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Abstract: Fine particulate matter (PM) has significant impacts on public health. Among its various
chemical components, Polycyclic Aromatic Hydrocarbons (PAHs) are of particular importance since
they contribute to a large extent or even enhance its toxic potency. Despite the verified importance of
the fine PM pollution for the Greater Athens Area (GAA), information on its composition with respect
to the hydrocarbons is extremely scarce. This study aims to uncover the occurrence of the PM2.5 and
PM1-bound PAHs across the GAA investigating the impact of the sources and meteorology on the
configuration of their profile and potential health risk. The fieldwork took place at three different
locations during two different mesoscale wind regimes. Using the Diagnostic PAHs’ Ratio method,
the sources were identified while for the quantification of the emissions from the traffic and central
heating sectors, the FEI-GREGAA emission inventory was taken into consideration. The potential
health risk was estimated calculating the toxic/mutagenic equivalency factors. The peaks for both
the PM mass and the PAHs were attributed to the intensity of the emissions. On the other hand,
the carcinogenic/mutagenic risk was mainly influenced by the varying characteristics of traffic and
especially for the background atmosphere, from the arriving air masses from longer scale distances.

Keywords: fine particles; PM-bound PAHs; health risk; field campaign; FEI-GREGAA emission
inventory; sources; atmospheric circulation; Mediterranean urban area

1. Introduction

During the last years, Polycyclic Aromatic Hydrocarbons (PAHs) has become a worldwide
environmental issue of great health concern. They are a class of semi-volatile organic compounds
with well-known toxic, carcinogenic and mutagenic properties. Having a strong dependence on
their molecular weight, PAHs are partitioned between the particulate and the gaseous phase.
The hydrocarbons with low molecular weight are mainly found in the vapor phase while those with
high molecular weight are mostly associated with fine airborne particles [1–3]. Thus, their exposure
risk is increased [4].

There are more than 100 polyaromatic hydrocarbons. Based on the long list of the health effects
on humans, 16 PAHs have been considered by the United States (US) Environmental Protection
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Agency (EPA) as priority pollutants. Nine PAHs have been identified as TA98 mutagens showing
mutagenic potency and seven have been classified as probable or class B2 carcinogens [2,5]. With its
concentrations being above 1.0 ng/m3, benzo[a]pyrene (B[a]P) is considered to be the most toxic
polyaromatic hydrocarbon as well as responsible for a genomic frequency of translocation, micronuclei
and DNA fragmentation [6]. The non-carcinogenic effects (intrauterine growth restriction, bronchitis,
asthma and asthma-like symptoms, ischaemic heart disease) of the specific compounds cannot be
neglected as well [5].

Like the other pollutants, the emission sources and the meteorological conditions are the two key
parameters for the configuration of the PAHs’ burden of a given area.

The polyaromatic hydrocarbons are almost dominated by anthropogenic origin and the
contribution from natural sources (forest burning, volcanic emissions, etc.) is limited [7]. They are
mainly formed during various incomplete combustion processes of organic material (fossil fuel burning,
motor vehicle emissions, waste incineration, oil refining, coke/steel industry, coal combustion) [5].
Trains, aircrafts and ships also contribute significantly to the mobile sources of the PAHs while
residential heating is another source group for the specific compounds [8]. A broad classification
of their sources is the group of the pyrogenic and the petrogenic hydrocarbons. Oil derivatives,
coal combustion, natural gas and traffic emissions are some of the most important pyrogenic sources
while the direct contamination like the spillage of oil products constitute the petrogenic one [5].

Besides the local characteristics of the environment, PAHs are also meteorologically depended
and subject to variable atmospheric processes. The influence of the meteorological parameters like
temperature, relative humidity, wind speed/direction, precipitation/sunshine hours and total solar
radiation to the recorded levels of the PAHs’ has already been proved [9–11]. In the case of the
atmospheric circulation, it plays an important role in the status of air quality over an urban area [12–14].
Being subject to variable transport processes, the air masses are passing over areas with different
characteristics. The prevailing meteorological conditions, the different physicochemical profile of the
atmospheric pollutants and the atmospheric chemistry alter the initial characteristics of the transported
masses. This is the reason why the receptor region is just as important as the source area.

The Greater Athens Area (GAA) is well known for its frequent pollution events. Hosting
4.2 million habitants, about 36% of the total Greek population, it is greatly influenced by both locally
emitted and long range transported aerosols [15,16]. The complex and unfavorable topography
for the dispersion of the air pollutants in combination with the increased anthropogenic activities
(road traffic, residential heating, industrial and shipping emissions) and the local meteorological
conditions aggravate the air quality problem in the area. The environmental relevance of the PAHs in
the GAA atmosphere is a well-established issue. Owing to their direct health implications and the
density of population their monitoring across the Athens basin is of critical importance. Unfortunately,
they are not monitored routinely and there is a lack of information regarding their presence on fine
particles [17,18]. Mandalakis et al. [19], Sitaras et al. [20] and Vasilakos et al. [21] focused on the analysis
of the gaseous and particulate phase of Total Suspended Particles (TSP)-bound PAHs in different
locations across the GAA. The concentration levels of PM10-bound PAHs were recorded by Mantis
et al. [22] at four sites within the basin while Valavanidis et al. [23] gave information about the bound
PAHs within TSP and finer PM fractions at the Athens’ center (PM10.2 and PM2.1).

