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ABSTRACT 
 

One-year measurements (October 2016–September 2017) of aerosol optical properties in the Athens urban environment 
were analyzed; for closure purposes, the results were supported by data of chemical composition of the non-refractory 
submicron aerosol fraction acquired with an Aerosol Chemical Speciation Monitor (ACSM). Both the spectral scattering 
(bsca) and absorption (babs) coefficients exhibit a pronounced annual variability with higher values (63.6 Mm–1 at 550 nm 
and 41.0 Mm–1 at 520 nm, respectively) in winter, due to domestic heating releasing increased carbonaceous emissions and 
the shallow mixing layer trapping aerosols near the surface. Much lower values (33.5 Mm–1 and 22.9 Mm–1 for bsca and 
babs, respectively) are found during summer, indicating rather aged aerosols from regional sources. The estimations of the 
dry spectral single scattering albedo (SSA), scattering (SAE) and absorption (AAE) Ångström exponents focus on the 
seasonality of the urban aerosols. The high SAE (~2.0) and low SSA (0.62 ± 0.11) values throughout the year indicate the 
dominance of fine-absorbing aerosols from fossil-fuel combustion, while the high AAE (~1.5) in winter suggests enhanced 
presence of biomass-burning aerosols. Pronounced morning and late evening/night peaks are found in both bsca and babs 
during winter, coinciding with the morning traffic rush hour and increased residential wood burning in the evening, while 
in the other seasons, the diurnal patterns flatten out. The wind speed strongly affects the aerosol loading and properties in 
winter, since for winds below 3 m s–1, a high increase in bsca and babs is observed, consistent with low dilution processes 
and hazy/smoggy conditions. Our closure experiments indicate a good agreement (R2 = 0.91, slope = 1.08) between the 
reconstructed and measured bsca values and reveal that organic matter contributes about half of the sub-micron mass in 
winter, followed by sulfate (~40%) and nitrate (10%, only in winter) aerosols. 
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INTRODUCTION 
 

Atmospheric aerosols are one of the most important 
constituents in the earth-atmosphere system and climate 
(IPCC, 2013). Particulate matter (PM2.5, PM10), carbonaceous 
aerosols (Organic Matter (OM), Black Carbon (BC), 
Brown Carbon (BrC)) and gaseous air pollutants in urban 
environments contribute significantly to the light scattering 
and absorption processes, leading to large reduction in 
surface solar radiation, deterioration of visibility and air 
quality, and modification of the radiation and energy  
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balance with significant impacts on local and regional 
climate (Antón et al., 2012; Bisht et al., 2015; Valenzuela 
et al., 2015; Zhang et al., 2017). For assessing the climatic 
impact of aerosols, specific knowledge of the aerosol 
scattering (bsca), absorption (babs) coefficients and single 
scattering albedo (SSA) is required (Moosmüller et al., 2012; 
Dumka and Kaskaoutis, 2014). Aerosol studies over Greece 
mostly have focused on examining the columnar aerosol 
loading, physical-chemical and optical properties, types, 
source regions and climate implications (e.g., Gerasopoulos 
et al., 2003, 2007, 2011; Papadimas et al., 2012), while 
special attention has been given to Saharan dust storms 
(e.g., Gkikas et al., 2013; Athanasopoulou et al., 2016; 
Diapouli et al., 2017a; Kosmopoulos et al., 2017).  

Apart from the decreasing trends in industrial and traffic 
emissions (NO2, SO2) due to economic recession in Greece 



 
 
 

Katsanos et al., Aerosol and Air Quality Research, 19: 49–70, 2019 50

(e.g., Vrekoussis et al., 2013), the Athens Basin and other 
Greek cities experienced enhanced emissions of carbonaceous 
aerosols from bio-fuel and wood burning for residential 
heating during the last winter periods (Saffari et al., 2013; 
Sarigiannis et al., 2015; Gratsea et al., 2017; Panopoulou 
et al., 2017). In this line, synergy of ground-based 
measurements and modelling techniques has been utilized to 
study the carbonaceous-aerosol characteristics over Athens 
and to address their source apportionment and impact on 
regional air quality (e.g., Remoundaki et al., 2013; Pateraki 
et al., 2014; Saraga et al., 2015; Triantafyllou et al., 2016; 
Athanasopoulou et al., 2017; Grivas et al., 2018). Several 
studies have shown an increase in the carbonaceous-aerosol 
and PM concentrations during the recent years, especially 
during the winter periods (Paraskevopoulou et al., 2014; 
Diapouli et al., 2017b; Theodosi et al., 2018), while recent 
BC source apportionment studies have shown that the 
wood burning emissions (BCwb) contribute about 20–33% 
to the total BC mass in Athens Basin during wintertime 
(Diapouli et al., 2017c; Fourtziou et al., 2017; Kalogridis 
et al., 2018). However, the near-surface aerosol optical and 
physical properties have not been evaluated so far, thus 
leaving a knowledge gap about their characteristics, 
seasonality and radiative impact. Few studies in the past 
examined the near-surface aerosol properties at the remote-
coastal station of Finokalia, Crete (Sciare et al., 2005; 
Vrekoussis et al., 2005; Kalivitis et al., 2011), while data 
from a suburban site (Democritos, Athens) has been involved 
in a European scale study (Pandolfi et al., 2018), still not 
exploring the aerosol absorption characteristics or the SSA. 

This study analyzes, for the first time, the annual 
characteristics of the near-surface extensive and intensive 
properties (i.e., bsca, babs, SAE, AAE, SSA) of urban aerosols, 
obtained via systematic in-situ measurements in downtown 
Athens, aiming to examine the seasonality, the diurnal 
patterns, as well as to assess the influence of meteorology 
and emission sources, including residential wood burning, on 
aerosol loading and characteristics. Furthermore, it examines 
the role and contribution of major chemical species (organics, 
ammonium, sulfate, nitrate) on aerosol scattering. 
 
STUDY LOCATION, MEASUREMENTS AND 
TECHNIQUES 
 
Measuring Site 

Measurements were conducted at the urban background 
station of the National Observatory of Athens (NOA; 
37.97°N, 23.72°E, 105 m a.s.l.) at Thissio, a site that is 
considered as receptor of pollution plumes of different 
origins (Paraskevopoulou et al., 2015; Theodosi et al., 2018). 
This station is operated for measuring the background 
pollution levels in the Athens Basin and for assessing the 
sources of the transported aerosol plumes, since it is far 
from industries, main avenues and traffic zones (Gratsea et 
al., 2017; Fourtziou et al., 2017). More information about 
the morphology of the Athens Basin, the prevailing 
meteorological and dominant aerosol patterns can be found 
elsewhere (e.g., Kanakidou et al., 2011; Theodosi et al., 
2011). 

Instrumentation and Measurements 
A three wavelength (450, 550, 700 nm) Integrating 

Nephelometer (model: TSI, 3563) was used for the 
measurement of the aerosol scattering coefficient (bsca in 
Mm–1; between 7° and 170°) during the period October 
2016–September 2017, averaged at 1-hour time intervals. 
As the grand majority (87%) of the Nephelometer 
measurements lies below 40% RH and 97% of the data lies 
below 50% RH, the derived aerosol properties that are 
analyzed in this study are regarded as corresponding to dry 
conditions. The Nephelometer was calibrated prior to the 
beginning of the measurements using CO2 as the high span 
gas and air as the low span gas, with the calibration constant 
lying within ~2% and the overall uncertainty in the bsca 
being ~7% (Heintzenberg et al., 2006; Pandolfi et al., 2018). 

