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Abstract: Airborne sub-micrometer particles (PM1) have been documented to exert adverse impacts 
on human health, including respiratory and cardiovascular disease and premature mortality. The 
Greater Athens Area (GAA), characterized by topographic and meteorological conditions which 
frequently obstruct the effective dispersion of ambient pollutants, hosts approximately 40% of 
Greece’s population. It can be considered an “ambient laboratory” for studying PM1 pollution 
events, given the intensity and diversity of submicron aerosol sources and processing. Fine aerosol 
chemical composition is continuously monitored at the National Observatory of Athens Air Moni-
toring Station in Thissio, an urban background site in Central Athens. Furthermore, two intensive 
monthly campaigns were held at a central site in Piraeus, where Greece’s busiest passenger port is 
located, during both winter (December 2018–January 2019) and summer (June–July 2019) periods. 
Organic aerosol (OA), sulfate, nitrate, ammonium, and chloride were measured using an aerosol 
chemical speciation monitor (ACSM), while black carbon (BC and source-specific components) was 
measured using a multi-wavelength aethalometer (AE-33). The variability of concentrations at dif-
ferent temporal scales was examined, revealing differences for primary aerosol components, de-
pending on site type and location, and related to local sources and transport processes. Biomass 
burning for domestic heating was found to be a key factor during wintertime, leading to uniform 
OA and BC levels at both sites, while the local sources in Piraeus (traffic, port activity) lead to sub-
stantially increased levels during the summer. Secondary sources were found to affect both sites in 
a relatively homogeneous manner. 
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1. Introduction 
Ambient fine particles are recognized to exert seriously adverse health effects, with 

results of epidemiological studies suggesting a causal link between human exposure and 
increased premature mortality [1]. The chemical composition and sources of aerosols to 
which humans are exposed at various time scales are considered to play an important role 
in the observed cardiorespiratory effects [2]. At the same time, the role of atmospheric 
aerosols in the atmospheric radiation budget has come under scrutiny [3].  

The acknowledged human health effects, together with the wider impacts on the cli-
mate, have highlighted particulate matter as a high-priority pollutant at the European 
level and especially in Southern Europe [4]. To address these important effects, it is crucial 
to characterize the chemical composition of particles, which are closely related to the tox-
icity-inducing pathways and their optical properties. Moreover, it is necessary to identify 

Citation: Stavroulas, I.; Grivas, G.; 

Mihalopoulos, N. Spatial  

Characteristics of PM1 Aerosol 

Chemical Composition over the 

Greater Athens Area. Proceedings 

2021, 4, 7. https://doi.org/10.3390/ 

ecas2020-08139 

Academic Editor: Anthony R. Lupo 

Published: 13 November 2020 

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional 

claims in published maps and institu-

tional affiliations. 

 

Copyright: © 2020 by the authors. Li-

censee MDPI, Basel, Switzerland. 

This article is an open access article 

distributed under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license (http://crea-

tivecommons.org/licenses/by/4.0/). 



Environ. Sci. Proc. 2021, 4, 7 2 of 12 
 

 

and assess the contribution of particle pollution sources so as to be able to design appro-
priate air quality managements strategies.  

Regarding aerosol chemical composition, a large contribution of the organic fraction 
is recognized, with hundreds of compounds—of different atmospheric activity and tox-
icity characteristics—being classified in organic aerosol (OA). The fine particle mass is 
complemented by major ionic compounds and elemental carbon [5]. An important char-
acteristic of organic and ionic aerosols is their atmospheric activity, since they participate 
in physicochemical processes, and therefore, being able to dynamically record their con-
centrations in high temporal resolution is highly important. Aerosol mass spectrometric 
techniques have provided a valuable solution toward this direction, with the aerosol 
chemical speciation monitor (ACSM), specifically, having the capability to track the tem-
poral variability of major aerosol components, in near real-time and under continuous 
long-term operation [6]. 

Given the intensity of primary sources and its topographic and meteorological char-
acteristics [7], the Athens basin is a particularly suitable field of study of dynamic atmos-
pheric pollution phenomena at a large urban scale. The Greater Athens Area (GAA) is 
populated by 3.8 million inhabitants and has about 3 million vehicles registered [8]. In-
dustrial activity within the basin, but also in the neighboring Thriassion Plain, was greatly 
reduced in previous decades. However, in recent years, the renewed development of the 
commercial port of Piraeus, which led to increased shipping and port terminal activity, 
has established this area as a pollution source, with an impact both locally and on the 
wider area [9].  

