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Abstract: Despite the various reduction policies that have been implemented across Europe in the
past few years, Particulate Matter (PM) exceedances continue to be recorded. Therefore, with the
principal aim to clarify the complex association between emissions and fine particles levels, this work
evaluates the impact of the anthropogenic contribution to the fine PM chemical profile. The fieldwork
was conducted during March in 2008 and 2013 and covers the periods before and during the economic
recession. The experimental data were analyzed in parallel with the emissions from the Flexible
Emission Inventory for Greece and the Greater Athens Area (FEI-GREGAA). The differentiation
of the mass closure results’ and the aerosols’ character is also discussed in combination with the
calculated PM2.5-Air Quality Indexes. The peak in the PM load and the Particulate Organic Matter
(POM) component was recorded in 2013, corresponding to the enhancement of the anthropogenic
input. Although the monitoring location is traffic-impacted, the sector of heating, from both wood
burning and fossil fuel, proved to be the driving force for the configuration of the obtained PM picture.
Especially in 2013, its contribution was two times that of traffic. Finally, the low wind speed values
led to the deterioration of the air quality, especially for the sensitive groups.

Keywords: fine particles; carbonaceous and ionic constituents; health impact; field campaign;
FEI-GREGAA emission inventory; sources; urban area

1. Introduction

In Europe, atmospheric pollution is responsible for more than 400,000 premature deaths a year,
with the largest share to the exposure of fine particulate matter (PM2.5, PM1) [1]. Fine particles
have increased potential health risk being compared to the one of coarse particles, for many
reasons: (i) they penetrate deeper in the lung (ii) they can penetrate more readily into indoor
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environments (iii) they have longer periods of suspension (iv) they may be transported over long
distances (v) they carry higher concentrations of toxic compounds and (vi) they can absorb larger
amounts of semi-volatile compounds [2].

The Particulate Matter (PM) control is a challenging problem, especially in urban areas where
large populations are exposed to increased concentration levels [3]. They have simultaneous primary
and secondary sources [4] and their toxicity is highly depended on their chemical composition which
in turn is linked to the emission sources, the atmospheric chemical processes, and the long range
transport effects [5]. Therefore, the parallel knowledge of the temporal evolution of (i) their profile,
(ii) their emission sources and (iii) their potential health risk is very important for the health protection
and the set-up of effective policy strategies. In the case of fine particles, various experimental and
modeling studies have been conducted all over the world investigating the change, for at least a
four years’ period, of the PM2.5 mass [6–10] and/or its chemical composition [11–13]. Jiang et al. [14]
and Zhang et al. [15], using a combined field and numerical modeling approach, gave insight on
the differentiation of the PM2.5 mass in connection with its health consequences for a 6 and 4 years’
period, respectively. However, the works assessing the effect of the emissions to the obtained
chemical PM profile, during several years’ period, by combining experimental and emissions data
are scarce [16,17]. To the best of our knowledge, information regarding the evolution of the PM1

fraction over time in conjunction with emission inventories does not exist at all even if this fraction is
considered as a better indicator of the anthropogenic sources [2,4,18].

Based on the above, the principal aim of this study is to assess the changes that have occurred,
in the Athenian PM2.5 and PM1 levels and their chemical profile due to the different apportionment
of the anthropogenic sources. The information concerns the changes that have taken place within
an urban location of the Athens Basin between the years 2008 and 2013. The specific years were
selected owing to their distinct characteristics. 2008 marks the beginning of the Greek economic crisis.
Consequently, the effects of the decline of the economy on the everyday life had not yet been recorded.
On the other hand, 2013 is within the economic recession with well-defined impacts of the crisis on
emission inventories [19]. The fieldwork took place in March, an intermediate month of the year
with contributions from the two significant anthropogenic contributors of the PM levels, traffic and
residential heating [19–21]. The specific sectors are strongly associated with the changes that occur in
everyday life. Therefore, with the principal aim of this work to uncover the impact of the changes of the
local input to the obtained PM chemical, the data analysis is focused on the days that do not favor the
dispersion of the air pollutants (ws < 2.5 m/s; [22]). Besides the analysis of the carbonaceous and ionic
PM2.5 and PM1 contents (mass closure, ionic balance), the results are compared with the emissions for
the two mentioned sectors from the FEI-GREGAA emission inventory, the most updated emission
inventory for the Greater Athens Area (GAA; [19]). Additionally, the differentiation of the potential
health impact of the PM2.5 levels and its dependence on the prevailing (compositional, emissions, wind)
conditions is also discussed.

2. Materials and Methods

2.1. Field Campaign

The monitoring was performed at a suburban site, very close to the Athens center and five of the
city’s main traffic avenues (Figure 1).
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Figure 1. The location of the sampling station.