Therefore, with the principal aim to uncover the fine-PM bound PAHs’ profile and more specifically
the dependence of their potential health risk on the prevailing pollution and meteorological conditions,
a four-days field campaign took place across the GAA, during the period of 2008 (20 March 2008,
24 March 2008, 20 July 2008, 21 July 2008). The PM2.5 and PM1 measurements took place simultaneously
at three locations with different emission characteristics, covering two different mesoscale air flow
patterns. The north and the south. The specific types of atmospheric circulation are of critical
importance for the GAA, responsible for the dilution/dispersion and the accumulation of the air
pollutants within the basin, respectively. Taking into consideration the fact that public is never exposed
to a single polyaromatic hydrocarbon but to a mixture of them, the collected samples were analyzed
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for twenty PAHs, including the 16 USEPA’s priority. In the case of the source allocation, two different
techniques were applied to the results. The diagnostic ratios of the PAHs and the emissions from the
most update emission inventory for the GAA, the FEI-GREGAA [24]. The transportation of the air
masses from longer scale distances was investigated with the computation of the backward trajectories
and the aid of HYSPLIT model. Finally, the carcinogenic/mutagenic potency of the exposure to the
PAHs’ mixture was estimated with the use of the toxic/mutagenic equivalency factors.

2. Materials and Methods

2.1. Field Campaign

The monitoring stations were selected and positioned carefully, along the central axis (S–N) of the
Athens Basin (Figure 1), representing background (site 1), roadside industrialized (site 2) as well as
coastal background (site 3) conditions.
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Figure 1. Map of the Greater Athens Area (GAA) and location of the three sampling stations.

A total of 20 PM samples were simultaneously collected during 2008, in the three different types of
environment (PM2.5: 4 samples at each one of the three sites and PM1: 4 samples at site 2, 4 samples at
site 3). Five low-volume, controlled flow rate (2.3 m3/h) samplers were used simultaneously collecting
PM on Quartz filters with diameter 47 and 50 mm. The sampling periods lasted 24 h and the particle
mass concentration was determined gravimetrically using an electronic microbalance with a resolution
of 1 µg according to EN 14907. Twenty Polyaromatic Hydrocarbons (PAHs) with a molecular mass
from 142 to 278 g/mol were quantified in collected aerosols: Acenaphthene (Ace), acenaphthylene
(Acy), anthracene (Ant), benzo[a]anthracene (B[a]A), benzo[a]pyrene (B[a]P), benzo[e]pyrene (B[e]P),
benzo[b]fluoranthene (B[b]F), benzo[k]fluoranthene (B[k]F), benzo[g,h,i]perylene (B[ghi]Per), chrysene
(Chry), dibenzo[a,h]anthracene (dBaAnt), fluoranthene (Fla), fluorene (Fl), perylene (Per), indeno
(1,2,3-c,d) pyrene (IndP), phenanthrene (Phe), pyrene (Pyr), 3,6-dimethylphenanthrene (3,6-dMePhe),
1-methylphenanthrene (1-MePhe) and 2-methylphenanthrene (2-MePhe). The sampling and the
analysis of the polyaromatic hydrocarbons was performed according to ISO 12884 with the use of the
certified material NIST Urban Dust (1649b). The values of (i) the limit of detection (LOD), (ii) the limit
of quantitation (LOQ) and (iii) the expanded uncertainty at 95% confidence level and k = 2 that has
been estimated experimentally (Uexp) for each detected hydrocarbon are summarized on Table S1.

2.2. Data Analysis

2.2.1. Meteorology

In order to investigate the role of the prevailing meteorology to the configuration of the obtained
PM burden across the GAA, the daily wind flow patterns were defined [14]. To be more specific, for
each sampling day and for each sampling station they were analyzed the hourly wind (speed, direction)
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data. Then, following the classification of Helmis et al., 1997 and Pateraki et al., 2008 it was found
that the experimental period was characterized by the prevalence of two opposite prevailing surface
wind flow patterns: (i) The strong northerly component synoptic wind and the strong southerly one.
The strong northerly flow, the so-called Etesians, is the typical and prevalent characteristic feature
of the warm period in the Aegean Sea which favors the transportation of the air masses from the
northern suburbs to the city center and then to the areas just opposite the basin [25,26]. On the contrary,
the strong southerly flow is regarded as the main transport channel for particles from the ‘polluted’
industrial zones of Piraeus, Votanikos and the Saronicos Gulf to the northern sector [26–28]. Quite
often it favors the appearance of inversions, due to the transfer of warm air masses from the southern
part of the Mediterranean [29,30]. In general, the northerly prevailing wind regime is associated with
the export of the particles from the GAA while the southerly one with their accumulation within
the basin [13,27,30]. The hourly variation of the wind speed is illustrated on Figure S1 while the
differentiation of the wind flow during each sampling day at the three sampling stations is depicted on
Figures S2 and S3.