The general characteristics of the air pollution issue in the GAA have been exten-
sively researched in the past [9,10]. However, the available information regarding the 
short-term variability of aerosol chemical composition and related sources and processes 
is limited [11,12]. Moreover, a new challenge in the study of atmospheric aerosols in the 
GAA has emerged, due to the economic recession that prevailed for the larger part of the 
previous decade. Following large hikes in the excise duty on heating oil since 2011, there 
has been a major shift toward biomass burning for space heating, with the appearance of 
intense winter “smog” episodes [13], characterized by high concentrations of organic aer-
osols and black carbon (BC). At the same time, the restriction of road transport activity 
due to the recession, in combination with European legislation aimed at reducing vehicle 
emissions and improving fuel quality, has significantly altered the relative impact of pri-
mary sources and has decreased PM levels in the long-term. Road traffic has been recog-
nized in the past as a controlling factor that was effective for PM levels all over the Athens 
basin [14]; however, it has to be reaffirmed whether this remains a valid assessment in the 
evolving air quality landscape. 

It is therefore imperative to implement characterization methods for aerosol compo-
sition and sources with high temporal resolution, but also to expand the assessment on 
the spatial scale, a venture that, due to the cost of the advanced instrumentation required, 
is rather demanding. The spatial characterization should involve both primary pollutant 
hotspots and urban background locations, which are more relevant for the exposure of 
the general population. Only a few studies that used aerosol mass spectrometric tech-
niques attempted till now to assess the spatial characteristics of aerosol composition and 
sources within larger geographical areas, but in most cases without conducting concur-
rent measurements at multiple locations [15,16]. 

In the present work, we report data on the chemical composition of fine aerosol at 
two representative locations in the Athens basin, in hourly temporal resolution, using on-
line instrumentation (ACSM and multi-wavelength aethalometer for source-specific BC 
components). The first site, where long-term measurements have been performed since 
December 2015, is the urban background supersite of the National Observatory of Athens, 
in Central Athens (Thissio). The second is an urban traffic site located in Central Piraeus, 
close to the passenger port, where two intensive monthly measurement campaigns were 
performed in December 2018–January 2019 and June–July 2019. More emphasis is placed 
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on the analysis of the Piraeus dataset, since it is a new measurement location in the GAA, 
characterized for the first time, while the Thissio (a well-studied site) dataset is mainly 
used for inter-site comparisons. We explored the temporal variability of major aerosol 
components at the two sites and analyzed the inter-site differences, in order to highlight 
the relative impacts at two locations of different type within the same airshed. 

2. Experiments 
2.1. Study Sites 

Two sites within the Athens basin (Figure 1) were examined in the present study, 
namely Thissio (THI) and Piraeus (PIR). THI is an urban background site, in the historic 
center of Athens. It is located in the premises of the National Observatory of Athens in 
Thissio. It is in a relatively large distance (>200m) from major roads and surrounded by 
pedestrian zones, in a moderately populated neighborhood [10,13]. The site has been 
found to be representative for urban background conditions in the central part of the Ath-
ens basin [17].  

Measurements at PIR were carried out at the building (1st floor) of the terminal sta-
tion of the Athens Metro in Piraeus. The site is characterized as urban traffic, being at a 
distance of approximately 50 m from the Piraeus coastal avenue, which is adjacent to the 
port zone where passenger ships are berthing. The site, due to its central placement in a 
transportation hub, is also characterized by intense human and commercial activity. 
Moreover, Piraeus is the second most-densely populated municipality in the GAA, with 
the greater area of Piraeus having almost 450,000 residents. Therefore, an important input 
from residential emissions during the heating season should be also expected.  

Measurements in Piraeus were conducted during two season-specific monthly peri-
ods of the year: winter (12 December 2018–15 January 2019) and summer (12 June 2019–8 
July 2019). To perform a comparative analysis and assess the general spatial characteristics 
of the pollutants in focus, we analyzed the corresponding periods during the previous 
three years (2015–2016, 2016–2017, and 2017–2018), as measured at THI, using the same 
instrumentation.  

2.2. On-Line Instrumentation 
An aerosol chemical speciation monitor (ACSM, Aerodyne Inc., Billerica, MA, USA) 

was used to obtain, in near-real time (30-min temporal resolution), data on the chemical 
composition of non-refractory submicron ambient aerosols (NR-PM1). Specifically, the 
ACSM, which is practically a compact aerosol mass spectrometer, records concentrations 
of OA, sulfate, ammonium, nitrate, and chloride, with an effective diameter range of 40–
700 nm, while also providing mass spectra of OA [6]. The instrument samples at a flow 
rate of 3.6 L min−1, through a PM1 sharp-cut cyclone (SCC 1.109, BGI Inc., Waltham, MA, 
USA). 