As a part of this study, a total of 40 and 50 PM samples were collected during March 2008 and
2013, respectively, by following the same methodology [23–25]. Two low-volume, controlled flow
rate (2.3 m3/h) samplers were used simultaneously, during each sampling period, collecting particles on
quartz filters with diameter of 47 and 50 mm. The filters were pre-baked before the use at 550 ◦C in order to
reduce residual carbon levels associated with them while they were conditioned, in a weighing room
under controlled temperature (20 ± 1 ◦C) and relative humidity (50 ± 5%) conditions. Daily sampling
periods lasted 24 h (08:00 a.m.–08:00 p.m.) covering both the weekdays and the weekends.
The determination of the concentration of the particle mass was conducted gravimetrically using an
electronic microbalance with a resolution of 1 µg according to the European Standard EN 12341 [26].
The collected PM samples were chemically analyzed for their carbonaceous (Organic Carbon (OC),
Elemental Carbon (EC)) and ionic components (Cl−, NO3

−, SO4
2−, NH4

+, K+, Mg2+, Ca2+). The chemical
analysis for the period of 2008 was conducted at the Environmental Chemical Processes Laboratory
of the University of Crete while for 2013, the Environmental Research Laboratory of the National
Center of Scientific Research Demokritos has the responsibility. The water-soluble ions were detected
using suppressed ion chromatography while the carbonaceous constituents were determined with the
use of a carbon analyzer (Sunset Lab, Oregon, United States of America (USA); [18,26]). Note that at
least for carbonaceous material (OC, EC) both laboratories participate to frequent inter-comparisons
organized by the European Research Infrastructure for the observation of Aerosol, Clouds and Trace
Gases (ACTRIS) network by using same procedure and with similar results.

With the principal aim to investigate the impact of the change of the share of the anthropogenic
activities to the obtained fine PM chemical profile, the specific work focused on the two main
sources of particulate pollution across the Greater Athens Area, the residential heating and the traffic.
March was selected as a month with an intermediate contribution from both sectors. As it is well
known, March belongs to the transition period and is characterized by intense dust intrusion from
the Sahara Desert, a usual phenomenon for the Mediterranean basin [27,28]. Therefore, in order to
focus on the impact of the local anthropogenic emissions and limit as much as possible the long range
transport effects, only the days that were characterized by low wind speed conditions (ws ≤ 2.5 m/s)
were taken into consideration. As it has been proven by Fourtziou et al. [22] and Liakakou et al. [29],
wind values lower than 3 m/s favor the accumulation of the air pollutants within the mixing layer.
Moreover, low winds trap the pollutants near their source and they provide sufficient time for the
chemical reaction to form the secondary aerosols/constituents [12]. In March 2008, in 78.6% of the
sampling days, the wind speed ranged between 1.40 m/s and 2.50 m/s while in the same month of 2013
it varied from 0.36 m/s to 2.38 m/s (90.3% of the sampling days).
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2.2. Data Analysis

2.2.1. Mass Closure

For the purpose of mass closure, the detected chemical components were divided into five classes
as follows: Elemental Carbon (EC), Particulate Organic Matter (POM; OC*1.6 (conversion factor for
urban aerosols [30]), Secondary Inorganic aerosols (SIAs; sum of NO3

–, NH4
+ and non-sea salt sulfates

(nssSO4
2−)), Sea Salt (SS; sum of Na+, Cl−, ssK+, ssMg2+, ssCa2+ and ssSO4

2−) and Unidentified
Material (UM; the difference between the gravimetrically measured aerosol mass and the reconstructed
one (the sum of quantified chemical components)). More details about the procedure that was followed
are given in Pateraki et al. [31].

As it has previously been mentioned (Section 2.1), the days with wind speed values higher than
2.5 m/s have been excluded from the data analysis. During the March of 2008, the chemical compounds
measured during this work explained in a range between 61% to 94% and 65% and 84% for PM2.5

and PM1 mass, respectively. As far as the March of 2013 is concerned, the rates of the reconstructed
mass varied from 66% to 88% and from 65% to 95% for PM2.5 and PM1, respectively. The aerosol-bound
water, the undetected chemical components like oxygen, minerals and trace elements, the volatilization
losses, the errors that affect the mass and chemical measurements as well as the uncertainty of the
conversion of OC to POM could account for the UM Pateraki et al. [31].

