., Pekour, M.S., Zaveri, R.A.,
Zelenyuk, A., Zhang, Q., 2016. Understanding the optical properties of ambient sub-
and supermicron particulate matter: results from the CARES 2010 field study in
northern California. Atmos. Chem. Phys. 16, 6511-6535. https://doi.org/10.5194/
acp-16-6511-2016.

Cazorla, A., Bahadur, R., Suski, K.J., Cahill, J.F., Chand, D., Schmid, B., Ramanathan, V.,
Prather, K.A., 2013. Relating aerosol absorption due to soot, organic carbon, and
dust to emission sources determined from in-situ chemical measurements. Atmos.
Chem. Phys. 13, 9337-9350. https://doi.org/10.5194/acp-13-9337-2013.

Cheung, Y.K,, Klotz, J.H., 1997. The Mann Whitney Wilcoxon distribution using linked
lists. Stat. Sin. 7, 805-813. JSTOR. www.jstor.org/stable/24306124.

Clarke, A., McNaughton, C., Kapustin, V., Shinozuka, Y., Howell, S., Dibb, J., Zhou, J.,
Anderson, B., Brekhovskikh, V., Turner, H., Pinkerton, M., 2007. Biomass burning
and pollution aerosol over North America: organic components and their influence
on spectral optical properties and humidification response. J. Geophys. Res. 112,
D12S18 https://doi.org/10.1029/2006JD007777.


https://doi.org/10.1016/j.apr.2024.102131
https://doi.org/10.1016/j.apr.2024.102131
https://doi.org/10.1080/027868290901972
https://doi.org/10.1073/pnas.1205910109
https://doi.org/10.1175/1520-0469(2002)059<0567:WDOTAO>2.0.CO;2
https://doi.org/10.1175/1520-0469(2002)059<0567:WDOTAO>2.0.CO;2
https://doi.org/10.5194/acp-7-5937-2007
https://doi.org/10.3390/atmos8110218
https://doi.org/10.3390/atmos8110218
https://doi.org/10.1002/met.2123
https://doi.org/10.1002/jgrd.50171
https://doi.org/10.5194/acp-16-6511-2016
https://doi.org/10.5194/acp-16-6511-2016
https://doi.org/10.5194/acp-13-9337-2013
http://www.jstor.org/stable/24306124
https://doi.org/10.1029/2006JD007777

D. Peccarrisi et al.

Collaud Coen, M., Weingartner, E., Schaub, D., Hueglin, C., Corrigan, C., Henning, S.,
Schwikowski, M., Baltensperger, U., 2004. Saharan dust events at the Jungfraujoch:
detection by wavelength dependence of the single scattering albedo and first
climatology analysis. Atmos. Chem. Phys. 4, 2465-2480. https://doi.org/10.5194/
acp-4-2465-2004.

Collaud Coen, M., Weingartner, E., Apituley, A., Ceburnis, D., Fierz-Schmidhauser, R.,
Flentje, H., Henzing, J.S., Jennings, S.G., Moerman, M., Petzold, A., Schmid, O.,
Baltensperger, U., 2010. Minimizing light absorption measurement artifacts of the
Aethalometer: evaluation of five correction algorithms. Atmos. Meas. Tech. 3,
457-474. https://doi.org/10.5194/amt-3-457-2010.

Conte, M., Merico, E., Cesari, D., Cesari, D., Dinoi, A., Grasso, F.M., Donateo, A.,
Guascito, M.R., Contini, D., 2020. Long-term characterisation of African dust
advection in south-eastern Italy: influence on fine and coarse particle concentrations,
size distributions, and carbon content. Atmos. Res. 233, 104690 https://doi.org/
10.1016/j.atmosres.2019.104690.

Costabile, F., Barnaba, F., Angelini, F., Gobbi, G.P., 2013. Identification of key aerosol
populations through their size and composition resolved spectral scattering and
absorption. Atmos. Chem. Phys. 13, 2455-2470. https://doi.org/10.5194/acp-13-
2455-2013.

