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Abstract: We report on the characterization of columnar aerosol optical and microphysical properties
in the Naples Mediterranean area over a period of five years by the ground-based sun–sky–lunar
photometer operating at our observational station in the frame of the AERONET network. Statistical
and climatological analyses of daily mean values of aerosol optical depth at 440 nm (AOD440) and
Ångström exponent at 440/870 nm (α440/870) allowed for highlighting their typical seasonal behavior.
In particular, we observe higher mean values of the AOD440 during summer or spring, which are
consistent with an increased frequency of both Saharan dust transport events and biomass burning
episodes affecting the measurement area in these periods of the year. Conversely, α440/870 does not
show any typical seasonal trend. In order to gain information on the different aerosol contributions
along the atmospheric column, the frequency distributions of AOD440 and α440/870 were analyzed
and fitted by a superposition of Gaussian functions. The most populated modes are centered at
α440/870 = 1.26 ± 0.07 and AOD440 = 0.16 ± 0.01. These values are associated with continental polluted
aerosol mixed with sea salt aerosol and correspond to the background conditions typically observed
in clear atmospheric conditions. Daily size distributions averaged over each month highlight that the
fine aerosol component always prevails over the coarse fraction, except for the few months in which
Saharan dust events are particularly frequent. Finally, the mean value of the SSA at 440 nm resulted as
0.94 ± 0.05, while the refractive index real and imaginary part were 1.47 ± 0.07 and (6.5 ± 0.2) × 10−3,
respectively. These values are in agreement with those observed in other Mediterranean sites located
in Southern Italy, evidencing a rather characteristic feature of the geographical region.

Keywords: remote sensing; aerosol columnar properties; AERONET

1. Introduction

Atmospheric aerosol is an important component of the Earth system. Aerosol mea-
surement and monitoring are important to better understand its impact on air quality and
human health, and to reduce the uncertainty about its climatic role [1]. For this reason, it
is fundamental to monitor aerosol continuously and to retrieve its physical and chemical
properties. This is the purpose of many ground-based networks such as SKYNET (SKYra-
diometer NETwork) [2], EARLINET (European Aerosol Research Lidar NETwork), and
AERONET (AErosol RObotic NETwork). SKYNET analyzes aerosol–cloud–solar radiation
interaction with sun–sky radiometers, while EARLINET uses lidar to provide aerosol data
on a continental scale [3]. AERONET is an important global aerosol-monitoring network
that has more than 800 automated ground-based sun-photometers distributed all over
the world, aiming to provide long-term and continuous observations with high temporal
resolution of aerosol optical and microphysical properties for research purposes [4]. Many
studies are carried out worldwide, providing continuous aerosol columnar properties with
the purpose of characterizing dominant aerosol type over a specific source region [5–9]. For
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example, Ref. [10] used an eight-year dataset of AERONET measurements highlighting the
variability of aerosol optical and microphysical properties corresponding to seven different
sites in the Middle East and in the Eastern Mediterranean Sea regions, whereas in Ref. [11],
AERONET measurements were used with the aim of characterizing dominant aerosol
types over Europe, the Middle East, North Africa and the Arabian Peninsula. Similar
studies based on remote sensing observations carried out over many years are reported
in Refs. [12,13]. These studies provide an aerosol characterization illustrating seasonal
variation of their properties in key locations characteristic of different environments with a
focus on the contribution of mineral particles in the regions most affected by the presence
of desert dust.

Moreover, field experiments using a multi-instrument measurement approach showed
significant differences between the measured aerosol physical, chemical, and optical char-
acteristics, depending on their natural and anthropogenic sources as well as on local and
long-range transport phenomena [14–16]. The Mediterranean Basin, for its peculiar geograph-
ical location, is characterized by a large diversity of aerosol that coexists in the atmosphere
(e.g., mainly marine aerosol, anthropogenic aerosol, local and long-range transported biomass
burning aerosol, and mineral dust transported from the Southern Sahara desert region); for
this reason, this geographical area is frequently subject to investigations exploiting different
methodologies [17–19]. In particular, dust transport from the Southern Sahara Desert is a
very common phenomenon that has an important impact on the atmosphere. It has been
documented in many works using AERONET products [20–26] and in synergy with data
obtained from other instruments, such as lidars [27–32] and radiometers [33,34].

Here, we report the first long-term data analysis in the framework of AERONET
for the coastal central Mediterranean site of Naples. This area is characterized by sea
breeze circulation that can modify the aerosol composition and vertical distribution [35].
For this reason, aerosol characterization is a challenge. In the present study, we identify
seasonal patterns of aerosol properties over a five-year period, focusing on optical depth
and Angstrom exponent to evaluate their concentration and dimension, respectively. In
particular, our analysis focuses on the identification of the Saharan dust transport events
that modulate the aerosol vertical distribution in the atmosphere. This is achieved by
using the HYSPLIT (Hybrid Single-Particle Lagrangian Integrated Trajectory) and BSC-
DREAM8b models with the aim to characterize the dominant component of aerosols in the
free troposphere. Finally, we investigate columnar microphysical properties of aerosol and
discuss the results of our analysis.