Continuous measurements of spectral aerosol absorption 
coefficient (babs in Mm–1) were also carried out at NOA, 
Thissio, from October 2016 to September 2017, using a 
dual-spot seven-wavelength (370, 470, 520, 590, 660, 880 
and 950 nm) Aethalometer (AE-33; Drinovec et al., 2015). 
The AE-33 provides real-time measurements for the 
multiple scattering and loading effects using a dual-spot 
technology, where the incoming flow is split into two 
streams with unequal flows and passes through two spots 
on the same filter tape (Vaishya et al., 2017; Kalogridis et 
al., 2018). Therefore, AE-33 has the advantage of avoiding 
manual post-processing of the babs due to loading effect, 
while it uses an internal multiple-scattering correction of C 
= 1.57 (Drinovec et al., 2015; Rajesh and Ramachandran, 
2018). Some studies have shown that the C = 1.57 is small 
and results in overestimation of the babs (Collaud Coen et al., 
2010; Kumar et al., 2018), while Rajesh and Ramachandran 
(2018) reported an overestimation of 28.5% in the babs from 
AE-33 against AE-31 in urban Ahmedabad, India. Although 
AE-33 initially measures the babs, the instrument output (BC 
in µg m–3) is finally used for the estimation of the spectral babs 
via the mass absorption cross section (MAC) values 
(Backman et al., 2017; Rajesh and Ramachandran, 2018): 
 
babs = BC × MAC (1) 
 

The MAC values for AE-33 at 370, 470, 880 and 950 nm 
were 18.47, 14.54, 7.77 and 7.16 m2 g–1, respectively, taken 
from the manufacturer. The overall uncertainty in the babs 
retrievals is in the range of 10–15% and seems to equally 
affect each wavelength, thus not altering the spectral 
dependence of the babs (Collaud Coen et al., 2010; Sciare et 
al., 2011). 
 
Ancillary Measurements 
On-Line Aerosol, Gaseous and Meteorological 
Measurements  

Aerosol chemical composition analysis was performed 
using an Aerosol Chemical Speciation Monitor (ACSM; 
Ng et al., 2011) that was collocated with the measurements 
of the aerosol optical properties. The ACSM measures the 
mass of particulate ammonium (NH4

+), nitrate (NO3
–), 

sulfate (SO4
2–), chloride (Cl–) and OM, providing near real-

time chemical compositions at 30-min resolution. Details 
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about the ACSM measurements, time series and seasonal 
variability can be found elsewhere (Stavroulas et al., 2018). 
The ACSM measurements were used for the reconstruction 
of the aerosol bsca and to evaluate the contribution of each 
individual component on light scattering. 

Complementary to the ACSM measurements, carbon 
monoxide (CO) and nitrogen monoxide (NO) were also 
monitored, at 1-min resolution, by a Horiba APMA-360 
series automatic gas analyzer (scale: 0–10 ppmv, lower 
detectable limit: 0.2 ppmv, precision: ±0.2 ppmv) and a 
Horiba APNA-360 series (chemiluminescence technique, 
scale: 0–1000 ppbv, lower detectable limit: 0.5 ppbv), 
respectively. PM10 concentrations were measured at 1-min 
resolution using a beta-attenuation monitor (Eberline, FH 
62 I-R). Finally, meteorological data (ambient temperature, 
relative humidity, precipitation, wind speed (WS) and 
direction) at the sampling site were recorded by NOA’s 
automatic meteorological station (1-min resolution). 
 
Off-Line Aerosol Measurements 

PM2.5 aerosol samples were collected using a Derenda 
particle sampler, with sampling time of 12 hours during 
the period November to February, and 24 hours during the 
remaining period (March to October). Samples were 
collected on 47-mm quartz filter samples (Tissuquartz, 
2500QAT-UP, PALL). The PM2.5 mass was determined by 
gravimetric analysis using an analytical microbalance with 
a precision of 1 µg (µΧ-5, Mettler-Toledo, Inc.). The filters 
were conditioned for 48 hours in controlled temperature 
(20 ± 3°C) and RH (40 ± 5%) conditions before pre- and 
post-weighing, according to the United States Environmental 
Protection Agency manual reference method: RFPS-1298-
126 (Paraskevopoulou et al., 2014).  
 
Retrieved Parameters 

The measured aerosol bsca and babs are referred as 
“extensive properties” because they are linked to the number 
of aerosols in the atmosphere. These measurements were used 
to determine several other aerosol variables (known as 
“intensive properties”), such as the scattering Ångström 
exponent (SAE), absorption Ångström exponent (AAE) 
and SSA, which are related to size, shape, hygroscopic 
behavior, chemical composition and radiative impacts of 
aerosols rather than the aerosol loading (Dumka et al., 
2015). The SAE was calculated using the multi-wavelength 
Nephelometer bsca measurements by applying the equation: 
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where λ1 and λ2 are the wavelengths corresponding to the 
pairs 450/550, 450/700 and 550/700 nm. SAE is an 
indicator of the dependence of scattering on particle size, 
with values higher than 1.5–2 implying scattering by 
submicron aerosols and values lower than 1 indicative of 
coarse particles (e.g., Valenzuela et al., 2015).  

Similarly, the AAE values were computed using the 
negative slope of a log-log plot of babs vs wavelength, as 

AAE = –dln(babs(λ))/dln(λ), in three wavelength bands, 
namely, 370–880 nm, 370–520 nm and 520–880 nm, in 
order to examine in higher detail the wavelength dependence 
of the absorption and the associated aerosol sources. Titos 
et al. (2017) also used the wavelength ranges 370–950 nm 
and 370–520 nm for the AAE estimates, since the AAE370–520 
is much more sensitive to changes in the spectral dependence 
of the babs at shorter wavelengths. 

The spectral SSA was calculated as: 
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at three wavelengths (450, 550 and 700 mm) coinciding 
with the Nephelometer bsca values, by using concurrent 
measurements from the two instruments. The babs values at 
450, 550 and 700 nm were estimated via the Ångström’s 
formula using the neighboring babs values (i.e., 470, 520, 
660 nm) and the AAE in the spectral band 370–880 nm. 
The SSA provides useful information about the relative 
contributions of scattering and absorption to total aerosol 
extinction, while it is also very important for aerosol radiative 
forcing and climate modelling studies (Hatzianastassiou et 
al., 2004). Non-absorbing particles have SSA values close 
to 1, implying atmospheric cooling, while low SSA (< 0.6–
0.7) refers to more absorbing aerosols, like BC, suggesting 
atmospheric warming (Bisht et al., 2015; Tiwari et al., 2016). 
The uncertainty in the computed SSA values, due to the 
combined effects of the measurement errors and uncertainties 
in the interpolation of the babs, ranges between 10% and 
15%, with larger errors for low bsca and babs values (Moorthy 
et al., 2009). It should be noted that the derived aerosol 
properties (SAE, AAE, SSA) were calculated for the whole 
dataset of the hourly bsca and babs values, since the latter are 
high enough (> 0.8–1.0 Mm–1) in order to provide estimations 
with limited uncertainties (Ealo et al., 2018; Pandolfi et 
al., 2018). 
 