Black carbon (BC) concentrations were measured at a 1 min resolution using a 7-λ 
aethalometer (AE-33, Magee Scientific, Berkeley, CA, USA), sampling at 5 L min−1. The 
AE-33 [18] records BC concentrations at seven wavelengths by measuring the attenuation 
of light through particles deposited on a filter tape and calculating the absorption coeffi-
cient at each wavelength. A dual-spot measurement approach is followed to compensate 
for the “filter loading” effect, while a correction for multiple scattering is also applied. 
Furthermore, through the implementation of the “Aethalometer model” [19], the source-
specific BC fractions apportioned to fossil fuel combustion (BCff) and biomass combustion 
(BCbb) are calculated automatically by the instrument. All values from the ACSM and the 
AE-33 were averaged and analyzed at hourly intervals.  
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Figure 1. Overview of the Attica Peninsula and the GAA, with the two sites in the Athens Basin: 
THI in Thissio, Central Athens, and PIR in the center of Piraeus, near the passenger port. 

2.3. Off-Line Measurements and Additional Data 
Chemical composition measurements were performed, in parallel with on-line meas-

urements, on PM2.5 quartz fiber filters collected daily on a 24-h basis, using reference-
equivalent low-volume samplers: Derenda LVS-PNS-15 at PIR (Comde-Derenda, 
Stahnsdorf, Germany) and Partisol 2025-D at THI (Thermo Fisher Scientific Inc., Waltham, 
MA, USA). Filters were analyzed for organic and elemental carbon (OC, EC) and ionic 
composition. Quantification of OC and EC was performed on filter punches using a ther-
mal/optical Sunset carbon analyzer (Sunset Laboratories Inc., Portland, OR, USA), accord-
ing to the EUSAAR-II protocol [20]. Nanopure water extracts were analyzed using an ion 
chromatography system (Dionex DX-500, Thermo Fisher Scientific Inc., Waltham, MA, 
USA) for major cations and anions, including sulfate, nitrate, ammonium, and chloride 
[21]. The results from filter-based analyses were used to perform quality control on the 
ACSM data [12], validating the results for OA and major ions. The covariance between EC 
and BC on a daily basis was also explored. The impact of wind circulation and transport 
from sources at the local/medium spatial scale [22] on concentrations at PIR was assessed 
using bivariate polar and annular (assessment of the diurnal variability) wind plots, ac-
cording to the methodology of Uria-Tellaetxe et al. [23]. Wind speed and direction data 
were obtained from a meteorological station, operating at a distance of approximately 2 
km from PIR.  
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3. Results and Discussion 
3.1. Comparison between On-Line and Off-Line Measurements 

A selection of characteristic scatterplots between daily averaged measurements from 
on-line and off-line instruments at PIR, for the two campaigns (winter-summer) com-
bined, is presented in Figure 2.  

 
Figure 2. Comparison of 24 h averaged concentrations determined with the on-line instruments and 
from filter-based analyses, for major fine aerosol species in Piraeus, for the two campaigns combined. 

The results of the comparison present an excellent agreement (R2 > 0.80, slopes close 
to unity, very small intercepts) for sulfate and nitrate between the two methods (this is 
also valid for ammonium ions, but not for chloride due to the differences between the very 
fine non-refractory ammonium chloride measured by the ACSM and the coarser water-
soluble sodium chloride that participates also in the PM2.5 fraction). A very good correla-
tion (R2 = 0.80) was found between OA and OC (forced through the intercept in the figure), 
with a slope of 1.63. It is expected that the actual OA in PM2.5 would be slightly higher due 
to the small amount of organic particles concentrated in the intermodal range [24]. How-
ever, the obtained slope is rather indicative for OA/OC ratios (1.4–1.8) being reported at 
traffic-impacted urban sites, where freshly organic carbon emissions are less processed to 
oxygenated compounds of higher molecular weight [25]. Similarly, good correlations 
were obtained for ACSM components regarding the comparisons at THI (not shown). 
Black and elemental carbon daily average concentrations at PIR also correlated excellently 
(R2 = 0.85), although BC tended to record higher concentrations (possibly due to a contri-
bution of non-EC light absorbing particles or a somewhat different mass absorption cross-
section for aerosol in Piraeus than the default value used in the aethalometer) [26,27].  

3.2. Comparison of Levels between the Two Sites on a Seasonal Basis 
Figure 3 displays box-whisker plots for the measured hourly concentrations of aero-

sol components by season at the two sites.  
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Figure 3. Box-whisker plots for hourly concentrations of on-line measured aerosol components in Ath-
ens (THI; 3 years, 2015–2018) and Piraeus (PIR; 2018–2019), for the specified winter and summer peri-
ods. Whiskers for 10–90° percentiles, dot for arithmetic mean, box for median and interquartile range. 