2. Materials and Methods
2.1. Location and Instruments

The National Facility of the ACTRIS Research Infrastructure [36] at the University of
Naples “Federico II” is equipped with active and passive remote sensing instruments for
atmospheric aerosol studies. Among others, a CIMEL sun-photometer has been operative
since April 2016 in the framework of AERONET.

Here, we report on the aerosol characterization provided by a CIMEL CE318T sun–sky–
lunar photometer [37] that acquires Sun radiance at 8 different wavelengths: 340, 380, 440,
500, 675, 870, 1020 and 1640 nm. Aerosol columnar properties are automatically measured
in three different modes: direct Sun, direct Moon and sky radiance measurements. Data
coverage is limited by weather conditions and periodical instrument calibration; products
are available to users in near real time on the AERONET website (https://aeronet.gsfc.
nasa.gov, accessed on 1 February 2022). Moreover, lunar data are also available during
full-moon period.

AERONET direct sun/moon products are aerosol optical depth (AOD) and Ångström
exponent (α); inversion algorithms provide aerosol volume size distribution, single scatter-
ing albedo and real and imaginary parts of the refractive index [38,39]. The accuracy level
of the retrieved product is described in detail in [40].

https://aeronet.gsfc.nasa.gov
https://aeronet.gsfc.nasa.gov
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The Napoli-CeSMA AERONET sun-photometer is located one kilometer from the
Mediterranean Sea (40.83684◦ N, 14.30657◦ E, Elevation: 50.0 m). The measurement area
(Figure 1) represents an ideal site for a long-term assessment of the various types of aerosol
produced by different sources in the center of the Mediterranean basin, being influenced
from marine aerosol of the near Mediterranean Sea [35,41], anthropogenic aerosol produced
by the urban and industrial areas of Naples and the European region in the north [42], local
and long-range transported biomass burning aerosol [43], and mineral dust transported
from the Southern Sahara desert region [44,45].
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Figure 1. Geographical location of the Napoli Cesma monitoring site. Other Southern Italy AERONET
sites are also shown.

Saharan dust transport events are very common in the Mediterranean basin [28]. Here,
aerosol air mass back-trajectories, provided by the Hybrid Single-Particle Lagrangian Inte-
grated Trajectory (HYSPLIT) model developed by the National Oceanic and Atmospheric
Administration (NOAA) Air Resources Laboratory [46], are exploited to identify the origin
and pathway of the aerosol. Moreover, in order to assess different aerosol contributions
in the atmospheric column over the station, back-trajectories analysis was also supported
by the BSC-DREAM8b daily forecasts (http://www.bsc.es/ess/bsc-dust-dailyforecast/,
accessed on 1 February 2022) and by the NASA Fire Information for Resource Management
System (FIRMS). The former provides vertical distribution and temporal variability of the
dust, whereas the latter delivers information, derived from satellite observations, on active
fire that could identify the presence of biomass burning aerosol in the measurement area.

2.2. Columnar Aerosol Properties

Level 1.5 (automatically cloud screened) daily averaged data acquired from January
2017 to December 2021 are considered here, reporting for the first time a five-year long-
term monitoring of the main columnar aerosol properties over the area of Naples. In total,
1248 solar and 667 lunar days of measurements were analyzed with the aim of characterizing
atmospheric aerosol content and properties. The two main parameters investigated are AOD
at 440 nm and the Ångström coefficient α at 440/870 nm, estimated as:

α440/870 =
ln AOD440 − ln AOD870

ln 440 − ln 870

The former is proportional to the total column load of aerosol in the atmosphere,
whereas the latter is inversely proportional to the aerosol particle size [47]. These parame-
ters are available for both solar and lunar measurements. Other inversion products are also

http://www.bsc.es/ess/bsc-dust-dailyforecast/
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available, but only for solar data. In an attempt to obtain a more complete characterization
of the aerosol evolution in a long-term study, we also considered the single scattering
albedo (SSA) at four different wavelengths (440, 675, 870, 1020 nm), the fine and coarse
components of AOD at 500 nm, as well as the volume particle size distributions. The
inversion algorithm provides the size distribution dV/dln(r) in µm3/µm2, in the size range
from 0.05 to 15 µm separated in 22 equidistant bins on a logarithmic scale [38], which can
gain information on fine and coarse mode fractions of the atmospheric aerosol. The size
distribution is described by a lognormal bi-modal distribution, thus providing the values of
the mean radius and the relative contribution of the two components. Our analysis of the
aerosol columnar properties endows a reliable and valuable characterization of the main
aerosol types present over the measurement area.