Costabile, F., Gilardoni, S., Barnaba, F., Di Ianni, A., Di Liberto, L., Dionisi, D.,
Manigrasso, M., Paglione, M., Poluzzi, V., Rinaldi, M., Facchini, M.C., Gobbi, G.P.,
2017. Characteristics of brown carbon in the urban Po Valley atmosphere. Atmos.
Chem. Phys. 17, 313-326. https://doi.org/10.5194/acp-17-313-2017.

Di Bernardino, A., Mevi, G., lannarelli, A.M., Falasca, S., Cede, A., Tiefengraber, M.,
Casadio, S., 2023. Temporal variation of NO; and O3 in Rome (Italy) from Pandora
and in situ measurements. Atmosphere 14, 594. https://doi.org/10.3390/
atmos14030594.

Drinovec, L., Mocnik, G., Zotter, P., Prévot, A.S.H., Ruckstuhl, C., Coz, E., Rupakheti, M.,
Sciare, J., Miiller, T., Wiedensohler, A., Hansen, A.D.A., 2015. The “dual-spot”
aethalometer: an improved measurement of aerosol black carbon with realtime
loading compensation. Atmos. Meas. Tech. 8, 1965-1979. https://doi.org/10.5194/
amt-8-1965-2015.

Drinovec, L., Gregoric, A., Zotter, P., Wolf, R., Anne Bruns, E., Bruns, E.A., Prevot, A.S.H.,
Favez, O., Sciare, J., Arnold, 1.J., Chakrabarty, R.K., Moosmiiller, H., Filep, A.,
Mocnik, G., 2017. The filter-loading effect by ambient aerosols in filter absorption
photometers depends on the coating of the sampled particles. Atmos. Meas. Tech. 10
(3), 1043-1059. https://doi.org/10.5194/amt-10-1043-2017.

Ealo, M., Alastuey, A., Ripoll, A., Pérez, N., Minguillén, M.C., Querol, X., Pandolfi, M.,
2016. Detection of Saharan dust and biomass burning events using near-real-time
intensive aerosol optical properties in the north-western Mediterranean. Atmos.
Chem. Phys. 16, 12567-12586. https://doi.org/10.5194/acp-16-12567-2016.

Hansen, J., Lacis, A., Rind, D., Russell, G., Stone, P., Fung, I., Lerner, J., 1984. Climate
sensitivity: analysis of feedback mechanisms. In: Climate Processes and Climate
Sensitivity. American Geophysical Union, pp. 130-163. https://doi.org/10.1029/
GM029p0130.

Healy, R.M., Sofowote, U., Su, Y., Debosz, J., Noble, M., Jeong, C.H., Wang, J.M.,
Hilker, N., Evans, G.J., Doerksen, G., Jones, K., Munoz, A., 2017. Ambient
measurements and source apportionment of fossil fuel and biomass burning black
carbon in Ontario. Atmos. Environ. 161, 34-47. https://doi.org/10.1016/j.
atmosenv.2017.04.034.

Kalabokas, P., Stavraka, Th, Kapsomenakis, J., Poupkou, A., Zerefos, C., 2023. The
evolution of the seasonal variation and the summer Diurnal variation of primary and
secondary photochemical air pollution in Athens. Environ. Sci. Proc. 26 (1), 122.
https://doi.org/10.3390/environsciproc2023026122.

Kaskaoutis, D.G., Grivas, G., Stavroulas, 1., Bougiatioti, A., Liakakou, E., Dumka, U.C.,
et al., 2021. Apportionment of black and brown carbon spectral absorption sources
in the urban environment of Athens, Greece, during winter. Sci. Total Environ. 801,
149739 https://doi.org/10.1016/j.scitotenv.2021.149739.

Katsanos, D., Bougiatioti, A., Liakakou, E., Kaskaoutis, D.G., Stavroulas, I.,
Paraskevopoulou, D., Lianou, M., Psiloglou, B.E., Gerasopoulos, E., Pilinis, Ch,
Mihalopoulos, N., 2019. Optical properties of near-surface urban aerosols and their
chemical tracing in a Mediterranean City (Athens). Aeros. Air Qual. Res. 19, 49-70.
https://doi.org/10.4209/aaqr.2017.11.0544.