Concentrations for BC and OA at PIR were, on average, higher than those at THI, 
something expected in a comparison between a traffic-impacted and an urban back-
ground site. However, it has to be noted that this difference is much less pronounced dur-
ing the winter period. BC concentrations in winter are merely 12% higher on average 
(compared to 75% during the summer period), while average OA levels are almost com-
parable in winter (higher by only 3% at PIR). This fact should be mainly attributed to the 
excessive utilization of biomass burning for heating, which is an effective source over the 
entire Athens basin [17]. This phenomenon peaks during the month of December—the 
focus of the analyzed winter period—with extreme levels of hourly OA and BC values 
being frequently recorded [12]. The differences for OA and BC between the two sites are 
much more evident for the summer period, where the levels at PIR are significantly higher 
than at THI (29% and 75% for OA and BC). The deactivation of biomass burning as a 
source, combined with the decrease of traffic emissions at THI during summer [13], pro-
vides an explanation for this disparity. Moreover, the activity (commuting, passenger ve-
hicle traffic and shipping) is substantially increased during summer around the port of 
Piraeus [28], further explaining the large inter-site differences for BC. As can be seen in 
Figure 4, while a local impact associated with low-wind nocturnal conditions at PIR ex-
plains the higher winter levels, the pattern is different during summer, when an impact 
of the wider port zone (shipping emissions and traffic in the passenger section of the port) 
is evident. The smaller inter-site difference for OA against BC, during summer, can be 
attributed to the fact that a substantial part of OA during the warm period photochemi-
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cally evolves as secondary OA [11,12], a process which is less local in character. The en-
hancement of carbonaceous aerosol levels at locations close to major ports has also been 
reported by relevant studies using high-resolution instrumentation [29,30].  

 
Figure 4. Bivariate polar plots for the relationships between wind direction (angular) and speed 
(radial), on black carbon (BC) (upper panels) and sulfate (lower panels) concentrations, during the 
two study periods at PIR. 

Different seasonal patterns can be seen for the two major secondary aerosol ions. Ni-
trate levels are comparable between sites, with high wintertime levels being characterized 
by peak hourly concentrations during nighttime, which has been associated to the pro-
cessing of fresh biomass burning emissions, under favorable atmospheric acidity condi-
tions [10]. Nitrate levels largely diminish during summer as the equilibrium shifts to the 
gas phase under increased ambient temperatures [31]. Levels of sulfate present similari-
ties among the two sites, measured at approximate 2.5 μg m−3 on average in winter, and 
being enhanced during the summer period due to the higher degree of photochemical 
processing of sulfur oxides at the regional scale. Studies in the Athens basin have indeed 
verified the regional character of sulfate, with important inter-site correlations reported 
for secondary sulfate [9]. This is underlined by the larger dispersion of elevated concen-
trations in the polar plots of Figure 4. However, it is interesting that higher sulfate levels 
during the summer tend to be associated with winds from the S–SW sectors. At a coastal 
site like PIR, such winds are related to sea breeze circulation, which in turn is associated 
with the most elevated fine aerosol concentrations, presenting an enhancement during the 
midday to early afternoon. Due to the common temporal evolution of sulfate concentra-
tions (which also peak in this timeframe, as discussed in Section 3.3), an association is 
registered by the wind plot. However, the effect of emissions from heavy oil combustion 
(shipping activity in the general area of Piraeus, to the south and west of the site), pro-
cessed to sulfate under favorable conditions, is also considered possible [32]. The observed 
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patterns for sulfate are to a certain extent reproduced by wind analysis results at the THI 
site (not shown).  

3.3. Short-Term Variability of Concentrations 
The mean diurnal variability of concentrations for selected aerosol components at the 

two sites is presented in Figure 5. OA and BCff, during winter, present typical bimodal 
diurnal cycles, indicative of rush-hour traffic emissions in the morning and of evening 
traffic combined with domestic heating emissions in a shallow nocturnal boundary layer. 
The effect of heating emissions is readily evident in the diurnal plot of BCbb, with the 
nighttime contribution of BCbb exceeding 40% of total BC. Interestingly, the nighttime BCbb 
peaks at THI tend to be higher than at PIR. A 1-h lag in the morning maxima of BCff con-
centrations is recorded between the two sites, with PIR peaking before THI due to the 
earlier intensification of vehicular emissions (commercial-related traffic), as well as the 
time required for fresh emissions to travel from the urban/commercial center of Athens to 
the urban background THI location [14].  

 
Figure 5. Mean diurnal variability of hourly concentrations of major aerosol components, at the two 
sites for the examined periods. 