2.3. Aerosol Source Identification

The web version of the HYSPLIT trajectory model is available online at the aeronet.gsfc.
nasa.gov website (https://www.ready.noaa.gov/HYSPLIT, accessed on 1 February 2022)
at each of the AERONET sites. Trajectory images provided on this website can be obtained
at five altitude levels and custom hours. Back-trajectories have been largely used in a wide
number of aerosol studies, particularly to locate aerosol sources [23]. Dust outbreaks were
identified using 5 days of back-trajectories, which correspond to the typical travel time of
dust particles from northwestern Africa to south Italy. We used back-trajectories ending
over Naples at altitudes between 2000 and 8000 m corresponding to the vertical extension
of desert dust plumes, which are generally confined at this altitude range as illustrated in
our previous study based on lidar observations [44]. The advection of dust particles from
northwestern Africa was supported by the dust concentration profiles and dust load ob-
tained from the BSC-DREAM8b model operated by the Barcelona Supercomputing Center;
the BSC-DREAM8b is a model developed to simulate and/or predict the atmospheric cycle
of mineral dust. The model provides the spatial and temporal variability of dust aerosol
load and optical depth [48] for the monitoring site of this study. As an example, Figure 2
displays the results of the models corresponding to a typical Saharan dust transport event
that occurred on 22 July 2017. Figure 2a shows the vertical profile of dust concentration
(µg/m3) in the atmosphere over Naples while Figure 2b shows DREAM dust concentration
forecast maps at longitude 14.18◦E and latitude 40.83◦N of the monitoring site.
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Fires events derived from satellite observations by the MODIS (Moderate Resolution
Imaging Spectroradiometer) and VIIRS (Visible Infrared Imaging Radiometer Suite) instru-
ments and reported by the NASA Fire Information for Resource Management System (FIRMS)
were used to identify wildfire activity near the observational site that might cause the presence
of atmospheric aerosol originating from biomass burning (https://firms.modaps.eosdis.nasa.
gov, accessed on 30 September 2022). Figure 3 reports the FIRMS map corresponding to 12
July 2017 when fires affected a very large area of the Vesuvius National Park and the smoke
was driven by winds toward the city of Naples. The biomass burning aerosols were blown
by wind toward the north–west direction, especially on 12 and 13 July when the wind speed
reached values as high as 10 m/s [43].

https://firms.modaps.eosdis.nasa.gov
https://firms.modaps.eosdis.nasa.gov
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measurement site.

3. Results and Discussion

Here, we illustrate the results of our five-year analysis on the columnar aerosol prop-
erties measured by the AERONET sun–sky–lunar photometer of the observational station
at the University of Naples “Federico II”. We first discuss in Section 3.1 the seasonal
variation of the aerosol AOD at 440 nm (AOD440) and Angstrom coefficient at 440/870 nm
(α440/870); then, in Section 3.2, the various aerosol typologies are recognized by means of
the relationship between the previous two parameters. Finally, the analysis of the aerosol
microphysical properties is reported in Section 3.3.

3.1. Seasonal and Statistical Analysis

In order to characterize the mean properties of the atmospheric aerosol observed
above the measurement area and verify possible seasonal trends, the temporal variability
of their columnar properties was studied, and a statistical analysis on AOD440 and α440/870
was performed on both diurnal and nocturnal data.

Figure 4 displays the temporal variability of daily mean values of AOD440 and α440/870
registered in diurnal observations (solar data). The data show a large day-by-day variabil-
ity with values of AOD440 and α440/870 varying in the ranges (0.04–0.97) and (0.1–2.36),
respectively. Generally, the atmospheric turbidity increases from winter to summer. Daily
AOD440 reaches its maximum value during the spring/summer period, while α440/870 is
strongly variable during the different seasons.

These values are in agreement with those reported for the Mediterranean region [22,24–26,33,49]
and reflect the large variability of the aerosol concentration and properties in the measurement area
due to the different types of aerosols, produced by both natural and anthropogenic sources, whose
ageing processes involve chemical and microphysical changes with time. AERONET-derived aerosol
data measured in the western Mediterranean Sea showed values of AOD340 in the range 0.05–0.65
and α440/870 in the range 0.2–1.7. Moreover, in the southeast of Italy at the Lecce-AERONET station,
AOD440 in the range 0.05–0.96 and α440/870 in the range 0.1–2.2 were measured, while AOD495.7 in
the range 0.03–1.13 and α415.6/868.7 in the range −0.32–2.5 were obtained at the island of Lampedusa
in the Central Mediterranean.
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Seasonal statistical values of both AOD440 and α440/870 were evaluated, and their
temporal variation is reported in the boxplot in Figure 5. The horizontal segments in the
boxplots represent the median of the set of values, while the box boundaries are the 25th
and 75th percentiles. The AOD440 shows an evident seasonal behavior with the higher
AOD440 median values reaching a level of about 0.3 during summer or spring. These
values are typical of the Mediterranean basin regions, where during the warm seasons,
the frequency of Saharan dust transport events is higher [13,28,44]. The obtained results
agree well with three years of systematic lidar observations carried out in the measurement
area that showed a predominance of sand dust transport events (~70%) in spring and
summer [44]. The AOD440 seasonal behavior could also be influenced by the numerous
forest fires and biomass burning episodes affecting the measurement area, especially in
summer. Moreover, the increase in AOD440 is also related to the stronger convection and the
longer residence time of the atmospheric aerosol during this season. In particular, Saharan
dust transport leads to higher AOD440 and lower α440/870 values, as a consequence of an
increased content of larger sand particles in the atmospheric column, whereas biomass
burning aerosol corresponds mainly to fine aerosol in the atmosphere linked with an
increment in the α440/870 values. This could explain the α440/870 behavior that, on the
contrary, seems to not evidence any typical seasonal trend.
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This behavior could also be related to the coexistence of particles of different nature
and typology, produced by local sources or long-range transport phenomena, whose mixing
in the atmosphere is favored by high evaporation, low precipitation, and remarkable solar
activity [50]. The same AOD440 seasonality and α440/870 variability is observed for lunar
data as well (not shown).