Chemical Reconstruction of Scattering 

The reconstruction of the aerosol bsca is performed via 
the formula proposed by Sciare et al. (2005), using the 
ACSM measurements on a daily basis: 
 
bsca = αAS[AS]ƒ(RH) + αPOM[POM]  (4) 
 
where αAS is the mass scattering efficiency (MSE) of 
ammonium sulfate (AS: (NH4)2SO4) and [AS] its mass 
concentration. f(RH) is an empirical factor, i.e., the light-
scattering enhancement factor that depends on RH, while 
αPOM and [POM] are the MSE and mass concentration of 
particulate organic matter (POM), respectively. However, 
considering the presence of ammonium nitrate (AN: 
NH4NO3) during wintertime, the formula is adjusted as 
follows:  
 
bsca = αAS[AS]ƒ(RH) + αAN[AN]ƒ(RH) + αPOM[POM] (5) 
 
where αAN and [AN] are the respective MSE and mass 
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concentration of ammonium nitrate. As the RH in the 
Nephelometer was kept below 40%, the measuring conditions 
are considered as dry and, therefore, f(RH) = 1 in Eqs. (4) 
and (5), indicating no light-scattering enhancement due to 
aerosol water uptake under humid conditions. 

For the bsca reconstruction, the values of 2.69 m2 g–1 for 
the αAS and 4.6 m2 g–1 for the αPOM were used, as calculated 
from long-term measurements in Athens at 550 nm (August 
2010–April 2013; Paraskevopoulou, 2014). These values 
are in accordance with MSE values of 2.66 and 4.19 m2 g–1 
for αAS and αPOM, respectively, derived by Sciare et al. 
(2005) for the remote background site of Finokalia. The 
respective value for αAN was taken as 2.7 m2 g–1 from the 
reported global average. The MSE values for both AS and 
AN are in accordance with the average of 2.9 ± 0.3 m2 g–1 
(range from 2.0 to 3.4 m2 g–1) reported for αinorg at 38 sites 
around the US (Malm and Hand, 2007). As MSE for POM 
might be site specific with respect to the sources and loadings, 
the current αPOM of 4.6 m2 g–1 is in accordance with the 

value of 3.81 m2 g–1 derived by Malm and Hand (2007), 
based on prorating the AS mass scattering efficiency by 
the ratio of AS and POM densities. The αPOM in our case 
is also comparable to 4.5 ± 0.73 m2 g–1, reported by Cheng 
et al. (2015) for polluted environment in China, while an 
MSE value of 3.6 m2 g–1 is reported by Ealo et al. (2018) 
for aged organics. 
 
RESULTS AND DISCUSSIONS 
 
Aerosol Scattering and Absorption Coefficients 

This section analyzes the temporal variability of the 
aerosol bsca and babs values as a function of their wavelength 
dependence, wind speed, boundary-layer dynamics and 
emission sources. The monthly variation of the spectral bsca 
and babs in box-whisker charts is shown in Figs. 1(a) and 
1(b), respectively. The average bsca and babs values during 
the whole study period were 46.0 ± 32.2 Mm–1 and 28.4 ± 
36.3 Mm–1, at the central wavelengths of 550 and 520 nm,  

 

 

 
Fig. 1. Monthly values of the spectral (a) bsca and (b) babs over Athens from October 2016 to September 2017. The box’s 
upper and lower limits are the 75 and 25 percentiles, respectively, the black circle corresponds to the mean and the straight 
line denotes the median. The whiskers denote the 95 and 5 percentiles. 
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respectively (Table 1). In all months, the means are larger 
than the respective medians, indicating a tail towards large 
values of scattering and absorption (positive skewness), 
reflecting the episodic nature of high values, as also found 
at several European sites (Pandolfi et al., 2018). The bsca 
monthly means maximize in December and February (66.3 
and 66.6 Mm–1 at 550 nm, respectively), while low plateau 
values are observed in the warm period (May–September, 
30–35 Mm–1 at 550 nm). In general, the monthly variation 
exhibits the same pattern regardless of the wavelength, but 
as the wavelength decreases the bsca values and the 
corresponding ranges increase significantly due to higher 
sensitivity of scattering at shorter wavelengths (Fig. 1(a)). 
The larger range in the bsca values from November to 
February indicates large variability in the local emission 
rates and in aerosol concentrations near the surface, while 
during spring and summer less variability exists, indicative 
of mostly regional-background conditions. A similar annual 
pattern is shown for the spectral babs that maximizes in 
December (mean of 47.8 Mm–1 at 520 nm) and presents 
lowest values in May (mean of 15.9 Mm–1 at 520 nm) 
(Fig. 1(b)). The remarkable monthly variability at 370 nm 
(means ranging from 24.2 Mm–1 to 97.8 Mm–1) is highly 
weakened at 880 nm (means from 8.7 to 22.0 Mm–1), 
indicative of large fraction and strong seasonality of the 
UV-absorbing aerosols. The large range in the winter months 
indicates local aerosol emissions from various sources with 
large fluctuation in the emission rates and/or influences 
from meteorology. Similar to our results, several urban and 
regional sites in Europe (Alsaaideh et al., 2017) exhibited 
higher bsca and babs values in winter compared to summer, 
due to lower dispersion, stagnant air masses and low-level 
temperature inversions (Putaud et al., 2014; Pandolfi et al., 
2018).  

The bsca values at the urban/background site of Thissio 
are, in general, higher than most of those reported for 25 sites 
all around Europe, since only 6 stations exhibited higher 
values (Pandofli et al., 2018). Titos et al. (2014) reported 
bsca values of 41 ± 34 Mm–1 for winter 2013 and 38 ± 26 
Mm–1 for spring 2013 in Granada, Spain, which are similar 
in spring, but much lower in winter compared to Athens. 
However, much lower babs values were found in Granada 
(17 Mm–1 and 11 Mm–1 for winter 2013 and spring 2013, 
respectively; Titos et al., 2014) compared to Athens. The 

bsca values in Athens are comparable in magnitude, although 
slightly lower, to those found for clean and heavy smog 
days (26 Mm–1 and 410 Mm–1, respectively) in Los Angeles 
(Seinfeld and Pandis, 1998). In contrast, very high values 
of bsca (230–700 Mm–1) and babs (60–80 Mm–1) were reported 
over highly-polluted megacities like Beijing (He et al., 
2009), New Delhi (Dumka et al., 2017) and Mexico City 
(Paredes-Miranda et al., 2009).  