Besides the classification of the daily wind flow patterns, the vertical profile of the temperature
during each sampling day was taken into consideration as well (Figures S4 and S5). As it is well-known,
the temperature inversions can be a likely factor for enhanced ground–level concentrations of the
pollutants. During such an episode, the temperature profile is inverted and the pollutants are
trapped close to the ground. The data were obtained from the open database of the University
of Wyoming (The vertical profile of the temperature during the sampling days. Available on line:
http://weather.uwyo.edu/upperair/sounding.html). According to the results, a temperature inversion
occurred on 24 March 2008 (15LT), at around 140 m from the ground.

Finally, it should be noted that there was no rainfall in any sampling day.

2.2.2. Air Mass Backward Trajectories

In an attempt to identify the origins and pathways of the PM pollution across the GAA,
the backward trajectory modeling procedure was employed. More specifically, four-day kinematic
back trajectories arriving at three heights, 750, 1500 and 3000 m AMSL, were computed with the aid of
the Hybrid Single-Particle Lagrangian Integrated Trajectory model (HYSPLIT) [30].

2.3. Source Apportionment

A widely used method for determining the potential sources of the PAHs, especially for vehicle
emissions [8], is the use of Diagnostic Ratios (DRs). Based on the specific method, the ratios of
the concentrations of specific polyaromatic hydrocarbons are utilized as diagnostic tools in order to
identify the corresponding emission sources of the PAHs. The most significant advantage of this
method is that it is less complicated and easier to be interpreted than other methods [5,8,10]. However,
the specific approximation needs to be used with caution. PAHs’ profiles in receptor sites can be
different from those in the sources’ sites, since they can be altered during the transportation process.
The different physicochemical properties of the paired hydrocarbons can have different effects on
PAHs. The degradation that may occur during the sampling can also modify their levels and as a
result the ratios should be used with caution [10]. Moreover, the discrimination between some of
the sources such as fuel differentiation for vehicle sources or coal and other biomass fuels, is often
difficult since these ratios show intra-source variability but inter-source similarity [8]. Besides the
above limitations, the DRs method cannot quantify the contribution of the identified sources. Therefore,
it was used another source apportionment technique. The emissions data by the most update emission
inventory for the Athens Basin, the FEI-GREGAA. To be more specific, they were used the quantified
emissions for the PM2.5 mass and 4 PAHs (B[b]F, B[k]F, B[a]P, IndP) from the traffic and central heating
sector for the Athens Basin. The methodology for the calculation of the annual values, the spatial
disaggregation in a 2 × 2 km2 grid and in 1 h temporal scale is mentioned thoroughly in Fameli and
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Assimakopoulos [15,24]. For the comparison with the measurements, the daily gridded emissions
were supposed to represent a 1 m cell height.

2.4. Health Risk Assessment

A usual method for the estimation of the risk assessment owing to the inhalation exposure to the
mixture of the PAHs, is the calculation of the B[a]P equivalent concentrations (B[a]Peq; [5,8,10,18,31,32]).
Despite the fact that B[a]P is considered as the most carcinogenic polyaromatic hydrocarbon and is
often used as an indicator of human exposure to PAHs, virtually all the compounds have carcinogenic
and mutagenic potencies. Using the methods of the toxic and the mutagenic equivalent factor (TEF
and MEF, respectively) for the PAHs’ mixture, it is assessed the sum of the carcinogenic and mutagenic
potency of each one of the congeners on the basis of their B[a]P carcinogenic and mutagenic equivalent
concentration (B[a]PTEQ, B[a]PMEQ, respectively). The toxic equivalency (TEQ) of a PAHs mixture is

computed applying the formula TEQ =
n=1∑

i
B[a]PTEQ =

n=1∑
i
(Ci × TEFi) where Ci is the concentration

and TEFi is the TEF value of the ith identified hydrocarbon [18]. Of the various established TEFs,
those suggested by Nisbet and LaGoy [33] are considered to accurately reflect the current knowledge
on the relative potency of individual PAHs. It should be noted that for dBaAnt it was used a TEF
of 1 as proposed by Malcolm and Dobson [34]. Similarly, in the case of the total mutagenicity of the

PAHs’ mixture, it was estimated based on the formula MEQ =
n=1∑

i
B[a]PMEQ =

n=1∑
i
(Ci ×MEFi) where

Ci is the concentration and MEFi is the MEF value of the ith identified hydrocarbon [18]. Among the
various established TEFs and MEFs were used those proposed by Durant et al. [35].