OA concentrations during summer present a mostly flat diurnal variability at both 
sites, indicating an impact of regional processed aerosol that is offsetting local emissions 
[33]. The summertime diurnal variability of BCbb is insignificant; however, BCff presents 
at both sites a unimodal cycle, characteristic of increased traffic contributions of vehicular 
emissions in the morning (more intense at PIR).  
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The shape of the BCff cycle at PIR (compared to THI) indicates that levels tend to 
persist in the hours following the morning peak, in spite of enhanced dispersion during 
midday, which is characterized by strong sea breeze or NW synoptic-scale winds, com-
bined with the evolution of the boundary layer (processes that lead to a pronounced mid-
day-afternoon valley at THI) [34]. The BCff concentrations form an extended plateau up to 
the evening hours and beyond. This is considered to be related to persistent emissions 
throughout the day, attributed to the passenger port activity [35]. It can be seen in Figure 
6, by inspection of the annular plots which describe the effect of wind direction by hour 
of the day at PIR, that an enhancement is documented in winter, associated with NW di-
rections (mainly low-wind conditions) during the evening and nighttime (indicative of 
domestic heating BC emissions). By contrast, during summer, the effect of winds from the 
general direction of the port zone is again evident and notable throughout the day.  

Sulfate levels present a mostly uniform diurnal distribution during the cold period, 
characteristic of its regional origin [36]. The summer midday peaks displayed in the diur-
nal cycles at both sites can probably associated to the increased vertical mixing [37] of 
regional transported sulfate in the Athens basin and the intensification of photochemically 
produced sulfate at a regional scale [38].  

 
Figure 6. Annular plots examining the associations of wind direction and (BC) concentrations by 
hour of the day, for the two measurement periods at PIR. 

4. Conclusions 
In this study, we performed a comparison regarding the temporal variability and 

sources of fine aerosols in the Greater Area of Athens, as measured at two sites, during 
selected winter and summer periods, within a four-year span. The two sites are located in 
areas with distinct characteristics, i.e., at a residential urban background area in the center 
of Athens (Thissio) and in the center of Piraeus, an area impacted by traffic emissions and 
by the operation of a major European harbor. Measurements for organic aerosol, major 
aerosol ions, and black carbon were performed using on-line instrumentation (ACSM and 
aethalometer). The obtained results highlight, case-wise, interesting disparities but also 
unexpected similarities on the spatial level. A contiguity of carbonaceous compound (OA, 
BC) levels among traffic and background locations in the GAA during winter conditions 
appears to be an important finding and has to be further validated, as it indicates the great 
impact and spatial uniformity of a season-specific anthropogenic source (biomass burn-
ing), which can be regulated through the adoption of pertinent policies. On the other 
hand, emissions from the port zone and the related traffic activity appear to be an im-
portant year-round aerosol source in Piraeus, which maximizes during summer—when 
concentrations in Thissio remain low—leading to a characteristic seasonal profile. Con-
centrations of secondary nitrate seem strongly impacted by the rapid processing of local 
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emissions of nitrogen oxides at both sites during the winter. By contrast, sulfate levels 
present a more uniform spatial pattern. Wind analysis indicates that the port zone of Pi-
raeus is expected to have a significant impact on levels of primary carbonaceous aerosols, 
especially in the summer period. The contributions of local sources at the two sites were 
also translated in the short-term temporal variability of concentrations, with large en-
hancements for primary pollutants (including source-apportioned BC) recorded during 
nighttime in winter at both sites (indicative of the spatially effective impact of biomass 
burning emissions). Moreover, there are indications from the analysis of short-term pat-
terns that there is an enhancement of BC concentrations in Piraeus during summer, which 
is associated with the operation of the port and leads to increased levels throughout the 
day, having important implications for exposure of residents and commuters. The present 
results will be supplemented and expanded by a follow-up study applying positive ma-
trix factorization (PMF) source apportionment analysis on the organic mass spectra avail-
able by the ACSM measurements, in order to quantify OA contributions of specific pri-
mary sources (such as traffic and biomass burning) and also to differentiate between pri-
mary and oxidized secondary OA aerosols. 

Author Contributions: Conceptualization, I.S., G.G., and N.M.; methodology, I.S. and G.G.; formal 
analysis, I.S. and G.G.; investigation, I.S. and G.G.; data curation, I.S. and G.G.; writing—original 
draft preparation, I.S. and G.G.; writing—review and editing, N.M.; supervision, N.M.; project ad-
ministration, N.M.; funding acquisition, N.M. All authors have read and agreed to the published 
version of the manuscript. 

Funding: This research is co-financed by Greece and the European Union (European Social Fund-
ESF) through the Operational Programme “Human Resources Development, Education and Life-
long Learning 2014–2020” in the context of the project “Long-term characterization, in high temporal 
resolution, of the chemical composition and sources of the atmospheric aerosol over the greater 
Athens area” (MIS 5047322). 