Figs. 2(a)–2(b) show the daily variability of the bsca 
(from 9.2 to 223.9 Mm–1) and babs (4.3 to 169.7 Mm–1) as a 
function of the SAE450-700 and AAE370-880 values, respectively 
(colored scales), while hourly bsca and babs values as high 
as ~700 Mm–1 and ~500 Mm–1, respectively, were recorded 
during pollution-smog conditions. Enhanced daily bsca values 
are encountered from December to February exhibiting a 
decreasing tendency afterwards (Fig. 2(a)), while the babs 
follows a similar fluctuation (Fig. 2(b)). The scatter plot 
between the hourly bsca and babs values (Suppl. Fig. S1) 
exhibited a significant correlation (slope = 0.72; R2 = 0.80, 
N = 7758), indicating a covariance in the scattering and 
absorption aerosol properties due to similarity in the emission 
sources. During December–January a more homogeneous 
atmosphere, composed by fine-mode anthropogenic aerosols 
(SAE > 2.0) is the dominant scenario, contrary to the 
transition months (March–May and September–November), 
which show important heterogeneity in the aerosol sources 
and properties. Remarkable seasonality is observed in AAE 
with large (> 1.5) values even for low babs in December 
and January, and values mostly below ~1.4 from April to 
October (Fig. 2(b)). The numerous forest fires in Greece 
during summer 2017 do not seem to influence the aerosol 
loading (bsca, babs) in Athens center, since the transported 
smoke plumes were traversed at elevated heights far away 
from the Attica region. 

However, in this work, emphasis is given on examining 
the extensive and intensive aerosol properties of 
urban/anthropogenic aerosols during dry conditions. In this 
respect, the rainy days, based on data from the NOA’s 
meteorological station at Thissio, were excluded from the 
rest of the analysis, as well as the dusty days. The dusty 
days were flagged based initially on HYSPLIT back 
trajectories for the major dust storms affecting the eastern 
Mediterranean and Greece, combined with concurrent 
sharp peaks in the measured PM10 concentrations  

 

Table 1. Mean values of the aerosol optical properties in Athens for the whole dataset and after excluding the dusty and 
rainy days (in parenthesis). 

 Whole period Winter Spring Summer Autumn 
bsca 
(550 nm) 

46.01 ± 32.21 
(47.19 ± 48.90) 

63.57 ± 73.59 
(72.81 ± 81.14) 

39.26 ± 29.55 
(40.27 ± 29.94) 

33.50 ± 15.63 
(33.64 ± 14.70) 

42.77 ± 34.45 
(41.23 ± 31.89) 

babs  

(520 nm) 
28.45 ± 36.29 
(29.14 ± 39.18) 

41.01 ± 59.72 
(45.70 ± 65.92) 

22.04 ± 21.68 
(23.25 ± 22.39) 

22.95 ± 18.04 
(20.58 ± 13.53) 

27.61 ± 28.17 
(26.45 ± 27.47) 

SAE  
(450–700) 

1.99 ± 0.34 
(2.02 ± 0.31) 

1.99 ± 0.34 
(2.05 ± 0.21) 

1.98 ± 0.35 
(2.02 ± 0.27) 

2.14 ± 0.23 
(2.14 ± 0.24) 

1.89 ± 0.39 
(1.89 ± 0.35) 

AAE  
(370–880) 

1.32 ± 0.23 
(1.33 ± 0.22) 

1.50 ± 0.26 
(1.53 ± 0.26) 

1.25 ± 0.16 
(1.26 ± 0.15) 

1.24 ± 0.18 
(1.25 ± 0.15) 

1.28 ± 0.18 
(1.28 ± 0.18) 

SSA 
(550 nm) 

0.62 ± 0.11 
(0.66 ± 0.11) 

0.60 ± 0.08 
(0.68 ± 0.08) 

0.64 ± 0.12 
(0.67 ± 0.13) 

0.61 ± 0.09 
(0.65 ± 0.08) 

0.61 ± 0.12 
(0.61 ± 0.13) 
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Fig. 2. Temporal variation of the daily values of (a) bsca at 550 nm and (b) babs at 520 nm during the whole period as a 
function of the daily SAE450-700 and AAE370-880 values (colored scales), respectively.  

 

(Diapouli et al., 2017b). Overall, 271 days with 6269 
hourly data remained for the analysis (1489 hours were 
excluded). The main aerosol optical properties (e.g., bsca, 
babs, SAE, AAE, SSA) present marginal differences in the 
case of exclusion of the dusty and rainy days, as can be 
seen from Table 1. However, this exclusion leads to higher 
bsca and babs values, as well as to differences between the 
two datasets in winter due to much lower concentrations 
on the rainy days (washout). Furthermore, the hourly 
datasets for all aerosol properties were classified into two 
groups based on the hourly WS threshold of 3 m s–1, which 
was identified as a critical value for the discrimination 
between high-to-very high and moderate-to-low bsca and babs 
values (see Suppl. Fig. S2). That figure shows that both bsca 
and babs values exhibited a rather exponential increase for 
WS below 3 m s–1. Furthermore, there is greater possibility 
for enhanced AAE values for WS < 3 m s–1, probably 
attributed to the influence of residential wood burning in 
winter nights under weak-to-calm winds (see Suppl. Fig. S3). 
The cases with WS < 3 m s–1 are characterized as haze/smog 

conditions and the other as non-smog, following the 
classification by Fourtziou et al. (2017). Therefore, the rest 
of the study focuses on analyzing the near-surface 
urban/anthropogenic aerosols, and separately for the smog 
and non-smog conditions on a seasonal basis, in order to 
reveal changes in aerosol properties attributed to different 
sources, meteorology and wind speed.  

The seasonally-averaged diurnal cycles of the bsca 
(Figs. 3(a)–3(d)) and babs (Figs. 4(a)–4(d)) are examined 
separately for the two groups, i.e., smog (WS < 3 m s–1) 
and non-smog (WS ≥ 3 m s–1) conditions, revealing a 
remarkable, seasonally-changed, and wind dependent diurnal 
variability. Very high seasonal-mean bsca values (at 450 nm) 
reaching 250–300 Mm–1 are recorded during the night 
hours in winter for WS < 3 m s–1, indicating significant 
accumulation of aerosols and pollutants near the surface 
and formation of haze/smog conditions. In contrast, the 
cases with WS ≥ 3 m s–1 are characterized by much lower 
bsca values, especially during nighttime, indicating rather 
efficient dispersion of aerosols. A secondary bsca peak  
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Fig. 3. Seasonal-mean diurnal patterns of bsca (450 nm) for cases with wind speeds above and below 3 m s–1. The rainy and 
dusty days have been excluded. The vertical bars correspond to one standard deviation from the hourly mean.  

 

around 11:00 LST is shown in winter that is absent under 
WS ≥ 3 m s–1 conditions, which is attributed to the morning 
traffic rush hour, usually peaking 1–2 hours earlier. This 
suggests that the urban emissions need about 1–2 hours, 
depending on the general flow within the basin, to reach 
the urban/background site of Thissio (at the top of the hill 
of Nymphs). After this slight morning peak, the bsca levels 
are progressively decreasing till about 16:00–17:00 LST 
due to increase in the mixing-layer height (MLH) and the 
higher vertical and horizontal dispersion (Kalogridis et al., 
2018). The lowest bsca levels of ~70 Mm–1 at 17:00 LST 
increase abruptly (~33 Mm–1 per hour) till about 00:00–
01:00, due to enhanced emissions mostly from bio-fuel and 
residential wood burning for heating purposes (Panopoulou et 
al., 2017; Kalogridis et al., 2018). On this increase, the 
evening traffic-rush hours and the fossil-fuel emissions 
from the central heating should not be ignored, but previous 
studies at Thissio clearly revealed that the largest amounts 
of OC, BC and CO emissions during winter nighttime come 
from wood burning (Fourtziou et al., 2017; Gratsea et al., 
2017; Stavroulas et al., 2018). The fading use of fire places 
till about 11:00–00:00 LST and the near absence of traffic 
during nighttime contribute to the progressive decrease of 

the bsca levels during the night. On the contrary, the bsca 
values are much lower during the other seasons and for the 
non-smog cases, suggesting more transparent atmospheric 
conditions, on which the locally-emitted aerosols have less 
impact on the near-surface concentrations. Furthermore, the 
diurnal variations of the bsca seem to be nearly independent 
from the WS in the other seasons, except for the night hours 
in spring and autumn due to accumulation of aerosols in the 
cold months of March and November, respectively.  