3. Results and Discussion

3.1. Influence of the Type of the Environment

3.1.1. PM Mass and PAHs

Table 1 summarizes the average values of both the PM mass and the PAHs’ concentration levels at
the different types of environment during the four-days experimental period. With the maximum PM
load being recorded within the ‘polluted’ basin (sites 1, 2), the importance of the emissions’ intensity
is clearly denoted [28]. The increasing trend of the average PM1/PM2.5 ratios when moving from
the coastal environment (66%; site 3) to the roadside-industrialized one (75%; site 2) strengthens
the previous hypothesis. Of great importance is the compliance of the measurement data with the
corresponding total quantified emissions (the sum of the traffic central heating sector) produced for
the PM2.5 mass by the FEI-GREGAA emission inventory ([24]; Figure 2a).

In agreement with the obtained scheme for the PM mass, the higher values of the polyaromatic
hydrocarbons were recorded within the basin (sites 1, 2; Table 1). The strong anthropogenic identity of
the specific compounds can fully justify the result [18]. According to the field campaign, even with
the prevalence of different hydrocarbons, traffic and central heating seemed to be responsible for
the configuration of the PAHs’ burden across the GAA. More specifically, B[b]F and B[ghi]Per were
the most abundant hydrocarbons at the roadside-industrialized (site 2) and coastal environment
(site 3), respectively, while IndP prevailed at the background atmosphere of the basin (site 1; Table 1).
All the three congeners are well-known traffic indicators [36–39] and partly components (only in
winter) of residential oil burning for heating [23]. As far as the FEI-GREGAA is concerned, among the
quantified congeners, the simultaneous indicators of traffic and central heating B[b]F and B[k]F were
the prevalent (Figures 3a and 4a). The highest input at the roadside-industrialized environment (site 2)
was attributed to B[b]F while B[k]F was the dominant hydrocarbon in the background atmosphere
(sites 1, 3). Without any differentiation, the High Molecular Weight (HMW)-PAHs was the most
prominent group of the hydrocarbons (up to 70% and 67% for PM2.5 and PM1, respectively) within
PM2.5 and PM1 at the three different types of environment. HMW-PAHs include all the probable
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and possible carcinogenic components while they are generated mainly through high-temperature
combustion, involving coal and petroleum, such as combustion processes in power plants, factories,
automotive engines, and gas-fired cooking appliances [18]. In accordance with the number of their
aromatic rings, the dominant group was the one with the 5 rings (up to 40% for both PM2.5 and PM1

fractions). The exceptions were the background particles and the coastal PM1 (PAHs with 3 rings up
to 27% and 28%, respectively). The absence of a specific trend can be attributed to the simultaneous
contribution of various local sources that affecting each station [28].

Table 1. Average characteristics of the PM mass and the PM -bound PAHs during the total period.

PM2.5 PM1

Station Background Roadside-
Industrialized

Coastal
Background

Roadside-
Industrialized

Coastal
Background

µg/m3 PM Mass 28.8 29.1 25.7 21.8 16.9

ng/m3

Acy 0.006 0.007 0.005 0.005 0.004
Ace 0.008 0.005 0.006 0.003 0.004
Fl 0.013 0.007 0.010 0.005 0.007

Phe 0.046 0.044 0.061 0.029 0.028
2-MePhe 0.010 0.012 0.018 0.008 0.006
1-MePhe 0.007 0.007 0.010 0.004 0.004

3,6-dMePhe 0.004 0.003 0.007 0.003 0.003
Ant 0.004 0.006 0.008 0.004 0.005
Fla 0.024 0.034 0.051 0.026 0.015
Pyr 0.022 0.034 0.054 0.025 0.011
BaA 0.025 0.033 0.023 0.023 0.020
Chry 0.036 0.106 0.074 0.069 0.011
B[b]F 0.066 0.316 0.100 0.254 0.013
B[k]F 0.035 0.224 0.076 0.143 0.008
B[e]P 0.037 0.183 0.089 0.127 0.010
B[a]P 0.015 0.060 0.043 0.044 0.004
Per 0.013 0.023 0.028 0.018 0.014

IndP 0.088 0.289 0.071 0.168 0.012
dBaAnt 0.004 0.035 0.008 0.020 0.004

B[ghi]Per 0.081 0.227 0.192 0.113 0.042
ΣPAHs 0.430 1.559 0.928 0.901 0.212

PAHsEPA 0.371 1.331 0.779 0.818 0.176
3-ring 0.092 0.091 0.120 0.061 0.057
4-ring 0.108 0.207 0.202 0.143 0.054
5-ring 0.124 0.791 0.336 0.443 0.049
6-ring 0.106 0.471 0.270 0.254 0.052
LMW 0.092 0.091 0.120 0.061 0.057
MMW 0.108 0.207 0.202 0.143 0.054
HMW 0.230 1.261 0.606 0.697 0.101

PAHsComb 0.322 1.418 0.773 0.808 0.139
ΣB[a]PTEQ 0.046 0.203 0.090 0.137 0.015
ΣB[a]PMEQ 0.082 0.311 0.140 0.205 0.023
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Figure 2. Spatial and Temporal differentiation of the average (a) total, (b) traffic and (c) central heating
PM2.5 emissions.
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3.1.2. Source Identification

Traffic and residential heating are well defined sources of the particulate pollution across the
GAA [15,18,23].