Institutional Review Board Statement: Not applicable.  

Informed Consent Statement: Not applicable. 

Data Availability Statement: The data presented in this study are available upon request from the 
corresponding authors with the permission of the funding sources 

Acknowledgments: We acknowledge the support of Evangelos Gerasopoulos (IERSD-NOA) in the 
co-ordination of the measurement campaigns. We thank Eleni Liakakou (IERSD-NOA), supervisor 
of the Air Monitoring Station in Thissio, for her contribution in field measurements. We also thank 
Mr. Panayiotis Kalkavouras (IERSD-NOA) for his assistance in fieldwork. Finally, we acknowledge 
the contribution of the staff of the Environmental Chemical Processes Laboratory, Department of 
Chemistry, University of Crete, for performing the filter-based chemical analyses.  

Conflicts of Interest: The authors declare no conflict of interest.  

References 
1. Di, Q.; Wang, Y.; Zanobetti, A.; Wang, Y.; Koutrakis, P.; Choirat, C.; Dominici, F.; Schwartz, J.D. Air pollution and mortality in 

the Medicare population. N. Eng. J. Med. 2017, 376, 2513–2522. 
2. Bell, M.L.; Ebisu, K.; Leaderer, B.P.; Gent, J.F.; Lee, H.J.; Koutrakis, P.; Wang, Y.; Dominici, F.; Peng, R.D. Associations of PM2.5 

constituents and sources with hospital admissions: Analysis of four counties in Connecticut and Massachusetts (USA) for per-
sons ≥ 65 years of age. Environ. Health Perspect. 2014, 122, 138–144. 

3. EEA. Air Quality in Europe—2014 Report; Report No 5/2014; Publications Office of the European Union: Luxemburg, 2014. 
4. EEA. Unequal Exposure and Unequal Impacts: Social Vulnerability to Air Pollution, Noise and Extreme Temperatures in Europe; Report 

No. 22/2018; Publications Office of the European Union: Luxembourg, 2018. 
5. Putaud, J.-P.; Raes, F.; Van Dingenen, R.; Brüggemann, E.; Facchini, M.-C.; Decesari, S.; Fuzzi, S.; Gehrig, R.; Hüglin, C.; Laj, P.; 

et al. A European aerosol phenomenology-2: Chemical characteristics of particulate matter at kerbside, urban, rural and back-
ground sites in Europe. Atmos. Environ. 2004, 38, 2579–2595. 

6. Ng, N.L.; Herndon, S.C.; Trimborn, A.; Canagaratna, M.R.; Croteau, P.L.; Onasch, T.B.; Sueper, D.; Worsnop, D.R.; Zhang, Q.; 
Sun, Y.L.; et al. An Aerosol Chemical Speciation Monitor (ACSM) for routine monitoring of the composition and mass concen-
tration of ambient aerosol. Aerosol Sci. Technol. 2011, 45, 780–794. 



Environ. Sci. Proc. 2021, 4, 7 11 of 12 
 

 

7. Kanakidou, M.; Mihalopoulos, N.; Kindap, T.; Im, U.; Vrekoussis, M.; Gerasopoulos, E.; Dermitzaki, E.; Unal, A.; Koçak, M.; 
Markakis, K.; et al. Megacities as hot spots of air pollution in the East Mediterranean. Atmos. Environ. 2011, 45, 1223–1235. 

8. Progiou, A.G.; Ziomas, I.C. Road traffic emissions impact on air quality of the Greater Athens Area based on a 20year emissions 
inventory. Sci. Total Environ. 2011, 410–411, 1–7. 

9. Grivas, G.; Cheristanidis, S.; Chaloulakou, A.; Koutrakis, P.; Mihalopoulos, N. Elemental composition and source apportion-
ment of fine and coarse particles at traffic and urban background locations in Athens, Greece. Aerosol Air Qual. Res. 2018, 18, 
1642–1659. 

10. Theodosi, C.; Tsagkaraki, M.; Zarmpas, P.; Grivas, G.; Liakakou, E.; Paraskevopoulou, D.; Lianou, M.; Gerasopoulos, E.; Mi-
halopoulos, N. Multi-year chemical composition of the fine-aerosol fraction in Athens, Greece, with emphasis on the contribu-
tion of residential heating in wintertime. Atmos. Chem. Phys. 2018, 18, 14371–14391. 

11. Grivas, G.; Cheristanidis, S.; Chaloulakou, A. Elemental and organic carbon in the urban environment of Athens. Seasonal and 
diurnal variations and estimates of secondary organic carbon. Sci. Total Environ. 2012, 414, 535–545. 