In general, the seasonal-mean diurnal cycles of babs 
(Figs. 4(a)–4(b)) follow those of bsca (Figs. 3(a)–3(d)). 
Therefore, during winter, babs exhibits a pronounced peak 
at 10:00–11:00 LST (1–2 hours after the morning rush 
traffic), indicating the presence of highly-absorbing aerosols 
from vehicle exhaust (cases with WS < 3 m s–1). However, 
the primary peak in babs (170–180 Mm–1 at 470 nm) is 
observed during late night (23:00–01:00 LST), due to higher 
relative contribution by wood burning and OC emissions 
for heating purposes (Fourtziou et al., 2017; Gratsea et al., 
2017), as also shown in Paris (Sciare et al., 2011); Ispra, 
Italy (Putaud et al., 2014); Barcelona, Spain (Minguillón et 
al., 2015), and in Alpine sites in Switzerland (Zotter et al., 
2017). This is especially pronounced for the low-wind cases  
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Fig. 4. Seasonal-mean diurnal patterns of the babs (470 nm) for cases with wind speeds above and below 3 m s–1. The rainy 
and dusty days have been excluded. The vertical bars correspond to one standard deviation from the hourly mean. 

 

indicating a highly-absorbing aerosol laden atmosphere in 
Athens center, while the diurnal patterns of babs exhibit 
much lower variability in the other seasons. The local, freshly 
emitted aerosols from traffic seem to affect more the light 
absorption rather than scattering, since the morning peaks 
in babs are more pronounced than those for bsca. In autumn 
(Fig. 4(d)), the morning and night peaks are equal, while in 
spring (Fig. 4(b)) the morning traffic exhibits a higher signal 
in babs; in contrast, both diurnal patterns flatten out in 
summer (Fig. 4(c)). Similar to bsca, any diurnal cycle nearly 
vanishes in the non-smog cases (WS ≥ 3 m s–1), except of 
the slight increase during the morning hours in spring, 
indicating a good mixing and dispersion of pollutants 
under higher wind speeds. 

The regionally-changing daily wind patterns and the 
local sea-land breeze circulation may also affect the diurnal 
patterns of bsca and babs, resulting in large standard deviations 
from the respective means. As the industrial and vehicular 
emissions within the Athens Basin are assumed nearly 
constant during daytime, the large decrease in the bsca and 
babs at noon and early afternoon is attributed to boundary-
layer dynamics, i.e., deepening of the MLH due to solar 
heating that favors the vertical and horizontal dispersion of 

the aerosols and pollutants (Cohen and Wang, 2014; Lee et 
al., 2016). Previous studies (Grivas et al., 2008; Gratsea et 
al., 2017) have also shown increased PM concentrations 
over Athens during the early morning and evening hours 
due to lower MLH and trapping of pollutants near the 
ground, followed by lower concentrations around noon. 
Therefore, the boundary-layer dynamics and the dispersion 
processes play an important role in the prevention of 
pollutant accumulation, in redistribution of aerosols and in 
weakening of the impact of local sources.  

The bsca and babs coefficients are further examined 
against PM2.5, PM10 concentrations and gaseous pollutants 
(CO and NO), characteristic for traffic-related and biomass-
burning emissions. December 2016 was chosen for this 
analysis due to its high aerosol concentrations (Figs. 1(a)–
1(b)). The diurnal cycles of scattering at 550 nm, CO, NO 
and PM10 concentrations show, in general, great similarities 
driven by the changes in the emission sources and MLH 
(Fig. 5). Therefore, as in the bsca case, two maxima exist 
for both CO and NO, but with a characteristic time shift in 
the evening hours and a difference between the primary 
and secondary peaks. CO presents a better coincidence 
with bsca, peaking at 23:00 LST due to enhanced emissions 
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Fig. 5. Mean diurnal variations for the bsca (550 nm), CO, NO and PM10 over Athens in December 2016. 

 

from heating sources, while the secondary peak at ~09:00 
LST is related to the morning rush traffic (fossil-fuel 
emissions) and coincides with NO. During the evening-to-
night hours, NO peaks one hour before CO, coinciding 
with the evening rush traffic, while CO is mostly related to 
wood burning (Koyuncu and Pinar, 2007). However, the 
morning bsca secondary peak is not so remarkable, revealing 
much less aerosol abundance or even fewer scattering 
particles during the morning traffic hours. Note also the 
excellent coincidence between bsca and PM10 diurnal patterns 
in December (R2 = 0.95), revealing that the primary gas 
emissions during the morning hours do not impose a distinct 
signal on PM10 concentrations, whereas the wood burning 
emissions contribute significantly to the increased PM10 
levels (above 40 µg m–3) during nighttime. The correlation 
of bsca with CO and NO in December was of R2 = 0.73 
(slope: 4.94) and R2 = 0.14 (slope: 0.23), respectively. In 
addition, a strong correlation (R2 = 0.80, slope: 0.28) was 
found between the daily bsca and PM2.5 concentrations during 
the whole period, which is similar to that reported in Ispra, 
north Italy (R2 = 0.87), between dry PM2.5 and scattering 
coefficient (Putaud et al., 2014). Very good correlations 
between bsca and PM1 concentrations, with R2 values of 
0.86–0.89, were also reported in a regional site in NE Spain 
(Pandolfi et al., 2011). 

The diurnal cycles of babs, CO and NO in December 
(Fig. 6) are almost identical, highlighting the vital role of 
the primary combustion sources on the aerosol absorption 
processes. Therefore, apart from the evening/night peaks in 
CO and NO, associated with the wood burning and evening 
traffic hours, as discussed above, the morning gaseous peaks 
due to traffic have a direct effect on aerosol absorption, 
contrary to that found for scattering. This suggests significant 
amounts of freshly-emitted BC aerosols with high absorbing 
capability. Furthermore, the CO/NO ratio may be used for 
qualitative assessment of the relative dominance between 

traffic and biomass burning (Sandradewi et al., 2008; Sciare 
et al., 2011). Wood burning leads to higher CO emissions, 
while fossil-fuel combustion in vehicle engines occurs at 
high temperatures, is more complete, with higher NO 
emissions and lower CO/NO ratios (Koyuncu and Pinar, 
2007; Reche et al., 2012). Therefore, the lower CO/NO 
values are observed during the morning (around 8:00–9:00 
LST) and evening (around 20:00–21:00 LST) rush traffic 
hours, whereas during nighttime the CO/NO ratio slightly 
increases reflecting the wood burning. The average diurnal 
pattern of CO/NO in December ranges between 8.4 and 
52.2 with a mean of 20.8 ± 10.8, suggesting remarkable 
variability in the anthropogenic and natural emissions, 
combustion sources and changes in the relative dominance 
between them within the urban environment (Reche et al., 
2012; Zheng et al., 2017). However, during daytime, the 
NO concentrations are also affected by the oxidation of 
NO to NO2, while the photochemical reactions reduce the 
NO in much higher rate than CO, resulting in larger CO/NO 
values during noontime (Fig. 6). In addition, CO/NO ratio 
might change due to aging processes, even without changes 
in the emission sources, since CO/NO increases for aged 
aerosols due to lower lifetime of NO compared to CO 
(Sandradewi et al., 2008). 
 