Based on the FEI-GREGAA [24], the recorded PM2.5 load can be mainly attributed to the
emissions from the traffic sector with the highest values being registered within the ‘polluted’
roadside-industrialized atmosphere (site 2) and the minimum at the ‘clean’ coastal station (site 3;
Figure 2b). In the case of the emissions from the residential heating sector, the peak is also recorded
within the basin, but at the background environment (site 1; Figure 2c). The area around the specific
sampling point is more densely populated being compared with the other two locations and this could
be the explanation. Once again, the minimum for both investigated sectors was recorded at the coastal
atmosphere (for the PM2.5 emissions from the traffic sector: site 1/site 3 = 119, site 2/site 3 = 387 and
for the PM2.5 emissions from the residential heating sector: site 1/site 3 = 1280, site 2/site 3 = 1010).
The absence of stationary sources across the island being combined with the less population and traffic
intensity can justify the result.

According to the method of the Diagnostic PAHs’ Ratios (Table 2), the configured profile of the
hydrocarbons, without any influence by the type of the environment and/or the size of the particles,
was a mixed result of pyrogenic (diesel/gasoline vehicles, petroleum liquid fossil fuel combustion,
grass/wood/coal combustion) and petrogenic sources (unburned petroleum). As it is well known,
this method is not capable of quantifying the contribution of identified sources. Therefore, it was
used the FEI-GREGAA emission inventory. The most significant contribution came from the seasonal
source of the residential heating (Figure 3b,c and Figure 4b,c). Among the four quantified congeners,
the maximum input was calculated for B[b]F and B[k]F (for traffic and residential heating, respectively)
while the minimum was attributed, for both sectors, to B[a]P. The only exception was the residential
heating within the roadside-industrialized environment (site 2; IndP).
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Table 2. Diagnostic Ratios of the PAHs for the total period.

PM2.5 PM1

DRs Indicator Sources Background Roadside-
Industrialized

Coastal
Background

Roadside-
Industrialized

Coastal
Background

Ant/Phe + Ant 1 <0.1 petrogenic 1

>0.1 pyrogenic 1 0.07 0.29 0.11 0.13 0.11

B[a]P/B[ghi]Per
1

<0.6 traffic 1

>0.6 non traffic 1 0.17 0.21 0.24 0.27 0.13

B[a]A/B[a]A +
Chry 2

<0.2 unburned petreleum
(petrogenic) 2

>0.35 pyrogenic 2

0.2–0.35 mixture of both 2

0.35 0.19 0.17 0.19 0.41

B[a]P/B[a]P +
Chry 3

<0.5 diesel vehicles 3

>0.5 gasoline vehicles 3 0.17 0.33 0.28 0.31 0.26

B[b]F/B[k]F 4 >0.5 diesel vehicles 4 1.75 1.41 1.31 1.75 1.63

Fla/Fla + Pyr 5,6
>0.50 grass/wood/coal

combustion 5

0.42–0.53 road dust 6
0.50 0.49 0.53 0.51 0.55

IndP/IndP +
B[ghi]Per 3,5

<0.2 unburned petroleum
(petrogenic) 5

0.2–0.5 petroleum (liquid
fossil fuel) combustion 5

>0.5 grass/wood/coal
combustion 5

0.2–0.5 petroleum source 3

0.35–0.7 diesel vehicles 3

0.48 0.44 0.32 0.48 0.20

Fl/Fl + Pyr 7 >0.5 diesel vehicles 7

<0.5 gasoline vehicles 7 0.38 0.20 0.23 0.25 0.35

Phe/Ant
&Fla/Pyr 8

<10 & >1 pyrogenic 8

>10 & <1 petrogenic 8 10.3 &1.06 7.67 & 0.96 9.04 &1.12 7.13 & 1.04 9.20 & 1.23

1 Jamhari et al. [40], 2 Duan et al. [41], 3 Feng et al. [42], 4 Ravindra et al. [37], 5 Ding et al. [43], 6 Manoli et al. [44],
7 Ravindra et al. [36], 8 Chen et al. [45].

3.1.3. PM Toxicity

In general, the carcinogenic/ mutagenic potency of both PM2.5 and PM1 fractions was lower
than the one presented in other published works [5,18]. Highlighting the importance of the emission
sources the roadside-industrialized particles (site 2) were the most carcinogenic and mutagenic (Table 1)
being compared with those of the other two locations (sites 1, 3). Of great importance are the lower
calculated values of the carcinogenic and mutagenic potential of the background PM2.5 within the
basin (site 1) being compared with the one of the coastal atmosphere (site 3). The transportation of
the air masses from the ‘polluted’ urban center and longer scale distances being combined with the
enhanced emissions owing to the increase of the number of visitors at the island during the summer
period, could be the explanation.