Table 1 summarizes yearly averaged values of AOD440 and α440/870 for both diurnal
and nocturnal observations. The reported errors were calculated as the standard deviation.
We note that in the 2020 diurnal data corresponding to February, April, May and June are
missing, but this year does not show many different values with respect to the other years.
The solar AOD440 average over five years is 0.21 ± 0.13, while solar α440/870 average is
1.3 ± 0.4. For every year, the lunar AOD440 and α440/870 average values are consistent with
the solar data, within the uncertainties. The value of the lunar AOD440 averaged over the
analyzed period is 0.22 ± 0.13, while the lunar α440/870 average is 1.2 ± 0.4.

Table 1. Solar and lunar AOD440 and α440/870 mean values for each year. Number N of available
daily data for each year is also reported. Errors are estimated as standard deviation.

Year Nsol AOD440 sol α440/870 sol Nlun AOD440 lun α440/870 lun

2017 267 0.19 ± 0.10 1.3 ± 0.4 106 0.20 ± 0.09 1.3 ± 0.4
2018 270 0.22 ± 0.12 1.2 ± 0.4 146 0.23 ± 0.13 1.2 ± 0.5
2019 272 0.21 ± 0.11 1.3 ± 0.4 142 0.23 ± 0.14 1.2 ± 0.4
2020 189 0.20 ± 0.11 1.4 ± 0.3 150 0.19 ± 0.11 1.3 ± 0.4
2021 250 0.21 ± 0.09 1.2 ± 0.4 123 0.23 ± 0.15 1.2 ± 0.4
Tot 1248 0.21 ± 0.11 1.3 ± 0.4 667 0.22 ± 0.13 1.2 ± 0.4

These values are consistent with the ones observed in other AERONET sites located in South-
ern Italy and the Mediterranean Basin and obtained from multi-year ground-based AERONET
observations carried out from 22 Mediterranean stations [25]. In particular, our results agree with
Lecce (AOD440 = 0.21, α440/870 = 1.21) and Potenza (AOD440 = 0.21, α440/870 = 1.35), two close
southern stations where the influence of desert dust is also significant.

Figure 6 reports the boxplots obtained from daily data in each month of AOD440 and
α440/870 over a period of five years. AOD440 shows a pronounced seasonality, reaching the
highest median value of 0.27 in August, whereas a minimum value of 0.10 is achieved in
December. The same behavior is observed for the lunar data, with AOD440 maximum and
minimum values in the same months, equal to a median of 0.26 in August and 0.11 in Decem-
ber, respectively. This result is in good agreement with that observed at the Lecce AERONET
site in the years 2016–2019 [51], suggesting a rather typical feature of the Mediterranean area:
during spring and summer, dust events and biomass burning episodes lead to larger AOD,
while during late autumn and winter, the atmosphere is clearer due to the higher frequency
of rainy days [20,43]. Instead, α440/870 does not show a clear seasonal trend, sitting at values
between 1.2 and 1.5 for all of the year. For lunar data, α440/870 has a minimum in May, with a
median of 1.1, and the highest peak in August, with a median of 1.6.

The sun and lunar AOD behavior can likely result from contributing causes linked to
an increase in the frequency of the Saharan dust transport events [44], which carry coarse
particles in the atmosphere, and of the fire events [43]. Moreover, the seasonal rise of solar
flux can favor formation of secondary particles by photochemical processes [52] producing
fine particles in the atmospheric column that lead to a rise in the AOD440. Monthly median
values of α440/870 resulted in larger than 1 according to a prevailing fine-particle fraction
in the atmospheric column. The α440/870 values are higher during winter consistently
with both the lower frequency of Saharan dust events in such a period and the larger
concentration of fine aerosols related to urban traffic and domestic heating. Lower α440/870
values were measured in May, probably as a consequence of an increased coarse particles
fraction arising from dust or marine aerosol transport.
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In an attempt to discriminate different aerosol contributions along the atmospheric
column, frequency distribution of AOD440 and α440/870 were analyzed by taking into
account that a lognormal distribution is a better reference for AOD440 statistics [53], whereas
α440/870 is expected to be normally distributed [54]. Therefore, count distributions of ln
(AOD440) and α440/870 were derived and fitted in terms of a superposition of various
Gaussian distributions.