2.2.2. Emissions

Concerning FEI-GREGAA [19], the methodology proposed by the Environmental Monitoring,
Evaluation and Protection/Environmental Protection Agency (EMEP/EAA) Emission Inventory
Guidebook 2016 was followed. More specifically, for the road transport and small combustion
sectors the Tier 3 and Tier 2 approaches were used for the calculation of the annual emissions for
the Attica region. For the road transport sector PM2.5, PM10, OM and EC emissions were calculated
while for the small combustion sector PM2.5, PM10 and BC emissions were produced. The respective
energy consumption per fuel type for space heating was provided by the Odyssee-Mure project [32].
The annual values were afterwards spatially and temporarily disaggregated into gridded form and
daily. The detailed methodology is described for both sectors in Fameli and Assimakopoulos [19]
and [33]. It should be mentioned that for the road transport emissions local temporal coefficients,
representative of the traffic counts profiles for the years 2008 and 2013, were used. As a result,
different road emissions were calculated for each day of March 2008 and 2013. However, for the
temporal allocation of residential heating emissions monthly and daily coefficients were used, provided
by the TNO database [34], which were updated in order to correspond to the Greek temporal activity
profiles. Moreover, for the needs of comparison with the measurements, the daily gridded emissions
were supposed to represent a 1 m cell height.

2.2.3. Health Risk

The Air Quality Index (AQI) of the US Environmental Protection Agency (US EPA) is a widely used
index which gives details about the daily air quality status [35]. In the present work, with the principal
aim to investigate the possible relationship between the configured PM burden (mass, chemical
composition) and the corresponding health effects, the USEPA Air Quality Index (AQI) for PM2.5

was applied. Details about the specific methodology, the breakpoints for the PM2.5 concentrations,
the ranges of the PM2.5-AQI categories and the possible health consequences are given in EPA 1999, [36]
and Gorai et al. [35]. Dimitriou et al. [37] found that AQI in Athens is mainly affected by PM (by 72%)
and only 28% by ozone with the contribution of other pollutants being negligible.

Finally, taking into consideration the extra adverse health effects of the acidic nature of fine
particles [26,38] the differentiation of the aerosols’ character between March of 2008 and 2013 was
investigated performing the ionic balance. The ionic balance is expressed by the ratio of the equivalent
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cation sum (sum of NH4
+, K+, Na+, Mg2+, Ca2+ in neq/m3) to the equivalent anion sum (sum of Cl−,

NO3
−, SO4

2−, in neq/m3). Details about the procedure are given in Pateraki et al. [26] and [31].

3. Results and Discussion

3.1. Data Overview

A statistical summary of the primary PM2.5 and PM1 data (mass concentrations, chemical composition)
is given on the Table S1.

The differentiation of the average obtained PM mass closure profile between the periods 2008
and 2013 is presented in Figure 2. Probably reflecting the changes in the prevailing emission sources,
the PM burden appeared to be increased during March of 2013 compared to 2008. PM2.5 was higher by
85% while in the case of PM1 the rise was up to 29% compared to 2008. On a daily basis, the PM2.5

concentrations reached 37.7 and 80.4 µg/m3 in 2008 and 2013, respectively while the corresponding PM1

peaks were 29.7 and 54.9 µg/m3. Interestingly enough, the PM1/PM2.5 ratio in 2008 ranged between 0.73
and 0.97 while in 2013 it varied from 0.33 to 0.76. According to the findings, PM2.5 in 2008 was mainly
composed of PM1 and influenced mainly by combustion and/or secondary sources. On the contrary,
in 2013 the participation rate of PM1 in the PM2.5 mass was decreased indicating that the input from
the natural sources and mechanical processes (e.g dust resuspension) was significant as well [39].

Figure 2. Differentiation of (a) the PM2.5 and (b) the PM1 mass closure profile in March 2008 and 2013.

In full agreement with the literature [2,31,40–42], the particles were mainly composed by
carbonaceous material signifying the importance of the anthropogenic activities. Therefore, POM was
the main constituent of the particles’ mass being followed by SIA (PM2.5: POM > SIA > UM > EC > SS,
PM1: POM > SIA ≈ UM > EC > SS). The more pronounced change between the two periods
occurred for POM; its contribution was 7% and 5% higher in 2013 compared to 2008, for PM2.5

and PM1, respectively (in terms of mass is almost 59% and 37%, respectively). It is worth noting
the different behavior of the other carbonaceous component, the EC. Its contribution to the PM2.5

and PM1 mass appeared to be decreased in 2013, at about 5% and 2%, respectively (in terms of mass
is almost 11% and 15%, respectively). The different nature of the two carbonaceous constituents
might be the explanation. EC is a primary pollutant formed during combustion of various fuels
(coal, wood, fuel oil and motor fuel, especially diesel) whereas POM is a complex mixture composed
of a primary (combustion derived) and a secondary material [43–46]. Therefore, the higher values
of the POM/EC ratio in 2013, taking into consideration the previously mentioned lower EC levels,
denote the decrease of the traffic input and the enhancement of the contribution from the heating sector.