Kim, H.S., Chung, Y.C,, Lee, S.G., 2012. Analysis of spatial and seasonal distributions of
MODIS aerosol optical properties and ground-based measurements of mass
concentrations in the Yellow Sea region in 2009. Environ. Monit. Assess. 185,
369-382. https://doi.org/10.1007/5s10661-012-2559.

Kirchstetter, T.W., Novakov, T., Hobbs, P.V., 2004. Evidence that the spectral
dependence of light absorption by aerosols is affected by organic carbon. J. Geophys.
Res. 109, D21208 https://doi.org/10.1029/2004JD004999.

Kompalli, S.K., Suresh Babu, S.N., Satheesh, S.K., Moorthy, K.K., Das, T., Boopathy, R.,
Liu, D., Darbyshire, E., Allan, J.D., Brooks, J., Flynn, M.J., Coe, H., 2020. Seasonal
contrast in size distributions and mixing state of black carbon and its association
with PM1.0 chemical composition from the eastern coast of India. Atmos. Chem.
Phys. 20, 3965-3985. https://doi.org/10.5194/acp-20-3965-2020.

Laskin, A., Laskin, J., Nizkorodov, S.A., 2015. Chemistry of atmospheric brown carbon.
Chem. Rev. 115, 4335-4382. https://doi.org/10.1021/cr5006167.

Lee, S., Yoon, S., Kim, S., Kim, Y.P., Ghim, Y.S., Kim, J., Kang, C., Kim, Y.J., Chang, L.,
Lee, S., 2012. Spectral dependency of light scattering/absorption and hygroscopicity
of pollution and dust aerosols in Northeast Asia. Atmos. Environ. 50, 246-254.
https://doi.org/10.1016/j.atmosenv.2011.12.026.

Liakakou, E., Stavroulas, I., Kaskaoutis, D.G., Grivas, G., Paraskevopoulou, D., Dumka, U.
C., Tsagkaraki, M., Bougiatioti, A., Oikonomou, K., Sciare, J., Gerasopoulos, E.,
Mihalopoulos, N., 2020a. Long-term variability, source apportionment and spectral
properties of black carbon at an urban background site in Athens, Greece. Atmos.
Environ. 222, 117137 https://doi.org/10.1016/j.atmosenv.2019.117137.

Atmospheric Pollution Research 15 (2024) 102131

Liakakou, E., Kaskaoutis, D.G., Grivas, G., Stavroulas, 1., Tsagkaraki, M.,
Paraskevopoulou, D., Bougiatioti, A., Dumka, U.C., Gerasopoulos, E.,
Mihalopoulos, N., 2020b. Long-term brown carbon spectral characteristics in a
Mediterranean city (Athens). Sci. Total Environ. 708, 135019 https://doi.org/
10.1016/j.scitotenv.2019.135019.

Lopez-Caravaca, A., Crespo, J., Galindo, N., Yubero, E., Castaner, R., Nicolds Aguilera, J.
F., 2022. Characterization of aerosol absorption properties and PM1 at a mountain
site located in the southeast of the Iberian Peninsula. Atmos. Pollut. Res. 13, 101559
https://doi.org/10.1016/j.apr.2022.101559.

Liithi, Z.L., Skerlak, B., Kim, S.W., Lauer, A., Mues, A., Rupakheti, M., Kang, S., 2015.
Atmospheric brown clouds reach the Tibetan Plateau by crossing the Himalayas.
Atmos. Chem. Phys. 15, 6007-6021. https://doi.org/10.5194/acp-15-6007-2015.