SAE and AAE 

The monthly variations of the SAE values at three 
wavelength bands (450/550, 450/700, 550/700 nm), and 
AAE at the 370–520 nm, 370–880 nm, and 520–880 nm 
are examined in Figs. 7(a)–7(b). Despite the wide range in 
SAE values (from below 1.0 to 2.6), the monthly means and 
medians lie between ~1.9 and 2.2 (Fig. 7(a)), suggesting a 
clear dominance of fine urban/anthropogenic aerosols 
(Srivastava et al., 2014). The much lower range in SAE 
values in June may be attributed to a smaller dataset in this 
month (202 hours, instead of e.g., 504 in May). The annual 
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Fig. 6. Mean diurnal variations for the babs (880 nm), CO, NO and CO/NO ratio over Athens in December 2016. 

 

averages for SAE450-550, SAE450-700 and SAE550-700 values 
are very close to each other, 1.99 ± 0.29, 2.02 ± 0.31 and 
2.03 ± 0.34, respectively. The SAE values increase with 
wavelength (i.e., SAE550-700 > SAE450-550) from October to 
March, whereas they present a neutral to declining 
tendency from April to September (except from June). 
This indicates some differences in the fine-to-coarse mode 
aerosol ratio, since the increase in SAE with the wavelength 
implies larger fraction of fine-mode aerosols (larger fine-
to-coarse mode ratio) during the winter months, while 
neutral to slightly decreasing values indicate a rather good 
mixing of fine and coarse particles (Eck et al., 2005; Schuster 
et al., 2006). Large SAE values (> 2.0) are observed in 
summer (Fig. 7(a)), mostly representing regional background 
conditions and secondary organic aerosol (SOA) formation 
in the absence of dust near the surface. Note that 
carbonaceous aerosols were also responsible for the high 
SAE values (~2.2–2.4) in summer in NE Spain (Ealo et al., 
2018). High SAE values (~1.8–2.0) were also reported at 
other central and eastern European sites, which maximized 
in summer due to higher biogenic SOA and new-particle 
formation, while they could be considered as typical for 
background conditions of no-dust (Ma et al., 2014; Pandolfi 
et al., 2018).  

On the other hand, the large monthly variation in the 
AAE values and wavelength dependence (Fig. 7(b)) suggests 
remarkable changes in the dominant aerosol types and 
emission sources. Therefore, the larger AAE370-520 values 
and wavelength dependence of AAE are associated with 
enhanced contribution from biomass-burning aerosols 
(November–March), while values of AAE close to 1.1–1.2 
with less wavelength dependence correspond to a clear 
dominance of fossil-fuel (vehicles, industries) combustion 
in spring and summer (Kirchstetter et al., 2004; Andreae 
and Gelencsér, 2006; Zotter et al., 2017). The AAE values 
are significantly lower as the wavelength increases implying 

much lesser impact of wood burning emissions (Sandradewi 
et al., 2008; Titos et al., 2017). The slightly larger AAE 
values in August are attributed to the influence of forest 
fires (13–15 August 2017) about 40 km northeast of Athens. 
During the whole period, the AAE370-880 ranges from 1.1 to 
2.1 on a daily basis, with an average of 1.33 ± 0.22. Very 
different AAE values are reported in the literature depending 
on the fuel type and combustion efficiency (flaming or 
smoldering), such as values of ~2.2 for firewood burning, 
~1.8 for savanna fires and 0.8–1.1 for traffic (Eck et al., 
2003; Kirchstetter et al., 2004; Day et al., 2006).  

The seasonal-mean diurnal variations of SAE450-700 for 
WS above and below 3 m s–1 do not exhibit distinct 
patterns in any season and/or for the separate data groups 
(Fig. 8). Therefore, no important diurnal cycles regarding 
changes in the particle size or in the fine-to-coarse mode 
aerosol ratios could be extracted and an overall dominance 
of fine-mode anthropogenic aerosols is revealed. However, 
in winter and autumn, the SAE values for the smog cases 
are slightly higher throughout the day, indicating enhanced 
presence of fine, freshly-emitted aerosols. The seasonal-
mean diurnal patterns of AAE (Fig. 9) clarify the dominance 
of different aerosol sources and combustion processes in 
the Athens Basin according to season and hour of the day. 
Therefore, local emissions from bio-fuel burning dominate 
in the evening and night hours in winter (large AAE values) 
and presence of aerosols from fossil-fuel combustion, or 
SOA formation (low values of AAE), dominate around 
noon in winter and in the other seasons (Bergstrom et al., 
2007).  

Relating SAE to AAE values is able to reveal aerosol 
types of different origin and combustion sources, since 
concurrently high AAE and SAE correspond to biomass-
burning aerosols, while low SAE and high AAE values are 
indicative of desert dust; values of AAE around 1.0–1.1 
associated with high SAE imply for urban emissions from 
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Fig. 7. Monthly values of the (a) SAE and (b) AAE at three wavelength bands over Athens from October 2016 to 
September 2017, excluding the rainy and dusty days. The box’s upper and lower limits are the 75 and 25 percentiles, 
respectively, the black circle corresponds to the mean and the straight line denotes the median. The whiskers denote the 95 
and 5 percentiles. 

 

fossil-fuel combustion (Russel et al., 2010; Cazorla et al., 
2013; Srivastava et al., 2014). Fig. 10 correlates the hourly 
SAE450-700 and AAE370-880 in Athens as a function of month 
(colored scale), indicating that the high AAE and SAE 
values correspond to months during the cold period 
(November–February), implying for significant impact of 
residential wood burning (Fourtziou et al., 2017). Cases 
with desert dust are absent (the dusty and rainy days have 
been excluded), while cases with AAE in the range of 1.1–
1.3 and SAE values below 1.4 correspond to mixing of 
fossil-fuel emissions with other aerosols from coarser size, 
like re-suspended dust. More detailed analysis is needed 
for the classification of the various aerosol types via the 
AAE vs. SAE scatter plot and examination of the emission 
sources, taking also into account the SSA, BC concentrations 
and chemical composition. 
 
Single Scattering Albedo 

The exclusion of the rainy and dusty days led to a slight 

increase in the SSA values (Table 1), which ranges from ~0.2 
to 0.9 (mean of 0.66 ± 0.11) at 550 nm, while the respective 
means at 450 and 700 nm were found to be 0.68 ± 0.11 and 
0.62 ± 0.12, respectively. Furthermore, the SSA values 
were generally lower under weak winds (WS < 3 m s–1) 
(Suppl. Fig. S3) indicating accumulation of the fresh urban 
emissions that are characterized by highly absorbing 
aerosols (e.g., large fraction of BC from fossil-fuel 
emissions). It is characteristic that the mean SSA values are 
very similar for all months regardless of the wavelength 
(Fig. 11). SSA values around 0.6–0.7 have also been 
reported in Athens via an indirect method of simulating the 
diffuse/direct irradiance ratio (Kaskaoutis et al., 2016). 