Atmosphere 2020, 11, 1121 6 of 11

This temporal change was more evident for PM2.5 (2008: 3.02 and 3.82 as well as 2013: 8.12 and 7.02 for
PM2.5 and PM1, respectively). The hypothesis of the enhancement of the emissions from the residential
heating due to the intense use of biomass burning during 2013 is further supported by the calculation
of the OC/EC and K+/EC ratios. The average OC/EC ratio was 1.98 and 2.56 in 2008 while in 2013 it
was 4.68 and 4.27 for PM2.5 and PM1, respectively ([47]; coal combustion (0.3–7.6), vehicle emission
(0.7–2.4), biomass burning (4.1–14.5)). In the case of the K+/EC ratio, its average values were 0.15 and
0.16 in 2008 as well as 0.24 and 0.24 in 2013 for PM2.5 and PM1, respectively ([47]; biomass burning
(0.2–0.5) and fossil fuel combustion (0.03–0.09)).

3.2. Influence of the Emissions

According to the data produced by FEI-GREGAA [19], the total PM2.5 emissions, from both the
traffic and the heating sector, were higher in March 2013 (Figure 3a). In general, the increasing trend of
the produced emissions, is in compliance with the experimental data, highlighting the enhancement
of the anthropogenic contribution to the configured PM burden. The diverse rates of differentiation
between the experimental and the emissions data are due to the consideration of the input only from
the domestic and the traffic sector in the emission inventory.

a b

c

Figure 3. Differentiation of the average (a) total, (b) residential heating and (c) traffic PM10 and PM2.5

emissions between the March of 2008 and 2013.

Analyzing further the emissions’ data, oil consumption for space heating decreased from 2008
to 2013 by 62.3% while wood consumption increased by 23%. As for the energy consumption by
road transport, in Greece the majority of passenger cars use gasoline as fuel type. The gasoline
consumption for the year 2008 was 4,046,516 metric tonnes and 1,453,481 metric tonnes in Greece and
Attica respectively while for the year 2013 the respective consumption was 2,669,964 metric tonnes
and 1,014,515 metric tonnes. The percentage decrease was 34.02% for Greece and 30.20% for Attica
reflecting the impact of the economic crisis. In an attempt to analyze better the change on the share
of the sources’ contribution, the PM10, EC and OM emissions are used where possible, from the two
sectors. PM10, even with a less evident differentiation (8%), presented the same behavior. As far as
the traffic related carbonaceous input is concerned, EC was almost similar between the two years
(+0.5% higher in 2013) while OM was lower in 2013 by about 7%.

Since the emissions of the residential heating were higher than those of traffic, it seemed that the
specific sector drove the changes to the configuration of the PM burden (Figure 3b,c). The corresponding
input was almost 7 and 8 times higher for PM10 and PM2.5 in 2008, and at about 6 and 7 times for
PM10 and PM2.5 respectively in 2013. This is due to the fact that particle emissions from residential
heating are highly dependent on the fuel type and the technology of the combustion installation.
They are related to the biomass burning from fireplaces and stoves to which higher emission factors
are attributed compared to the oil used by boilers [19]. Moreover, the decrease of the residential
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heating/traffic ratio from 2008 to 2013 is associated with the increase of the percentage contribution
of the Heavy Duty Trucks (HDT) to traffic PM emissions. Based on the emissions data, HDT are the
main contributor to the Athenian PM emissions. Approximately 36% and 42% of PM10 and PM2.5

emissions originated from HDT in 2008 while the relevant percentages in 2013, were 39% and 46%.
Even though the engine technology of passenger cars has improved and the withdrawal ratio of older
passenger cars increased from 2008 to 2013 this was not the case for trucks the fleet of which remained
rather stable during the above period (almost 53,000 HDT in 2008 and 52,000 in 2013). In 2013, it is
worthy to note, the almost double EC input from the domestic heating than the one from traffic as well
as the small decrease of the POM contribution from the traffic sector (7%).

3.3. Health Impact of the Aerosol Levels

The calculated PM2.5 EPA-indexes, the frequency of occurrence of the corresponding PM2.5-AQI
health categories as well as the frequency of prevalence of the acidic PM nature during the two sampling
periods are summarized in Figure 4.

a b

Figure 4. Frequency of occurrence (%) of (a) the health categories and the average AQI in connection
with PM2.5 and (b) the prevalence of the acidic PM character during March of 2008 and 2013.