Martinsson, J., Abdul Azeem, H., Sporre, M.K., Bergstrom, R., Ahlberg, E., Ostrom, E.,
Kristensson, A., Swietlicki, E., Eriksson Stenstrom, K., 2017. Carbonaceous aerosol
source apportionment using the aethalometer model — evaluation by radiocarbon
and levoglucosan analysis at a rural background site in southern Sweden. Atmos.
Chem. Phys. 17, 4265-4281. https://doi.org/10.5194/acp-17-4265-2017.

Massabo, D., Caponi, L., Bernardoni, V., Bove, M.C., Brotto, P., Calzolai, G., et al., 2015.
Multiwavelength optical determination of black and brown carbon in atmospheric
aerosols. Atmos. Environ. 108, 1-12. https://doi.org/10.1016/j.
atmosenv.2015.02.058.

Mbengue, S., Serfozo, N., Schwarz, J., Zikova, N., Smejkalové, A.H., Holoubek, I., 2020.
Characterization of Equivalent black carbon at a regional background site in central
Europe: variability and source apportionment. Environ. Pollut. 260, 113771 https://
doi.org/10.1016/j.envpol.2019.113771.

McDuffie, E.E., Smith, S.J., O’'Rourke, P., Tibrewal, K., Venkataraman, C., Marais, E.A.,
Zheng, B., Crippa, M., Brauer, M., Martin, R.V., 2020. A global anthropogenic
emission inventory of atmospheric pollutants from sector- and fuel-specific sources
(1970-2017): an application of the Community Emissions Data System (CEDS).
Earth Syst. Sci. Data 12 (4), 3413-3442. https://doi.org/10.5194/essd-12-3413-
2020.

Milinkovi¢, A., Gregoric, A., Grgicin, V.D., Vidi¢, S., Penezi¢, A., Kusan, A.C., et al., 2021.
Variability of black carbon aerosol concentrations and sources at a Mediterranean
coastal region. Atmos. Pollut. Res. 12, 101221 https://doi.org/10.1016/j.
apr.2021.101221.

Morillas, C., Alvarez, S., Pires, J.C.M., Garcia, A.J., Martinez, S., 2024. Impact of the
implementation of Madrid’s low emission zone on NO concentration using Sentinel-
5P/TROPOMI data. Atmos. Environ. 320, 120326 https://doi.org/10.1016/j.
atmosenv.2024.120326.

Pandey, A., Hsu, A., Tiwari, S., Pervez, S., Chakrabarty, R.K., 2020. Light absorption by
organic aerosol emissions rivals that of black carbon from residential biomass fuels
in South Asia. Environ. Sci. Technol. Lett. 7, 266-272. https://doi.org/10.1021/acs.
estlett.0c00058.

Pani, S.K., Lin, N.-H., Griffith, S.M., Chantara, S., Lee, C.-T., Thepnuan, D., Tsai, Y.I.,
2021. Brown carbon light absorption over an urban environment in northern
peninsular Southeast Asia. Environ. Pol. https://doi.org/10.1016/j.
envpol.2021.116735.

Perrone, M.R., Romano, S., Orza, J.A.G., 2014. Particle optical properties at a Central
Mediterranean site: impact of advection routes and local meteorology. Atmos. Res.
145-146, 152-167. https://doi.org/10.1016/j.atmosres.2014.03.029.

Perrone, M.R., Romano, S., Orza, J.A.G., 2015. Columnar and ground-level aerosol
optical properties: sensitivity to the transboundary pollution, daily and weekly
patterns, and relationships. Environ. Sci. Pollut. Res. 22, 16570-16589. https://doi.
org/10.1007/s11356-015-4850-7.

Petzold, A., Rasp, K., Weinzierl, B., Esselborn, M., Hamburguer, T., Dornbrack, A.,
Kandler, K., Schiitz, L., Knippertz, P., Fiebig, M., Virkkula, A., 2009. Saharan dust
absorption and refractive index from aircraft-based observations during SAMUM
2006. Tellus B 61, 118-130. https://doi.org/10.1111/j.1600-0889.2008.00383.x.