The monthly variation of the spectral SSA (Fig. 11) 
reveals a rather complicated annual pattern for both values 
and spectral dependence, implying changes in the dominant 
aerosol types. A decrease of SSA with wavelength is seen 
in all months, suggesting dominance of urban/industrial 
aerosols (Dubovik et al., 2002). However, the decreasing
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Fig. 8. Seasonal-mean diurnal patterns of the SAE450-700 for cases with wind speeds above and below 3 m s–1. The rainy 
and dusty days have been excluded. The vertical bars correspond to one standard deviation from the hourly mean. 

 

rate in SSA may be further used to apportion the aerosol 
sources (Patel et al., 2017), since the highest decreasing 
rates correspond to aerosols with high BC fraction from 
fossil-fuel combustion (March–September), while lower 
spectral variations occur from enhanced presence of OC 
mixed with BC from wood burning (November–February) 
(Habib et al., 2008). On the other hand, the SSA is strongly 
associated with the fraction of absorbing aerosols (mostly 
BC) to the total aerosol mass at the ground and the low 
SSA values in spring and summer are attributed to the 
predominance of the urban/anthropogenic aerosols. Previous 
studies (Virkkula et al., 2011; Lihavainen et al., 2015) 
reported low SSA values, usually below 0.7, at Northern 
European sites during winter due to contribution from 
residential wood combustion sources, while winter SSA637 
of 0.70 ± 0.09 was found in Granada, Spain (Titos et al., 
2014). Much higher SSA of 0.90 ± 0.05 associated with 
significantly lower SAE values (1.33 ± 0.48) were reported 
at a regional site in NE Spain (Pandolfi et al., 2011), 
indicating large differences in the aerosol types and properties 
compared to Athens. 

The seasonal-mean diurnal patterns of SSA550 reveal 

distinct differences for the two groups (wind speeds above 
and below 3 m s–1) in all seasons except summer (Fig. 12). 
Therefore, in winter, spring and autumn, the SSA for the 
smog cases exhibits a pronounced diurnal pattern with lower 
values during the morning traffic hours and a progressive 
increase until noon and early afternoon (~15:00–16:00 
LST). Then, a slight decrease follows until the night hours. 
The large gap in SSA values during the morning rush 
traffic hours clearly reveals the influence of the highly-
absorbing BC aerosols from complete combustion (vehicle 
exhaust) (Dubovik et al., 2002; Kanakidou et al., 2005; 
Ealo et al., 2018). On the other hand, the SOA formation 
around noon may increase the SSA as these particles are 
more efficient scatterers (Sarkar et al., 2017). The respective 
diurnal patterns for the non-smog cases follow, in general, 
a similar variation but with a lower range and larger SSA 
values throughout the day, apart from noon and afternoon 
hours. This indicates that for WS ≥ 3 m s–1 there is higher 
possibility for dispersion of the urban/traffic emissions and 
for better mixing with soil aerosols and road-dust re-
suspension, which are larger particles with higher SSA 
values. In addition, we also analyzed the diurnal patterns 
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Fig. 9. Seasonal-mean diurnal patterns of the AAE370-880 for cases with wind speeds above and below 3 m s–1. The rainy 
and dusty days have been excluded. The vertical bars correspond to one standard deviation from the hourly mean.  
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Fig. 10. Scatter plot between SAE450-700 and AAE370-880 hourly values, as a function of month (colored scale) in Athens 
during the period October 2016–September 2017. 
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Fig. 11. Monthly values of the spectral SSA over Athens from October 2016 to September 2017, excluding the rainy and 
dusty days. The box’s upper and lower limits are the 75 and 25 percentiles, respectively, the black circle corresponds to the 
mean and the straight line denotes the median. The whiskers denote the 95 and 5 percentiles. 
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Fig. 12. Seasonal-mean diurnal patterns of the SSA550 for cases with wind speeds above and below 3 m s–1. The rainy and 
dusty days have been excluded. The vertical bars correspond to one standard deviation from the hourly mean. 
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of the wavelength dependence of SSA between 450 nm 
and 700 nm, expressed via the SSA wavelength exponent 
(α-SSA), on seasonal basis for the two groups of data 
(Figs. 13(a)–13(b)). For the smog cases (Fig. 13(a)), the 
results show lower a-SSA values in winter, characteristic 
of enhanced levels of biomass-burning aerosols that reflect 
lesser wavelength dependence of SSA compared to fossil-
fuel combustion from vehicles and industries (Liu et al., 
2014; Stockwell et al., 2016; Schuster et al., 2016). This is 
also verified by the remarkable increase in α-SSA values 
during the morning rush-traffic hours in all seasons except 
summer. The summer increase in α-SSA during late 
afternoon-to-evening hours may be also related to increased 
traffic emissions (entertainment hours). The seasonal-mean 
diurnal cycles of the α-SSA verify the signals of the traffic- 
and biomass-related carbonaceous aerosol emissions in 
Athens. Lower α-SSA values in winter and higher in summer, 
but without any distinct diurnal cycle, are shown for cases 
with WS ≥ 3 m s–1, thus corresponding to well-mixed 
atmospheric conditions in each season with increased fraction 
of biomass burning in winter (Fig. 13(b)). 

Contribution of Chemical Species to Light Scattering 
Apart from the particle size and shape, the aerosol 

chemical composition also plays a crucial role in the light 
scattering and absorption processes (Tao et al., 2014; 
Dumka et al., 2017). In this respect, the reconstruction of 
the bsca via chemical components measured with ACSM is 
attempted, also examining their individual contribution to 
light scattering in Athens. The daily bsca values were found 
to be highly correlated (slope: 0.29, R2 = 0.91) with the 
total chemical mass concentrations via ACSM during the 
whole campaign. Similarly, strong correlations (R2 = 0.94–
0.97) were found between bext and mass of anthropogenic 
aerosols [OM + EC + (NH4)2SO4 + NH4NO3] over Delhi, 
while the bext was much more weakly dependent on the 
natural (soil and desert dust) components (Dumka et al., 
2017), suggesting that the anthropogenic emissions play 
the major role in light attenuation in urban environments. 