The increasing trend of the AQIs from March, 2008, to March, 2013 Figure 4a (the blue and red
dots are the values of the average AQI on March 2008 and March 2013, respectively), indicates the
deterioration of the air quality within the GAA with time. For both periods, the “moderate pollution”
days (People who are unusually sensitive to ozone or particle pollution may experience respiratory
symptoms; [36]) was the category more often met with its frequency of occurrence reaching the 96%
in 2008 and the 59% in 2013 (Figure 4a; the blue and red columns respectively).

In connection with the results of the ionic balance, for both fine PM fractions, the average
cation/anion equivalent ratios were lower than unity indicating that the particles were acidic
(2008: 0.74 and 0.63, 2013: 0.79 and 0.49 for PM2.5 and PM1, respectively). The frequency of prevalence
of the acidic PM character is depicted in Figure 4b. The finding is consistent with other published
works for the Mediterranean region [13,31]. Moreover, when the total cation equivalents were plotted
against the total anion equivalents, the slope of the regression line was, in all the cases, lower than
unity (Figure S1). The cation deficit (excess of anions) is commonly attributed to H+ which was not
measured using the ion chromatography and is mainly associated with nssSO4

2− (Figure S2). In general,
high levels of secondary inorganic ions are indicated to enhance the acidity of particles [48,49].

In an attempt to determine the key parameters for the potential health risk of the airborne
particles, the average compositional characteristics of the configured PM profile were associated with
the obtained PM2.5-AQI categories of the EPA and the prevailing wind speed/ temperature values.
The results are summarized in Table S2. According to the data analysis, the lower the wind speed
value, the more ‘polluted’ the investigated atmosphere is. The monitoring location was less polluted
(‘good days’ category; Air quality is satisfactory and poses little or no health risk; [36]) when the average
values of the wind speed and the temperature were 2.00 m/s and 15.2 ◦C, respectively while compositionally,
the rates of the contribution of the total carbonaceous component to the PM2.5 mass varied from 26%
to 30%. On the contrary, when the wind velocity and the temperature varied between lower values
(0.36–0.39 m/s and 12.6–13.5 ◦C) and the contribution of the total carbonaceous content was enhanced
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(42–62%) the PM2.5 status led to more serious health problems (‘unhealthy days’ category; Members of
sensitive groups may experience more serious health effects; [36]).

4. Conclusions

The specific work makes an attempt to elucidate the temporal evolution of the PM chemical profile
owing to the change of the share of the anthropogenic input during the economic recession period.
Measurements took place both in 2008; a year landmark for the global economic crisis and in 2013;
five years within the economic recession.

The main conclusions from the parallel analysis of the experimental and FEI-GREGAA emissions
data can be summarized as follows:

• An enhanced input from the anthropogenic emissions and in full compliance with the emission
data, was observed in 2013 for both the PM load and the POM component.

• The obtained PM chemical profile scheme was the result of both local and regional sources with
POM and SIA, being the main constituents of the particles’ mass.

• When moving from 2008 to 2013, the sector of residential heating seemed to drive the changes to
the configuration of the PM burden.

• In 2013, the EC input from the domestic heating was almost double of the one from traffic while
the POM contribution from the traffic sector was decreased at about 7%.

• The changes to the air quality were mainly driven by PM2.5.
• From the health perspective, the considerable deterioration of the air quality in 2013, appeared to

coincide with low average wind values (avg ws ≤ 0.69 m/s).
• Despite the position of the monitoring location next to the most trafficked avenues of the capital,

the EC input from the heating sector was double compared to the traffic in 2013.

The parallel analysis of the profile of the airborne particles with experimental and emissions data
is of great importance. Various (pollution, meteorological, health) parameters should be investigated
simultaneously, to clarify the degree of the impact of the differentiation of the share of the anthropogenic
sources to the PM chemical PM profile. An extensive field campaign including different diameter
particles within different types of environments, with a more detailed chemical characterization and
emissions from other sectors, could give a better understanding of the complex PM nature.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4433/11/10/1121/s1,
Table S1: A statistical summary of the primary PM2.5 and PM1 data (mass concentration, chemical composition),
during the different sampling periods, Table S2: A summary of the temporal differentiation of the average
compositional PM2.5 and PM1 characteristics, the wind speed and the temperature values, during the
different EPA-Health categories, Figure S1: Sum of the anions vs sum of the cations regression analysis in
(a) PM2.5 and (b) PM1 samples of 2008 and 2013, Figure S2: Differentiation of cation deficit versus the nssSO4
concentrations in (a) PM2.5 and (b) PM1 samples between 2008 and 2013.
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