Pokhrel, R.P., Wagner, N.L., Langridge, J.M., Lack, D.A., Jayarathne, T., Stone, E.A.,
Stockwell, C.E., Yokelson, R.J., Murphy, S.M., 2016. Parameterization of single-
scattering albedo (SSA) and absorption Angstrém exponent (AAE) with EC/OC for
aerosol emissions from biomass burning. Atmos. Chem. Phys. 16, 9549-9561.
https://doi.org/10.5194/acp-16-9549-2016.

Popovicheva, O., Chichaeva, M., Kovach, R., Zhdanova, E., Kasimov, N., 2022. Seasonal,
weekly, and Diurnal black carbon in Moscow megacity background under impact of
urban and regional sources. Atmosphere 13, 563. https://doi.org/10.3390/
atmos13040563.

Rajesh, T.A., Ramachandran, S., 2020. Extensive and intensive properties of aerosol over
distinct environments: influence of anthropogenic emissions and meteorology.

J. Atmos. Sol. Terr. Phys. 202, 105223 https://doi.org/10.1016/].
jastp.2020.105223.

Rajesh, T.A., Ramachandran, S., Dhaker, V.K., 2021. Black carbon aerosols: relative
source strengths of vehicular emissions and residential/open wood burning over an
urban and a semi-urban environment. Atmos. Pollut. Res. 12, 101060 https://doi.
org/10.1016/j.apr.2021.101060.

Ravina, M., Caramitti, G., Panepinto, D., Zanetti, M., 2022. Air quality and
photochemical reactions: analysis of NOx and NO; concentrations in the urban area
of Turin, Italy. Air Qual Atmos Health 15, 541-558. https://doi.org/10.1007/
s11869-022-01168-1.

Romano, S., Perrone, M.R., Pavese, G., Esposito, F., Calvello, M., 2019. Optical properties
of PM2.5 particles: results from a monitoring campaign in southeastern Italy. Atmos.
Environ. 203, 35-47. https://doi.org/10.1016/j.atmosenv.2019.01.037.

Romano, S., Becagli, S., Lucarelli, F., Rispoli, G., Perrone, M.R., 2020. Airborne Bacteria
Structure and chemical composition relationships in winter and spring PM10
samples over southeastern Italy. Sci. Total Environ. 730, 138899 https://doi.org/

10.1016/j.scitotenv.2020.138899.