12. Stavroulas, I.; Bougiatioti, A.; Grivas, G.; Paraskevopoulou, D.; Tsagkaraki, M.; Zarmpas, P.; Liakakou, E.; Gerasopoulos, E.; 
Mihalopoulos, N. Sources and processes that control the submicron organic aerosol composition in an urban Mediterranean 
environment (Athens): A high temporal-resolution chemical composition measurement study. Atmos. Chem. Phys. 2019, 19, 901–
919. 

13. Liakakou, E.; Stavroulas, I.; Kaskaoutis, D.G.; Grivas, G.; Paraskevopoulou, D.; Dumka, U.C.; Tsagkaraki, M.; Bougiatioti, A.; 
Oikonomou, K.; Sciare, J.; et al. Long-term variability, source apportionment and spectral properties of black carbon at an urban 
background site in Athens, Greece. Atmos. Environ. 2020, 222, 117137. 

14. Grivas, G.; Chaloulakou, A.; Kassomenos, P. An overview of the PM10 pollution problem, in the Metropolitan Area of Athens, 
Greece. Assessment of controlling factors and potential impact of long-range transport. Sci. Total Environ. 2008, 389, 165–177. 

15. Xu, L.; Suresh, S.; Guo, H.; Weber, R.J.; Ng, N.L. Aerosol characterization over the southeastern United States using high-reso-
lution aerosol mass spectrometry: Spatial and seasonal variation of aerosol composition and sources with a focus on organic 
nitrates. Atmos. Chem. Phys., 2015, 15, 7307–7336. 

16. Struckmeier, C.; Drewnick, F.; Fachinger, F.; Gobbi, G.P.; Borrmann, S. Atmospheric aerosols in Rome, Italy: Sources, dynamics 
and spatial variations during two seasons. Atmos. Chem. Phys. 2016, 16, 15277–15299. 

17. Grivas, G.; Stavroulas, I.; Liakakou, E.; Kaskaoutis, D.G.; Bougiatioti, A.; Paraskevopoulou, D.; Gerasopoulos, E.; Mihalopoulos, 
N. Measuring the spatial variability of Black Carbon in Athens during wintertime. Air Qual. Atmos. Health 2019, 12, 1405–1417. 

18. Drinovec, L.; Mocnik, G.; Zotter, P.; Prévôt, A.S.H.; Ruckstuhl, C.; Coz, E.; Rupakheti, M.; Sciare, J.; Müller, T.; Wiedensohler, 
A.; et al. The “dual-spot” Aethalometer: An improved measurement of aerosol black carbon with real-time loading compensa-
tion. Atmos. Meas. Tech. 2015, 8, 1965–1979. 

19. Sandradewi, J.; Prévôt, A.S.; Szidat, S.; Perron, N.; Alfarra, M.R.; Lanz, V.A.; Weingartner, E.; Baltensperger, U. Using aerosol 
light absorption measurements for the quantitative determination of wood burning and traffic emission contributions to par-
ticulate matter. Environ. Sci. Technol. 2008, 42, 3316–3323. 

20. Cavalli, F.; Viana, M.; Yttri, K.E.; Genberg, J.; Putaud, J.P. Toward a standardised thermal-optical protocol for measuring atmos-
pheric organic and elemental carbon: The EUSAAR protocol. Atmos. Meas. Technol. 2010, 3, 79–89. 

21. Paraskevopoulou, D.; Liakakou, E.; Gerasopoulos, E.; Theodosi, C.; Mihalopoulos, N. Long-term characterization of organic 
and elemental carbon in the PM2.5 fraction: The case of Athens, Greece. Atmos. Chem. Phys. 2014, 14, 13313–13325. 

22. Petit, J.-E.; Favez, O.; Sciare, J.; Crenn, V.; Sarda-Estève, R.; Bonnaire, N.; Mocnik, G.; Dupont, J.-C.; Haeffelin, M.; and Leoz-
Garziandia, E.: Two years of near real-time chemical composition of submicron aerosols in the region of Paris using an Aerosol 
Chemical Speciation Monitor (ACSM) and a multiwavelength Aethalometer. Atmos. Chem. Phys. 2015, 15, 2985–3005. 

23. Uria-Tellaetxe, I.; Carslaw, D.C. Conditional bivariate probability function for source identification. Environ. Model. Softw. 2014, 
59, 1–9. 

24. Pateraki, S.; Assimakopoulos, V.D.; Bougiatioti, A.; Kouvarakis, G.; Mihalopoulos, N.; Vasilakos, C. Carbonaceous and ionic 
compositional patterns of fine particles over an urban Mediterranean area. Sci. Total Environ. 2012, 424, 251–252. 