Analyzing the individual contribution of the detected hydrocarbons to the total carcinogenicity
of the PAHs’ mixture, without any influence by the type of the environment and/or the size of the
particles, the maximum contribution has been associated with B[a]P. In the case of the mutagenicity,
the obtained picture was more complicated. IndP and B[b]F were the congeners with the highest
mutagenic risk within the basin (sites 1 and 2, respectively). At the coastal environment (site 3),
the mutagenic potential of PM2.5 and PM1 particles was attributable at B[a]P and B[ghi]P, respectively.
As a result, when estimating the potential health risk of the exposure to a mixture of PM-bound PAHs
the incorporation of as many hydrocarbons as possible besides B[a]P, is a prerequisite.

3.2. Influence of the Meteorology

3.2.1. PM Mass and PAHs

The average characteristics of the PM mass and the profile of the PAHs during the two different
mesoscale wind regimes are listed in Table 3.
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Table 3. Average spatial and temporal differentiation of the characteristics of the PM mass and the
PAHs’ profile.

PM2.5 PM1

Concentration Type Background Roadside-
Industrialized

Coastal
Background

Roadside-
Industrialized

Coastal
Background

µg/m3 PM Mass
South 24.2 22.4 15.0 16.1 7.87
North 33.4 35.9 36.4 27.6 26.0

ng/m3

ΣPAHs
South 0.598 2.727 0.479 1.626 0.240
North 0.262 0.391 1.377 0.176 0.184

PAHsEPA
South 0.512 2.329 0.397 1.405 0.193
North 0.230 0.333 1.160 0.230 0.158

3-ring

South

0.087 0.089 0.079 0.081 0.063
4-ring 0.147 0.326 0.099 0.248 0.056
5-ring 0.224 1.494 0.187 0.832 0.064
6-ring 0.141 0.819 0.114 0.465 0.056

3-ring

North

0.097 0.093 0.162 0.040 0.051
4-ring 0.068 0.088 0.305 0.038 0.051
5-ring 0.025 0.088 0.485 0.054 0.034
6-ring 0.072 0.122 0.426 0.044 0.048

LMW
South

0.087 0.089 0.079 0.081 0.063
MMW 0.147 0.326 0.099 0.248 0.056
HMW 0.364 2.312 0.301 1.297 0.120

LMW
North

0.097 0.093 0.162 0.040 0.051
MMW 0.068 0.088 0.305 0.038 0.051
HMW 0.097 0.210 0.911 0.098 0.082

PAHsComb
South 0.488 2.554 0.371 1.493 0.156
North 0.155 0.282 1.176 0.123 0.122

ΣB[a]PTEQ
South 0.072 0.326 0.049 0.197 0.018
North 0.017 0.027 0.133 0.020 0.008

ΣB[a]PMEQ
South 0.109 0.501 0.070 0.301 0.026
North 0.021 0.051 0.211 0.032 0.017

Without any dependence on the type of the environment, the concentration levels of PM2.5 and
PM1 were obviously elevated during the prevalence of the north flow. For the two inland locations of
the basin (sites 1, 2), the obtained picture is not consistent with the typical air pollution scheme of the
GAA. Winds blowing from the north sector are usually resulting in lower concentrations within the
basin since the characteristic of the specific mesoscale wind regime, the increased velocities, prevent
the accumulation of the air pollutants and lead to their dilution [10]. Therefore, the higher recorded
PM burden during the specific days, might be ascribed to an increase of the local emission spikes
owing to a local ‘event’ or to the transportation of ‘polluted’ air masses from longer scale northward
distances. As far as the coastal atmosphere is concerned, overseeing the basin, it was subject not only
to intrusions of air masses from the ‘polluted’ urban center but also from regional and large scale
distances as well [26,30]. Moreover, the investigated north type days belong to the summertime. Being
located just opposite the Athens basin, Aegina is a ‘clever’ destination for summer vacations. Despite
the absence of stationary sources in the island, the increase of the local input owing to the increase
number of visitors during these days being combined with the increased ship emissions in the harbor
might be the key for the enhanced PM levels.

In the case of the polyaromatic hydrocarbons, their profile was differentiated from the one of
the particles’ mass. Complying well with the literature [14], the higher concentration values of the
specific compounds were recorded during the southward flow. However, the different behavior of
the PM mass with the one of the PAHs, strengthens the previous hypothesis for the occurrence of
transportation events of air masses from longer (regional/large scale) distances and highlights the
determinant role of the external input [14]. The only exception was the coastal PM2.5-bound PAHs.
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Without any differentiation owing to the type of the environment, the prevailing mesoscale pattern and
the size of the airborne particles, the HMW- PAHs was the most prominent group of the hydrocarbons.

3.2.2. Source Identification

Calculating separately the DR’s ratios for each mesoscale wind regime, it came obvious the
importance of the simultaneous input from various emission sources for all the three types of
environment (Tables S2 and S3). Following the general trend, the obtained PAHs’ profile was a mixed
result of both pyrogenic and petrogenic sources. Unfortunately, as it was previously mentioned,
the quantification of the contribution of each source is not possible with the specific method.