The results are reported in Figure 7. The count distribution of ln (AOD440) is fitted
by a bimodal normal distribution (solid line in Figure 7a), whose centers at −1.83 ± 0.05
and −1.15 ± 0.03 correspond to AOD440 values of 0.16 ± 0.01 and 0.31 ± 0.01. The
corresponding standard deviations are 1.08 and 0.51, respectively. The first mode (dashed
line) includes most of the data and corresponds to typical AOD440 values observed in clear
atmospheric conditions. Conversely, the second mode (dashed-dotted line), less populated,
corresponds to very high aerosol content (higher AOD440 values) due to particularly
high turbidity episodes such as biomass burning, generating fine mode particles in the
atmosphere, or Saharan dust transport, characterized by particles mainly in coarse mode.
The count distribution of α440/870 is well fitted by a three-modal normal distribution (solid
line in Figure 7b), centered at 0.57 ± 0.07, 1.26 ± 0.07 and 1.63 ± 0.03 and with standard
deviations of 0.49, 0.48 and 0.34, respectively. The mode centered at 0.57 (dotted line)
corresponds to aerosol mainly in coarse mode, such as long-range transported dust aerosol
from the African region or sea salt aerosol due to the closeness of the Mediterranean Sea.
Pure marine aerosol is characterized by low α values corresponding to a coarse component
typically with values of α440/870 < 0.6 [21]. Conversely, the mode centered at 1.63 (dashed-
dotted line) corresponds to local urban pollution [24] or to fine mode aerosol produced by
biomass burning episodes [43] that are frequent during summer, both usually characterized
by a fine component with α440/870 > 1.5. The most populated mode is the one centered at
1.26 (dashed line), corresponding to background conditions associated with continental
polluted aerosol mixed with sea salt aerosol.
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The same analysis carried out for lunar data is in agreement with these results, as
shown in Figure 8. The ln(AOD440) is again well fitted by a bimodal normal distribution
(solid line in Figure 8a) with centers at −1.8 ± 0.5 (dashed line) and −1.1 ± 0.7 (dashed-
dotted line) and standard deviations of 1.06 and 0.85. These central values of ln(AOD440)
correspond to AOD440 of 0.16 ± 0.08 and 0.3 ± 0.2, respectively. α440/870 is fitted by a
three-modal normal distribution centered at 0.4 ± 0.3 (dotted line), 1.1 ± 0.2 (dashed line)
and 1.6 ± 0.1 (dashed-dotted line). The corresponding values of the standard deviation are
standard deviations of 0.4, 0.5 and 0.4, respectively. The same conclusions on the aerosol
composition of the most populated modes for solar data can be deduced for lunar ones.

Multimode frequency distributions of AOD440 and α440/870 were observed in different
European AERONET stations, suggesting similar prevalent aerosol contributions in the
measurement area. As an example in Potenza [24], the contribution of different aerosol
types was quantified using a k-mean cluster analysis based on AOD and α frequency
distributions that could identify, in the AOD-α scatter plot, three prevailing aerosol types
classified as dust, continental, and maritime, and a fourth one classified as mixed. More
recently, from two years of AERONET measurements carried out over Sofia City, Bulgaria,
aerosol main components are identified using AOD-α-based aerosol classifications starting
from the AOD and α frequency distributions with two AOD and three α modes [55].
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3.2. Dust Aerosol Characterization

In order to identify AOD440 and α440/870 values correlated to a particular aerosol
typology, data corresponding to Saharan dust events were selected. Saharan dust transport
is a recurrent event over the Mediterranean area, and this is especially true for Southern
Italy [22,28,33]. From the identification of Saharan dust transport events using the HYSPLIT
and BSC-DREAM8b models, the frequency of days with Saharan dust presence per year in
Naples varies between 17% and 41% over the 2017–2021 period.

The annual mean values of AOD440 and α440/870 registered for dust (SD) and no dust
(NSD) days, for solar data, are summarized in Table 2, where N indicates the number of
measured samples. The table evidences that the presence of Saharan dust leads to higher
AOD440 values (annual average > 0.2) and to lower α440/870 values (annual average < 1.1),
due to a larger contribution of coarse aerosol in the atmospheric column. We note that
normally coarse-mode aerosols have Angstrom exponent < 0.5 [49]; therefore, Angstrom
exponent values measured during SD mostly represent mixed-mode aerosols according
to the geographical location of the measurement area, which is characterized by a large
diversity of aerosols co-existing in the atmosphere. A small fraction of dust aerosols can
also be found in the fine fraction, thus explaining the values larger than 0.5 of the retrieved
α440/870. The AOD440 increment between SD and NSD days is about 20–30%, while the
α440/870 reduction is about 20–50%. The same variation in percentage is also confirmed by
the lunar data.
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Table 2. Solar AOD440 and α440/870 mean values for each year, with daily data grouped into days
without (NSD) and with (SD) the influence of Saharan dust transportation events. Errors are estimated
as mean standard deviation.