25. Chow, J.C.; Lowenthal, D.H.; Chen, L.W.A.; Wang, X.; Watson, J.G. Mass reconstruction methods for PM2.5: A review. Air Qual. 
Atmos. Health 2015, 8, 243–263. 

26. Andreae, M.O.; Gelencsér, A. Black carbon or brown carbon? The nature of light-absorbing carbonaceous aerosols. Atmos. Chem. 
Phys. 2006, 6, 3131–3148. 

27. Zanatta, M.; Gysel, M.; Bukowiecki, N.; Müller, T.; Weingartner, E.; Areskoug, H.; Fiebig, M.; Yttri, K.E.; Mihalopoulos, N.; 
Kouvarakis, G.; et al. A European aerosol phenomenology-5: Climatology of black carbon optical properties at 9 regional back-
ground sites across Europe. Atmos. Environ. 2016, 145, 346–364. 

28. Kassomenos, P.A.; Vardoulakis, S.; Chaloulakou, A.; Paschalidou, A.K.; Grivas, G.; Borge, R.; Lumbreras, J. Study of PM10 and 
PM2.5 levels in three European cities: Analysis of intra and inter urban variations. Atmos. Environ. 2014, 87, 153–163. 

29. Shah, R.U.; Robinson, E.S.; Gu, P.; Robinson, A.L.; Apte, J.S.; Presto, A.A. High-spatial-resolution mapping and source appor-
tionment of aerosol composition in Oakland, California, using mobile aerosol mass spectrometry. Atmos. Chem. Phys. 2018, 18, 
16325–16344. 

30. Wang, X.; Shen, Y.; Lin, Y.; Pan, J.; Zhang, Y.; Louie, P.K.K.; Li, M.; Fu, Q. Atmospheric pollution from ships and its impact on 
local air quality at a port site in Shanghai. Atmos. Chem. Phys. 2019, 19, 6315–6330. 



Environ. Sci. Proc. 2021, 4, 7 12 of 12 
 

 

31. Theodosi, C.; Grivas, G.; Zarmpas, P.; Chaloulakou, A.; Mihalopoulos, N. Mass and chemical composition of size-segregated 
aerosols (PM1, PM2.5, PM10) over Athens, Greece: Local versus regional sources. Atmos. Chem. Phys., 2011, 11, 11895–11911. 

32. Zhang, S.; Tison, E.; Dusanter, S.; Beaugard, C.; Gengembre, C.; Augustin, P.; Fourmentin, M.; Delbarre, H.; Riffault, V. Near 
real-time PM1 chemical composition measurements at a French urban background and coastal site under industrial influence 
over more than a year: Temporal variability and assessment of sulfur-containing emissions . Atmos. Environ. 2020, 244, 117960. 

33. Budisulistiorini, S.H.; Baumann, K.; Edgerton, E.S.; Bairai, S.T.; Mueller, S.; Shaw, S.L.; Knipping, E.M.; Gold, A.; Surratt, J.D. 
Seasonal characterization of submicron aerosol chemical composition and organic aerosol sources in the southeastern United 
States: Atlanta, Georgia and Look Rock, Tennessee. Atmos. Chem. Phys. 2016, 16, 5171–5189. 

34. Kassomenos, P.; Flocas, H.A.; Lykoudis, S.; Petrakis, M. Analysis of mesoscale patterns in relation to synoptic conditions over 
an urban Mediterranean basin. Theor. Appl. Climat. 1998, 59, 215–229. 

35. Yu, G.-H.; Park, S.; Shin, S.-K.; Lee, K.-H.; Nam, H.-G. Enhanced light absorption due to aerosol particles in ship plumes ob-
served at a seashore site. Atmos. Pollut. Res. 2018, 9, 1177–1183. 

36. Minguillón, M.C.; Ripoll, A.; Pérez, N.; Prévôt, A.S.H.; Canonaco, F.; Querol, X.; Alastuey, A. Chemical characterization of sub-
micron regional background aerosols in the western Mediterranean using an Aerosol Chemical Speciation Monitor. Atmos. 
Chem. Phys. 2015, 15, 6379–6391. 

37. Levin, Z.; Gershon, H.; Ganor, E. Vertical distribution of physical and chemical properties of haze particles in the Dead Sea 
valley. Atmos. Environ. 2005, 39, 4937–4935. 

38. Mihalopoulos, N.; Kerminen, V.M.; Kanakidou, M.; Berresheim, H.; Sciare, J. Formation of particulate sulfur species (sulfate 
and methanesulfonate) during summer over the Eastern Mediterranean: A modelling approach. Atmos. Environ. 2007, 41, 6860–
6871. 