Based on the FEI-GREGAA, the PM2.5 burden, without any influence by the prevailing mesoscale
pattern, was mainly determined by the traffic input. Especially for the north type days, the sector
of central heating did not contribute at all (Figure 2b,c). In the case of the quantified PAHs’ burden,
the intensity of the emissions from central heating was more significant than the one from traffic during
the south flow. However, similarly with the PM2.5 mass, the northward flow was not characterized by
input from the central heating sector (Figure 3b,c and Figure 4b,c). B[b]F was mainly traffic originated
while B[k]F was mostly associated with the central heating. Of great importance is the minimum for
the emissions from both sectors from B[a]P.

3.2.3. PM Toxicity

With the only exception being the coastal PM2.5, the maximum carcinogenic/mutagenic risk
was obtained during the prevalence of the south wind regime (Table 3). The determinant role of
the transportation of the air masses transportation from the ‘polluted’ south sector (it includes the
greater area of Piraeus, an important industrial zone and the main port of Greece) to the northern one,
has already been verified for the basin [26,28]. During the southward flow the maximum value of the
potential health risk was recorded near the urban center (roadside-industrialized station 2) while in the
case of the northward flow, the coastal particles were more toxic.

Analyzing the individual contribution of the identified hydrocarbons, without any dependence,
B[a]P alone contributed up to 40% and 31% as well as 55% and 42% of the carcinogenicity of the PAHs’
mixture during the south and north type days at PM2.5 and PM1, respectively (Figure 5). The only
exception was the background inland station 1 during the northward flow, where B[ghi]P exhibited
the highest contribution (40%, Figure 5).
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In the case of the possible mutagenic risk, the configured scheme was more complicated (Figure 6).
When the wind was blowing from the south, B[a]P occupied the higher rates of the total mutagenic
activity at the background atmosphere (sites 1, 3; up to 33% and 28% for PM2.5 and PM1, respectively)
while B[b]F was the most significant contributor at the roadside-industrialized environment (site 2;
30% for both fractions). During the north type days, B[ghi]P was the most mutagenic hydrocarbon
at PM2.5 of the inland stations (64% and 42% for sites 1 and 2, respectively). B[a]A was determinant
for the roadside-industrialized PM1 (site 2; 27%) while in the coastal atmosphere (site 3), B[a]P and
B[ghi]P presented the highest mutagenic risk at PM2.5 (44%) and PM1 (51%), respectively.
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3.2.4. Special Characteristics of the Selected Days

In an attempt to investigate the existence of a possible relationship/dependence between the
configured profile of the fine PM-bound PAHs and the human health risk, each one of the selected days
was analyzed separately. Both the meteorological and emissions aspects were taken into consideration.

According to the findings, without any differentiation owing to the type of the environment,
the potential toxicity was maximized with the maximization of the PAHs’ budget (intensity of the
emissions). The highest value of the carcinogenic/mutagenic risk within the basin (sites 1, 2) was
recorded on 20 March 2008 (south type day) and the minimum on 21 July 2008 (north type day).
The toxicity of the coastal PM2.5 was maximum on 21 July 2008 while in the case of PM1, on 20
March 2008.

Of great importance is the prevalence of the characteristics of the environment (intensity/variety
of the sources) over the prevailing mesoscale wind regime in accordance with the potential health risk.
With the only exception being 21 July 2008 when the coastal particles were the most toxic, the highest
risk of exposure occurred within the most ‘polluted’ station 2. None a common trend between the
dominant hydrocarbon and the compound that contributed more to the toxicity of the PAHs’ mixture
was detected. B[a]P presented the highest contribution to the total carcinogenicity of the PAHs’ mixture
on 20 March 2008 and 20 July 2008. In the case of the total mutagenicity, a uniform picture was obtained
only on 20 July 2008 (B[ghi]P). Interestingly enough, on 21 July 2008 the hydrocarbon with the most
significant contribution to the total carcinogenicity was spatially differentiated for both fractions (PM2.5:
B[ghi]P, B[b]F, B[a]P for sites 1, 2 and 3, respectively, PM1: B[ghi]P, B[a]A for sites 2 and 3, respectively).
According to the FEI-GREGAA, the specific date was characterized by the maximum total emissions for
the PM2.5 while the traffic contribution reached its peak for both the particles’ mass and the quantified
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hydrocarbons. Moreover, it coincides with the minimum potential health risk at all the three types
of environment and the minimum PAHs’ budget of the most ‘polluted’ station 2. On 20 March 2008,
the total PM2.5 input was minimum while in the case of the quantified hydrocarbons, it was maximized.
Additionally, with the only exception being the coastal PM2.5, the toxicity risk reached its peak. It is
worthy to note that despite the significant contribution, even only seasonally (winter), of the residential
heating to the configured pollution status of the GAA, traffic presented more significant variations
(spatial/temporal) and therefore seems to be the key.