Year
SD NSD

N AOD440 α440/870 N AOD440 α440/870

2017 44 0.24 ± 0.11 1.0 ± 0.4 223 0.18 ± 0.10 1.4 ± 0.3
2018 96 0.26 ± 0.12 0.9 ± 0.4 174 0.20 ± 0.11 1.4 ± 0.4
2019 73 0.27 ± 0.11 1.1 ± 0.5 199 0.18 ± 0.10 1.3 ± 0.4
2020 25 0.24 ± 0.10 1.0 ± 0.3 164 0.19 ± 0.09 1.4 ± 0.3
2021 64 0.29 ± 0.17 0.9 ± 0.4 187 0.19 ± 0.11 1.3 ± 0.4

Seasonal averages of AOD440 and α440/870 showed larger differences between SD and
NSD days during summer and spring, according to the larger frequency of more intense
dust events observed in the warm season [44].

Further insights on the aerosol typology can be gained by resorting to the scatter plot
of α440/870 vs. AOD440 [22,24]. The methodology that uses the combination of these two
parameters to gain information on dominant aerosol type has already been used in many
previous studies [21,33,55–58]. It is a useful method that can discriminate different classes
of aerosols.

We hereafter use the scatter plot of α440/870 vs. AOD440, based on the results of the
count distributions reported in Figure 7, together with model outcomes in order to define
different threshold values useful in identifying the different classes of aerosol typology
prevailing in the atmospheric column over the Naples area.

These plots are reported in Figure 9, and they refer to all the data over the five-year
period, and Figure 10 displays the data collected according to the corresponding season.
To improve their readability, the plots are displayed in semi-log scales, i.e., a linear scale
is used for α440/870 and a log-scale for AOD440. Each datapoint represents a daily mean;
meanwhile, the different colors distinguish between SD and NSD days. In all plots, most
the data lies in the central-upper left part of the plot, addressing the typical (α440/870,
AOD440) values of the observational site. The values of such a region are consistent with the
predominant components present in the histograms reported in Figure 7, which evidence
that the most populated modes correspond to an AOD440 of 0.16 and an α440/870 of 1.26.
Such observation addresses the typical atmospheric conditions of the site and corresponds
to a predominance of marine aerosol, coming from the near Mediterranean Sea, mixed
with polluted continental aerosol of an urban and industrial site. Two areas, mostly
populated during warm seasons, were identified in the plots: the first one (green rectangle)
corresponding to AOD440 > 0.18 and α440/870 > 1.5, and the second (yellow rectangle)
corresponding to AOD440 > 0.2 and α440/870 < 1. The green area thresholds, according to
Ref. [59], identify biomass burning aerosols; 70% of the datapoints in this area belong to
spring or summer, evidencing a seasonality. Biomass burning episodes are more frequent
during warm seasons. The corresponding values agree with those measured during
multiple huge fires that occurred on Mount Vesuvius (Italy) on 2017 [43], whose results
evidenced the presence of fine-mode aerosol with large mean values of AOD440 > 0.25 and
α440/870 > 1.5 above the measurement area. This suggests that in the count distribution
reported in Figure 7, the AOD440 mode centered at 0.31 and the α440/870 mode centered
at 1.63 likely correspond to biomass burning aerosol, together with a presence of fine
continental aerosol. Conversely, the yellow region corresponding to high AOD440 and low
α440/870 values can be linked to mineral dust aerosol as evidenced by a larger density of
data associated with Saharan dust transport events. A clear seasonality is again visible, with
86% of the datapoints belonging to spring and summer. Moreover, 82% of the datapoints in
this area correspond to days in which Saharan dust presence was identified. Considering
the total dust events observed during the 5 years, 23% of all dust events lie in this region,
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representing the most intense events that occurred during this period. The measured values
correspond to the AOD440 mode centered at 0.31 and the α440/870 mode centered at 0.57.
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Figure 9. AOD440-α440/870 scatter plot of all observations during 2017–2021. The scale is semi-log,
with logarithm scale on the horizontal axis. Red datapoints represent days in which Saharan dust
transportation events were observed, while blue datapoints are used for all the other days. Green
areas contain couples with AOD440 > 0.18 and α440/870 > 1.5; yellow areas contain couples with
AOD440 > 0.2 and α440/870 < 1.

Atmosphere 2022, 13, x FOR PEER REVIEW  15  of  22 
 

 

 

Figure 10. AOD440‐α440/870 scatter plots for winter (a), spring (b), summer (c) and autumn (d) seasons. 