https://doi.org/10.5194/acp-4-2465-2004
https://doi.org/10.5194/acp-4-2465-2004
https://doi.org/10.5194/amt-3-457-2010
https://doi.org/10.1016/j.atmosres.2019.104690
https://doi.org/10.1016/j.atmosres.2019.104690
https://doi.org/10.5194/acp-13-2455-2013
https://doi.org/10.5194/acp-13-2455-2013
https://doi.org/10.5194/acp-17-313-2017
https://doi.org/10.3390/atmos14030594
https://doi.org/10.3390/atmos14030594
https://doi.org/10.5194/amt-8-1965-2015
https://doi.org/10.5194/amt-8-1965-2015
https://doi.org/10.5194/amt-10-1043-2017
https://doi.org/10.5194/acp-16-12567-2016
https://doi.org/10.1029/GM029p0130
https://doi.org/10.1029/GM029p0130
https://doi.org/10.1016/j.atmosenv.2017.04.034
https://doi.org/10.1016/j.atmosenv.2017.04.034
https://doi.org/10.3390/environsciproc2023026122
https://doi.org/10.1016/j.scitotenv.2021.149739
https://doi.org/10.4209/aaqr.2017.11.0544
https://doi.org/10.1007/s10661-012-2559
https://doi.org/10.1029/2004JD004999
https://doi.org/10.5194/acp-20-3965-2020
https://doi.org/10.1021/cr5006167
https://doi.org/10.1016/j.atmosenv.2011.12.026
https://doi.org/10.1016/j.atmosenv.2019.117137
https://doi.org/10.1016/j.scitotenv.2019.135019
https://doi.org/10.1016/j.scitotenv.2019.135019
https://doi.org/10.1016/j.apr.2022.101559
https://doi.org/10.5194/acp-15-6007-2015
https://doi.org/10.5194/acp-17-4265-2017
https://doi.org/10.1016/j.atmosenv.2015.02.058
https://doi.org/10.1016/j.atmosenv.2015.02.058
https://doi.org/10.1016/j.envpol.2019.113771
https://doi.org/10.1016/j.envpol.2019.113771
https://doi.org/10.5194/essd-12-3413-2020
https://doi.org/10.5194/essd-12-3413-2020
https://doi.org/10.1016/j.apr.2021.101221
https://doi.org/10.1016/j.apr.2021.101221
https://doi.org/10.1016/j.atmosenv.2024.120326
https://doi.org/10.1016/j.atmosenv.2024.120326
https://doi.org/10.1021/acs.estlett.0c00058
https://doi.org/10.1021/acs.estlett.0c00058
https://doi.org/10.1016/j.envpol.2021.116735
https://doi.org/10.1016/j.envpol.2021.116735
https://doi.org/10.1016/j.atmosres.2014.03.029
https://doi.org/10.1007/s11356-015-4850-7
https://doi.org/10.1007/s11356-015-4850-7
https://doi.org/10.1111/j.1600-0889.2008.00383.x
https://doi.org/10.5194/acp-16-9549-2016
https://doi.org/10.3390/atmos13040563
https://doi.org/10.3390/atmos13040563
https://doi.org/10.1016/j.jastp.2020.105223
https://doi.org/10.1016/j.jastp.2020.105223
https://doi.org/10.1016/j.apr.2021.101060
https://doi.org/10.1016/j.apr.2021.101060
https://doi.org/10.1007/s11869-022-01168-1
https://doi.org/10.1007/s11869-022-01168-1
https://doi.org/10.1016/j.atmosenv.2019.01.037
https://doi.org/10.1016/j.scitotenv.2020.138899
https://doi.org/10.1016/j.scitotenv.2020.138899

D. Peccarrisi et al.

Ruberti, M., Romano, L., 2020. Concentrations and Allocation of NO5 emissions to
different sources in a distinctive Italian region after the COVID-19 lockdown.

J. Environ. Protect. 11 (9), 690-708. https://doi.org/10.4236/jep.2020.119042.

Russell, P.B., Bergstrom, R.W., Shinozuka, Y., Clarke, A.D., De Carlo, P.F., Jimenez, J.L.,
Livingston, J.M., Redemann, J., Dubovik, O., Strawa, A., 2010. Absorption ;\ngstrém
Exponent in AERONET and related data as an indicator of aerosol composition.
Atmos. Chem. Phys. 10, 1155-1169. https://doi.org/10.5194/acp-10-1155-2010.

Saleh, R., Marks, M., Heo, J., Adams, P.J., Donahue, N.M., Robinson, A.L., 2015.
Contribution of brown carbon and lensing to the direct radiative effect of
carbonaceous aerosols from biomass and biofuel burning emissions. J. Geophys. Res.
120 https://doi.org/10.1002/2015JD023697, 10 (285-210, 296).

Schmeisser, L., Andrews, E., Ogren, J.A., Sheridan, P., Jefferson, A., Sharma, S., Kim, J.
E., Sherman, J.P., Sorribas, M., Kalapov, I., Arsov, T., Angelov, C., Mayol-Bracero, O.
L., Labuschagne, C., Kim, S.-W., Hoffer, A., Lin, N.-H., Chia, H.-P., Bergin, M., Sun, J.,
Liu, P., Wu, H., 2017. Classifying aerosol type using in situ surface spectral aerosol
optical properties. Atmos. Chem. Phys. 17, 12097-12120. https://doi.org/10.5194/
acp-17-12097-2017.

Schmid, O., Artaxo, P., Arnott, W.P., Chand, D., Gatti, L.V., Frank, G.P., Hoffer, A.,
Schnaiter, M., Andreae, M.O., 2006. Spectral light absorption by ambient aerosols
influenced by biomass burning in the Amazon Basin. I: comparison and field
calibration of absorption measurement techniques. Atmos. Chem. Phys. 6,
3443-3462. https://doi.org/10.5194/acp-6-3443-2006.