The differentiation of the obtained PM mass’ scheme with the one of the PAHs’ budget illustrates
not only the significance of the external input during the transportation of the air masses from longer
scale distances but also the importance of the photochemistry for the air pollutants reaching the receptor
area. At all the three locations, the PM peaks were recorded on 20 July 2008 while the minimum PM
load was obtained on 24 March 2008 (south type day). The existence of the temperature inversion
during the specific day did not seem to influence the obtained concentration levels. According to the
produced backward trajectories, during the transitional period and the southward flow, on 20 March
2008 (Figure 7a), the main routes through which particulates reach the GAA are the Iberian Peninsula
(750 m AMSL) and North Africa (1500, 3000 m AMSL).
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Figure 7. Four-day kinematic back trajectories arriving at 750, 1500 and 3000 m at the GAA on (a) 20
March 2008, (b) 24 March 2008, (c) 20 July 2008 and (d) 21 July 2008.

A similar picture was observed on 24 March 2008 (Iberian Peninsula and North Africa (750, 1500 m
AMSL), North Africa (3000 m AMSL), Figure 7b). It is worthy to note that the atmospheric flows
from these areas are a quite common characteristic of this period, giving enhanced PM concentration
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values [30]. In the case of the prevalence of the north wind regime, on 20 July 2008 (Figure 7c) the
airborne particles arrived from the Balkan Peninsula and the Southeast Europe (750 m AMSL) as well
as the North Africa and the West-Northwest Europe (1500, 3000 m AMSL). On 21 July 2008 (Figure 7d),
the Balkan Peninsula (750, 1500, 3000 m AMSL), the West-Northwest Europe (1500, 3000 m AMSL) as
well as the central Europe (3000 m AMSL) contributed to the configured pollution status of the basin.
The specific northward pathways are well known for the basin [26].

4. Conclusions

The main objective of the specific work is the investigation of the role of the emission sources and
the prevailing mesoscale wind regimes on the configuration of the PM2.5 and PM1-bound PAHs’ profile
and their potential health risk. The measurements took place simultaneously within three different
types of environment of an urban Mediterranean area, the Athens Basin, during the prevalence of the
two characteristic for the region mesoscale wind regimes. The northward and the southward flow.

The main findings can be summarized as follows:

• The obtained pollution scheme was a mixed result of the simultaneous exposure to a variety of
pyrogenic and petrogenic sources;

• The characteristics of the environment and the intensity of the emissions were the critical points
for the enhanced recorded concentration levels;

• As it is clearly illustrated from the FEI-GREGAA emission inventory, the traffic input was
determinant for the quantified PM2.5 mass load while in the case of the PAHS’ budget, the key
was the residential heating sector;

• The group of the HMW-PAHs, mainly originated from combustion processes, was predominant
in both PM2.5 and PM1 fractions;

• In the case of the toxicity of the PAHs’ mixture, the peak was registered, as it was expected, at the
most multi-impacted location. However, highlighting the particular importance of the configured
characteristics of the air masses arriving to a receptor area from regional/large scale distances,
especially for the background locations, the coastal PM2.5 were more carcinogenic/ mutagenic
than the one of the background environment within the basin;

• The obtained carcinogenic schemes were differentiated not only with the mutagenic one but also
between the two fractions. More complicated was the configured pattern of the mutagenic potency;

• None a common trend was detected between the dominant hydrocarbon and the congener that
contributed more to the potential risk of the PAHs’ mixture. Therefore, the incorporation of as
many hydrocarbons as possible besides B[a]P, is a prerequisite.

Based on the above, future integrated modelling and measurement works considering the PAHS
budget within fine particles are of great importance in order to clarify, in various spatial and temporal
scales during multiple conditions (pollution, meteorological), the key factors for the relationship
between the chemical characteristics of the PM profile and their potential toxicity. A more extensive
field campaign in both spatial and temporal scales, a further analysis of the emissions originated
from traffic and the quantification of the input from the diesel vehicles versus the one of the gasoline,
the inclusion of other sectors, the quantification of the local input versus the external one as well as the
investigation of the link between the incidence of different backward trajectories and their impact on
health might give a more detailed explanation of the obtained PM scheme.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4433/10/10/622/s1,
Figure S1: Daily variation of the wind speed (m/sec) at the sampling stations on (a) 20 March 2008, (b) 24 March
2008, (c) 20 July 2008 and (d) 21 July 2008, Figure S2: Hourly differentiation of the wind direction on (a) 20 March
2008 and (b) 24 March 2008 at the three sampling stations, Figure S3: Hourly differentiation of the wind direction
on (a) 20 July 2008 and (b) 21 July 2008 at the three sampling stations, Figure S4: The vertical profile of temperature
on 3LT on (a) 20 March 2008, (b) 24 March 2008, (c) 20 July 2008 and (d) 21 July 2008, Figure S5: The vertical profile
of temperature on 15LT on (a) 20 March 2008 and (b) 24 March 2008, Table S1: Values of the limit of detection
(LOD), the limit of quantitation (LOQ) and the expanded uncertainty at 95% confidence level and k = 2 that has
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been estimated experimentally (Uexp) for each detected polyaromatic hydrocarbon, Table S2: Diagnostic Ratios
for the South Type Days, Table S3: Diagnostic Ratios for the South Type Days.
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