The scale is semi‐log, with logarithm scale on the horizontal axis. Red datapoints represent days in 

which Saharan dust transportation events were observed, while blue datapoints are used for all the 

other days. Green areas contain couples with AOD440 > 0.3 and α440/870 > 1.5, and yellow areas contain 

couples with AOD440 > 0.2 and α440/870 < 1. There are a total of 238 points for winter, 320 points for 

spring, 400 points for summer and 290 points for autumn. 

3.3. Aerosol Microphysical Characterization 

Sky radiance measurements are inverted using AERONET algorithms, retrieving aer‐

osol features as size distribution, single scattering albedo (SSA) and complex index of re‐

fraction [38,60]. The SSA, defined as the fraction of the aerosol light scattering over the 

total extinction, gives information on the importance of absorption processes with respect 

to other extinction phenomena, such as scattering. Boxplots of SSA at 440 and 675 nm are 

reported  in Figure 11a, whereas medians SSA values at  four different wavelengths are 

reported in Figure 11b. The lowest values are retrieved during November and December, 

corresponding to more absorbing particles in the atmospheric column. The higher values 

are retrieved in May and September. A similar annual trend with minima and maxima 

occurring in cold and warm seasons, respectively, was observed over Athens, Greece [61] 

for the period 2008–2018. The spectral dependence of the SSA evidences an increase in the 

values passing from 440 to 675 nm from April to September, in agreement with a larger 

contribution of more aerosol absorbing at lower wavelengths in the atmospheric column 

[62]. Combining the SSA annual variation and spectral dependence with the AOD440 and 

α440/870 behavior reported in Figure 6, we can affirm that in April and May, a larger contri‐

bution of dust aerosol was observed over the Naples area, according to a larger contribu‐

tion of less absorbing aerosol with larger dimension. On the other hand, the decrease in 

the SSA at the higher wavelength during the cold season could be linked to brown carbon 

aerosols and polluted dust mixtures within the urban area [63]. This is evident in particu‐

lar for the cold months (November, December and January), mainly dominated by urban 

local pollutants (e.g., industrial activities, domestic heating, road traffic). The mean values 

of the SSA at 440 and 675 nm are 0.94 ± 0.05 and 0.94 ± 0.04, respectively. These values 

agree well with those registered  in other Mediterranean urban/industrial polluted sites 

Figure 10. AOD440-α440/870 scatter plots for winter (a), spring (b), summer (c) and autumn
(d) seasons. The scale is semi-log, with logarithm scale on the horizontal axis. Red datapoints
represent days in which Saharan dust transportation events were observed, while blue datapoints are
used for all the other days. Green areas contain couples with AOD440 > 0.3 and α440/870 > 1.5, and
yellow areas contain couples with AOD440 > 0.2 and α440/870 < 1. There are a total of 238 points for
winter, 320 points for spring, 400 points for summer and 290 points for autumn.
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3.3. Aerosol Microphysical Characterization

Sky radiance measurements are inverted using AERONET algorithms, retrieving aerosol
features as size distribution, single scattering albedo (SSA) and complex index of refrac-
tion [38,60]. The SSA, defined as the fraction of the aerosol light scattering over the total
extinction, gives information on the importance of absorption processes with respect to other
extinction phenomena, such as scattering. Boxplots of SSA at 440 and 675 nm are reported
in Figure 11a, whereas medians SSA values at four different wavelengths are reported in
Figure 11b. The lowest values are retrieved during November and December, corresponding
to more absorbing particles in the atmospheric column. The higher values are retrieved in May
and September. A similar annual trend with minima and maxima occurring in cold and warm
seasons, respectively, was observed over Athens, Greece [61] for the period 2008–2018. The
spectral dependence of the SSA evidences an increase in the values passing from 440 to 675 nm
from April to September, in agreement with a larger contribution of more aerosol absorbing
at lower wavelengths in the atmospheric column [62]. Combining the SSA annual variation
and spectral dependence with the AOD440 and α440/870 behavior reported in Figure 6, we
can affirm that in April and May, a larger contribution of dust aerosol was observed over
the Naples area, according to a larger contribution of less absorbing aerosol with larger di-
mension. On the other hand, the decrease in the SSA at the higher wavelength during the
cold season could be linked to brown carbon aerosols and polluted dust mixtures within the
urban area [63]. This is evident in particular for the cold months (November, December and
January), mainly dominated by urban local pollutants (e.g., industrial activities, domestic
heating, road traffic). The mean values of the SSA at 440 and 675 nm are 0.94 ± 0.05 and
0.94 ± 0.04, respectively. These values agree well with those registered in other Mediterranean
urban/industrial polluted sites with moderately absorbing aerosol, according to SSA close to
0.95 ± 0.04, as reported in Ref. [25].
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Figure 11. (a) Evolution of SSA at 440 and 675 nm provided by AERONET with data classified by
month over five years (2017–2021). Error bars indicate mean standard deviation. Horizontal segments
show the median values for each season, while the lower and upper boundaries of each box represent
the 25th and 75th percentiles, respectively. Whiskers are based on the 1.5 IQR value. (b) SSA median
values for 440, 675, 870 and 1020 nm, showing monthly variation during the years.
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The real part of the refractive index does not show a seasonal behavior, while the
imaginary part of the refractive index, being correlated to particle absorption, shows
a seasonal behavior as expected from the SSA analysis. For 440 nm, average values
of 1.47 ± 0.07 and (6.5 ± 0.2) × 10−3 were obtained for the real and imaginary parts,
respectively, in agreement with previous estimates obtained for urban/polluted aerosols in
the Mediterranean area.