The monthly variation of the cumulative concentrations 
of the various components in the non-refractory PM1 mass 
shows higher values during November–February (19–
25 µg m–3) and much lower (8.3 µg m–3) in May (Fig. 14). 
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Fig. 13. Seasonal-mean diurnal patterns for the SSA exponent (α-SSA) for smog (WS < 3 m s–1) (a) and non-smog (WS 
≥ 3 m s–1) (b) conditions. The rainy and dusty days have been excluded. 
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During the summer months the fine-mode mass 
concentrations increase (14.2–15.5 µg m–3), mostly attributed 
to the increase of organics and sulfate due to photochemical 
reactions and enhanced secondary aerosol formation. The 
average organics, SO4

2–, NO3
–, BC and NH4

+ concentrations 
during the whole period were 7.9 ± 3.3 µg m–3, 3.9 ± 
0.7 µg m–3, 0.8 ± 0.5 µg m–3, 1.9 ± 0.7 µg m–3, and 1.1 ± 
0.2 µg m–3, respectively. Organics, BC and NO3

– exhibit 
the highest concentrations (15.3 µg m–3, 3.4 µg m–3 and 
1.8 µg m–3, respectively) in December and the lowest in 
May (3.1 µg m–3, 1.1 µg m–3 and 0.25 µg m–3, respectively), 
while the high correlation between sulfate and ammonium 
(slope = 3.2; R2 = 0.77) and between nitrate and chloride 
(R2 = 0.92) indicates common sources, which for the case 
of ammonium and sulfate come from secondary aerosol 
formation and for the case of nitrate and chloride from local 
combustion processes mostly during wintertime. Based on 
the ACSM measurements, organics contributed 46.1% to 
the total non-refractory submicron mass during summer, 
followed by sulfate (31.7%), BC (10.7%) and ammonium 
(8.7%), while during winter, organics and sulfate contributed 
57.3% and 16.3%, respectively, followed by BC (13.3%), 
ammonium (5.1%) and nitrate (7.1%) (Suppl. Fig. S4). 
Organic aerosols contribute almost the half to the PM1 
mass, on annual average, sulfate exhibits the most seasonally 
dependent contributions, while an important finding is the 
10–14% contribution of the BC in all seasons. OC was the 
major contributor to the PM2.5 mass (~20–30%) at urban 
European sites (Putaud et al., 2010), while its contribution 
to PM2.5 in Athens has been found to be around 30% 
(Pateraki et al., 2011; Theodosi et al., 2011).  

The reconstructed bsca values at 550 nm are highly 
correlated with the Nephelometer measurements during the 
period October 2016–August 2017, with an R2 = 0.91 
(slope: 1.08), and a slight bias of 8% (Fig. 15). Very good 
agreement between the measured and modeled bsca at 
525 nm (R2 = 0.88–0.92), with slopes between 0.96 and 
0.98 was also found in NE Spain (Ealo et al., 2018). The 
relative contributions of each component to the light 

scattering (Eqs. (4)–(5)) are examined in two periods, i.e., 
from October to mid-May for POM, AS and AN, and from 
mid-May to August for POM and AS. POM and AS 
contribute 51% and 39%, respectively to the bsca, while AN 
contributes only by 10% during October to mid-May. For 
mid-May to August, the corresponding values for POM 
and AS were found to be 56.5% and 43.5%, since nitrate 
formation is not favored. Similarly, previous studies in 
eastern (Kalivitis et al., 2011) and western Mediterranean 
(Pandolfi et al., 2011) found higher concentrations for the 
ammonium sulfate and POM in summer being important 
contributors to bsca. A study over Delhi using the IMPROVE 
algorithms (Dumka et al., 2017) found that the OM 
contributed 39% and 48% to the bext, followed by (NH4)2SO4 
(21% and 24%), Elemental Carbon (EC) (13% and 10%) 
and NH4NO3 (9% and 5%). A similar approach applied in 
China (Cao et al., 2012) revealed largest contributions to 
bext by (NH4)2SO4 (40%), OM (24%), NH4NO3 (23%) and 
EC (9%). The carbonaceous aerosols contributed also the 
largest fraction (OM: 39% and EC: 20%) to bext in the 
polluted Pearl River Delta, China, followed by (NH4)2SO4 
(16%), coarse mode (13%) and NH4NO3 (11.8%) (Zhang 
et al., 2013). 

 
SUMMARY AND CONCLUSIONS 
 

The seasonality of the spectral variation in the near-
surface aerosol properties, namely, the scattering and 
absorption coefficients, along with spectral SSA 
calculations via combined Nephelometer and Aethalometer 
measurements, were examined in the Athens urban 
environment from October 2016 to September 2017. The 
analysis was complemented by concurrent measurements 
of chemical species (organics, BC, sulfate, nitrate, ammonium 
and chloride) via ACSM, air pollutants (CO and NO), PM 
concentrations and meteorological observations. The main 
objectives were to reveal the near-surface urban aerosol 
characteristics and to assess the influence of different 
combustion sources (vehicle exhaust, industry, bio-fuel

 

 
Fig. 14. Monthly variation of the cumulative mass concentrations of the PM1 non-refractory chemical components via 
ACSM measurements at Thissio, Athens during October 2016–September 2017. 



 
 
 

Katsanos et al., Aerosol and Air Quality Research, 19: 49–70, 2019 65

 
Fig. 15. Scatter plot between the reconstructed and measured bsca (at 550 nm) daily values during the period October 2016 
to August 2017. The contributions of the individual chemical species for the cold (October–mid-May) and warm (mid-
May–August) seasons are also given in the graph. 

 

and wood burning) on the extensive and intensive aerosol 
properties in each season. Furthermore, the contribution of 
the major chemical species to the bsca was evaluated, as 
well as the influence of local and regional combustion 
sources from traffic and wood burning on aerosol optical 
properties and pollutant emissions.  

The bsca and babs exhibited a high temporal variation and 
a distinct seasonality with larger values in winter and 
lower ones in spring and summer. Annual means of 46.0 ± 
32.2 Mm–1 for the bsca at 550 nm and of 28.4 ± 36.3 Mm–1 
for the babs at 520 nm were found, and the mean value for 
the SSA was 0.62 ± 0.11 at 550 nm. The large increase in 
both the bsca and babs in the last week of November and 
during winter was attributed to enhanced residential wood 
burning emissions from heating, as the economic recession 
during the recent years in Greece has prompted people to 
use fireplaces instead of the more expensive fossil fuels. 
The residential wood burning emissions left their signal on 
the aerosol optical properties via the high bsca, babs and PM 
concentrations and the large SAE (~2.1) and AAE (> 1.5) 
values from November to February, indicating the 
accumulation of sub-micron aerosols, with a significant 
fraction of organic carbon from biomass burning. During 
the rest of the year, the bsca and babs values were much 
lower, with AAE values in the range of 1.1–1.2, indicating 
the dominance of aerosols from fossil-fuel combustion 
(vehicle exhaust and industry). By contrast, the SAE values 
remained high (~2.0) throughout the year, suggesting the 
dominance of fine urban/anthropogenic aerosols. Further 

analysis of the diurnal variations of the spectral bsca and babs 
revealed two peaks during the morning and evening/night 
hours, due to traffic-related and wood burning emissions, 
respectively. These diurnal cycles were clearly detected 
during the autumn and winter and in cases with wind speeds 
below 3 m s–1, characterized as smoggy conditions. In the 
other seasons and with higher wind speeds, any diurnal 
variation tended to flatten out, indicating that apart from the 
local emissions, the boundary-layer dynamics and changes 
in wind speed are important factors in controlling the 
aerosol load and properties in Athens. The reconstructed bsca 
values via the chemical closure analysis showed very good 
agreement with the measurements (R2 = 0.91; bias of 8%). 
Organic matter was found to be the largest contributor 
(~51%) to the bsca from October to mid-May, followed by 
ammonium sulfate (~39%) and ammonium nitrate (~10%). 
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