Sciare, J., D’Argouges, O., Sarda-Esteve, R., Gaimoz, C., Dolgorouky, C., Bonnaire, N.,
Favez, O., Bonsang, B., Gros, V., 2011. Large contribution of water-insoluble
secondary organic aerosols in the region of Paris (France) during wintertime.

J. Geophys. Res. 116, D22203 https://doi.org/10.1029/2011JD015756.

Stavrakou, T., Miiller, J.F., Bauwens, M., Boersma, K.F., Van Geffen, J., 2020. Satellite
evidence for changes in the NOy weekly cycle over large cities. Sci. Rep. 10, 10066
https://doi.org/10.1038/541598-020-66891-0.

Stockwell, C.E., Christian, T.J., Goetz, J.D., Jayarathne, T., Bhave, P.V., Praveen, P.S.,
Adhikari, S., Maharjan, R., DeCarlo, P.F., Stone, E.A., Saikawa, E., Blake, D.R.,
Simpson, 1.J., Yokelson, R.J., Panday, A.K., 2016. Nepal ambient monitoring and
source testing experiment (NAMaSTE): emissions of trace gases and light-absorbing
carbon from wood and dung cooking fires, garbage and crop residue burning, brick
kilns, and other sources. Atmos. Chem. Phys. 16, 11043-11081. https://doi.org/
10.5194/acp-16-11043-2016.

Tang, X., Zhang, X., Wang, Z., Ci, Z., 2016. Water-soluble organic carbon (WSOC) and its
temperature-resolved carbon fractions in atmospheric aerosols in Beijing. Atmos.
Res. 181, 200-210. https://doi.org/10.1016/j.atmosres.2016.06.019.

10

Atmospheric Pollution Research 15 (2024) 102131

Titos, G., del Aguila, A., Cazorla, A., Lyamani, H., Casquero-Vera, J.A., Colombi, C.,
Cuccia, E., Gianelle, V., Mo, G., Alastuey, A., Olmo, F.J., Alados-Arboledas, L., 2017.
Spatial and temporal variability of carbonaceous aerosols: essing the impact of
biomass burning in the urban environment. Sci. Total Environ. 578, 613-625.

Vestreng, V., Ntziachristos, L., Semb, A., Reis, S., Isaksen, I.S.A., Tarrason, L., 2009.
Evolution of NOx emissions in Europe with focus on road transport control measures.
Atmos. Chem. Phys. 9, 1503-1520. https://doi.org/10.5194/acp-9-1503-2009.

Virkkula, A., Mékela, T., Hillamo, R., Yli-Tuomi, T., Hirsikko, A., Hameri, K., Koponen, 1.
K., 2007. A simple procedure for correcting loading effects of aethalometer data.
J. Air & Waste Manage. 57, 1214-1222. https://doi.org/10.3155/1047-
3289.57.10.1214.

Wang, Q., Li, L., Zhou, J., Ye, J., Dai, W., Liu, H., Zhang, Y., Zhang, R., Tian, J., Chen, Y.,
Wu, Y., Ran, W., Cao, J., 2020. Measurement report: source and mixing state of black
carbon aerosol in the North China Plain: implications for radiative effect. Atmos.
Chem. Phys. 20, 15427-15442. https://doi.org/10.5194/acp-20-15427-2020.

Wang, H., Gong, F.-Y., Newman, S., Zeng, Z.-C., 2022. Consistent weekly cycles of
atmospheric NO, CO, and CO» in a North American megacity from ground-based,
mountaintop, and satellite measurements. Atmos. Environ. 268, 118809 https://doi.
org/10.1016/j.atmosenv.2021.118809.