AERONET inversion algorithms also provide the AOD at 500 nm (AOD500), separated
in fine and coarse components. Following Ref. [26], which carried out an analysis for
various Western Mediterranean AERONET stations, this parameter can be used to evaluate
the impact of Saharan dust on the observational site. During the five-year period, the
fine aerosol component always prevails over the coarse one, with the exception of two
months in which Saharan dust events are particularly frequent (April 2018, June 2021).
The mean AOD500 of the fine component does not change much during the five years,
while that of the coarse one shows larger values in 2021. The AOD500 fine to coarse ratio,
useful in estimating the prevalence of one component over the other, is larger than 2 for the
period 2017–2020, while lowering to 1.65 for 2021. This last year is characterized by a larger
presence of coarse particles due to a greater frequency and intensity of Saharan dust events.

Figure 12 reports boxplots over the five years of the monthly AOD500 for both fine
and coarse particles. Both components display seasonal behavior, as already observed for
the total AOD440, and in each month, the AOD500 of the fine fraction is larger than that
of the coarse one. This seems to evidence a typical feature of the observational site likely
related to the urban character of the measurement area. Polluted and anthropogenic-mixed
aerosol, generally in the accumulation mode, are characterized by higher AOD500 values
being more subject to hygroscopic growth than coarse particles. For the fine component, the
highest value is registered in August, in agreement with higher values of α440/870 observed
during this month. Instead, the coarse component displays larger values in warm months.
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Daily size distributions were averaged over each month, dividing the data in days
with and without influence of Saharan dust and represented together for each year. In
Figure 13, the plots obtained for the year 2021 are shown as an example. Only the months in
which at least two days with Saharan dust events were observed are reported. In both plots,
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the bi-modal size distribution highlights how the coarse mode is much higher during warm
months, such as in June, July and August, when dust transport above the measurement
area is more frequent. Moreover, for all the months, the coarse modes obtained considering
only days without dust events are similar. On the other hand, fine mode does not change
much considering only Saharan dust events and their absence, confirming how these events
transport, to a greater extent, a larger dimension of aerosol. The same behavior is observed
for all the other years (data not shown), with coarse mode peaks observed only for dust
days in the months between April and August, as observed in 2021. Only 2021 data are
presented because. As already observed, it is the year with the most intense Saharan dust
transport events; it has the highest peak for the coarse mode observed during the five years.
For all other years, the same variation between dust and no dust plot is clearly present,
although the differences in values are smaller. Fine mode peaks are usually observed
during August, and this justifies the α440/870 peaks observed during this month.
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Figure 13. Volume particle size distribution monthly averages obtained for months of 2021 in which
Saharan dust events were observed. Daily data are divided into days with (a) and without (b) the
influence of Saharan dust transportation events. Note that the horizontal axis is on a logarithmical
scale and The vertical axis scale is different for the two plots.

4. Conclusions

A five-year statistical and climatological analysis of the aerosol optical and microphys-
ical properties obtained from AERONET ground-based remote sensing observations in a
Mediterranean area was reported. Seasonal behavior was observed in the AOD440, which
reaches daily mean values larger than 0.3 during dust advection or forest fire episodes.
Measured α440/870 values did not show any typical seasonal trend, in agreement with the
large variability of the aerosol properties and dimensions due to the coexistence of particles
of different nature and typology in the measurement area. AOD440 and α440/870 mean
values indicated a predominance of marine aerosol, coming from the near Mediterranean
Sea, mixed with polluted continental aerosol characteristic of an urban and industrial area.
The frequency distribution of AOD440 and α440/870 could discriminate between the back-
ground conditions, corresponding to the continental polluted aerosol mixed with sea salt
aerosol, and the long-range transported dust from the Sahara region or the biomass burning
events occurring in the measurement area. The particle size distribution highlighted a
predominance of the aerosol fine fraction in the atmospheric column, with the occurrence
of coarse mode peaks mainly during dust transport events. Finally, this study confirms
the typical Mediterranean nature of the measurement area dominated by fine pollution
particles mixed, mainly during summer, with biomass burning aerosol and larger aerosol
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components associated with major dust events from the Sahara Desert. Our experimental
findings are relevant to climate change and air quality studies, providing useful information
on the Mediterranean aerosol optical and microphysical properties.
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