Weingartner, E., Saathoff, H., Schnaiter, M., Streit, N., Bitnar, B., Baltensperger, U.,
2003. Absorption of light by soot particles: determination of the absorption
coefficient by means of aethalometers. J. Aerosol Sci. 34, 1445-1463. https://doi.
org/10.1016/50021-8502(03)00359-8.

Wu, X., Vu, T.V., Shi, Z., Harrison, R.M., Liu, D., Cen, K., 2018. Characterization and
source apportionment of carbonaceous PM2.5 particles in China - a review. Atmos.
Environ. 189, 187-212. https://doi.org/10.1016/j.atmosenv.2018.06.025.

Yan, J., Wang, X., Gong, P., Wang, C., Cong, Z., 2018. Review of brown carbon aerosols:
recent progress and perspectives. Sci. Total Environ. 634, 1475-1485. https://doi.
org/10.1016/j.scitotenv.2018.04.083.

Yang, M., Howell, S.G., Zhuang, J., Huebert, B.J., 2009. Attribution of aerosol light
absorption to black carbon, brown carbon, and dust in China - interpretations of
atmospheric measurements during EAST-AIRE. Atmos. Chem. Phys. 9, 2035-2050.
https://doi.org/10.5194/acp-9-2035-2009.

Zhang, Y., Forrister, H., Liu, J., Dibb, J., Anderson, B., Schwarz, J.P., Perring, A.E.,
Jimenez, J.L., Campuzano-Jost, P., Wang, Y., Nenes, A., Weber, R.J., 2017. Top-of-
atmosphere radiative forcing affected by brown carbon in the upper troposphere.
Nat. Geosci. 10, 486-489. https://doi.org/10.1038/NGE02960.



https://doi.org/10.4236/jep.2020.119042
https://doi.org/10.5194/acp-10-1155-2010
https://doi.org/10.1002/2015JD023697
https://doi.org/10.5194/acp-17-12097-2017
https://doi.org/10.5194/acp-17-12097-2017
https://doi.org/10.5194/acp-6-3443-2006
https://doi.org/10.1029/2011JD015756
https://doi.org/10.1038/s41598-020-66891-0
https://doi.org/10.5194/acp-16-11043-2016
https://doi.org/10.5194/acp-16-11043-2016
https://doi.org/10.1016/j.atmosres.2016.06.019
http://refhub.elsevier.com/S1309-1042(24)00096-5/sref62
http://refhub.elsevier.com/S1309-1042(24)00096-5/sref62
http://refhub.elsevier.com/S1309-1042(24)00096-5/sref62
http://refhub.elsevier.com/S1309-1042(24)00096-5/sref62
https://doi.org/10.5194/acp-9-1503-2009
https://doi.org/10.3155/1047-3289.57.10.1214
https://doi.org/10.3155/1047-3289.57.10.1214
https://doi.org/10.5194/acp-20-15427-2020
https://doi.org/10.1016/j.atmosenv.2021.118809
https://doi.org/10.1016/j.atmosenv.2021.118809
https://doi.org/10.1016/S0021-8502(03)00359-8
https://doi.org/10.1016/S0021-8502(03)00359-8
https://doi.org/10.1016/j.atmosenv.2018.06.025
https://doi.org/10.1016/j.scitotenv.2018.04.083
https://doi.org/10.1016/j.scitotenv.2018.04.083
https://doi.org/10.5194/acp-9-2035-2009
https://doi.org/10.1038/NGEO2960

	New insights from seasonal and weekly evolutions of aerosol absorption properties and their association with PM2.5 and NO2  ...
	1 Introduction
	2 Material and methods
	2.1 Site description
	2.2 Aethalometer measurements

	3 Main results and discussion on the aerosol absorption properties
	3.1 Seasonal evolution and correlation analysis for aerosol extensive parameters
	3.2 Seasonal evolution and correlation analysis for aerosol intensive parameters
	3.3 Weekly evolution for aerosol extensive parameters
	3.4 Weekly evolution for aerosol intensive parameters

	4 Conclusion
	Funding
	CRediT authorship contribution statement
	Declaration of competing interest
	Appendix A Supplementary data
	References


