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Abstract: This study examines the carbonaceous-aerosol characteristics at three contrasting urban
environments in Greece (Ioannina, Athens, and Heraklion), on the basis of 12 h sampling during winter
(January to February 2013), aiming to explore the inter-site differences in atmospheric composition
and carbonaceous-aerosol characteristics and sources. The winter-average organic carbon (OC)
and elemental carbon (EC) concentrations in Ioannina were found to be 28.50 and 4.33 µg m−3,
respectively, much higher than those in Heraklion (3.86 µg m−3 for OC and 2.29 µg m−3 for EC) and
Athens (7.63 µg m−3 for OC and 2.44 µg m−3 for EC). The winter OC/EC ratio in Ioannina (6.53)
was found to be almost three times that in Heraklion (2.03), indicating a larger impact of wood
combustion, especially during the night, whereas in Heraklion, emissions from biomass burning
were found to be less intense. Estimations of primary and secondary organic carbon (POC and SOC)
using the EC-tracer method, and specifically its minimum R-squared (MRS) variant, revealed large
differences between the sites, with a prevalence of POC (67–80%) in Ioannina and Athens and with a
larger SOC fraction (53%) in Heraklion. SOC estimates were also obtained using the 5% and 25%
percentiles of the OC/EC data to determine the (OC/EC)pri, leading to results contrasting to the MRS
approach in Ioannina (70–74% for SOC). Although the MRS method provides generally more robust
results, it may significantly underestimate SOC levels in environments highly burdened by biomass
burning, as the fast-oxidized semi-volatile OC associated with combustion sources is classified in POC.
Further analysis in Athens revealed that the difference in SOC estimates between the 5% percentile
and MRS methods coincided with the semi-volatile oxygenated organic aerosol as quantified by
aerosol mass spectrometry. Finally, the OC/Kbb

+ ratio was used as tracer for decomposition of the
POC into fossil-fuel and biomass-burning components, indicating the prevalence of biomass-burning
POC, especially in Ioannina (77%).
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1. Introduction

Carbonaceous aerosols (organic carbon, OC; organic matter, OM; elemental or black carbon,
EC or BC, respectively) constitute the dominant component of aerosols in the urban environment and
are mainly classified in the fine-mode fraction. They include toxic compounds and induce adverse
impacts on the human respiratory and circulatory systems [1–4]. EC is emitted from the incomplete
combustion of fossil fuels and any kind of biomass and, being chemically inert, it can be sustained
in the atmosphere for several days, contributing to a large degree in atmospheric warming [5–7].
Conversely, OC can be produced by both primary (primary organic carbon; POC) combustion and
non-combustion sources, as well as secondary processes (secondary organic carbon; SOC) involving
the gas-phase oxidation of precursor biogenic and anthropogenic volatile organic compounds (VOCs),
as well as aqueous-cloud heterogeneous reactions [8–11]. Although OC is a mostly scattering aerosol
type, a part of it—termed brown carbon—can strongly absorb in the ultraviolet and shorter visible
wavelengths, with considerable effects on atmospheric radiative heating [12–14].

Biomass burning (BB) is a major source of carbonaceous aerosols in the atmosphere [1,15,16]
and contributes to the production of secondary organic aerosol (SOA) [17,18]. Since the winter of
2012–2013, the atmospheric composition in Athens and other major Greek cities has been substantially
modified due to enhanced emissions from residential wood burning (RWB), as a consequence of the
economic recession and the increase in the price of heating oil [19–24]. The result was a remarkable
escalation in winter night-time concentrations of particulate matter (PM), carbonaceous aerosols,
and biomass-burning tracers, documented mainly in Athens [25,26], but also in other Greek cities such
as Thessaloniki [19] and Patras [27].

Several studies have been conducted in Greece during the last decade, dealing with
carbonaceous-aerosol characteristics and source apportionment [28–35]. However, there is a
knowledge-gap regarding the POC and SOC fractions and their spatio-temporal characteristics
in this changing urban landscape. Estimations of SOC and POC in Athens have previously been
performed at a central site, during January to August 2003 [36] and at a regional background site for
the warm periods during 2008–2013 [20], mostly prior to the onset of the air-quality issue related to
RWB. Furthermore, POC and SOC estimates have been provided for urban traffic and background sites
in Thessaloniki (northern Greece) in 2011 to 2012 [37] and in Finokalia (a remote coastal site in Crete)
from 2004 to 2007 [38]. The updated assessment of SOC contributions and variability is considered
essential, especially due to its role in the generation of reactive oxygen species, which are related to
oxidative stress and participate in the key biologically plausible mechanism for inflammation following
inhalation exposure [39].

In this study, a wintertime field campaign was carried out during January-February 2013 and data
were collected simultaneously in the urban areas of Athens, Heraklion, and Ioannina, characterized
by contrasting meteorological and atmospheric conditions, topography, and emission sources.
Ioannina and Heraklion exhibit mean temperature differences of ≈10 ◦C in winter, whereas Athens
is geographically located between them. In terms of population, Ioannina and Heraklion are
small-medium sized cities with 80,000 and 150,000 inhabitants, respectively, whereas the metropolitan
area of Athens is among the 10 most populous in Europe (about 3.5 million). Various approaches
anchored in the long-established EC-tracer method [40] are followed for the estimation of SOC, namely,
the 5% and 25% lowest percentiles of the OC/EC ratios, respectively, and the recently-established
minimum R-squared (MRS) method [41,42]. The MRS method was applied here for the first time in
European cities, and extensive analysis was performed regarding its reliability and the challenges in its
application at sites receiving intense BB emissions. The key aim of this work was the evaluation of the
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SOC and POC estimates from the EC-tracer methods, and their comparison with those derived from
aerosol chemical speciation monitor (ACSM) measurements. As the equipment and operation costs of
aerosol mass spectrometric methods are high, the evaluation of the EC-tracer method at contrasting
environments is important, as it provides a useful alternative to scientists and decision makers for
obtaining SOC estimates.

The specific objectives of this study were (i) the investigation of the differences in atmospheric
chemical composition between Greek cities, with emphasis on carbonaceous aerosols; (ii) the assessment
of the POC and SOC components using different techniques based on the EC-tracer method; (iii) the
evaluation of the reliability and biases of the MRS method for SOC estimations in highly BB-burdened
atmospheres; (iv) the comparison of the SOC and POC estimates with data of organic aerosol
components derived from on-line aerosol mass spectrometric measurements; and finally, (v) an initial
attempt to discern between fossil-fuel and BB contributions to the POC concentrations estimated by
the EC-tracer method.

2. Study Sites, Data, and Experimental Details

Ioannina is a city in the northwest part of Greece, lying on a plateau at an elevation of about 500 m
and surrounded by mountains (≈1800–2400 m). The city is next to the Pamvotis lake (Figure 1), and is
characterized by frequent fog during wintertime, due to increased relative humidity, weak winds and
basin-like characteristics, whereas the mean winter temperature is ≈6–9 ◦C [43]. Notwithstanding the
low temperatures, which lead to excessive RWB and humid conditions and, therefore, to the appearance
of intense smog events, particle pollution in Ioannina has been minimally documented [44]. In this
study, filter samples (n = 60) were collected during January to February 2013, at an urban-background
location near the city center, at 12 h intervals (day: 06:00–18:00 Local Standard Time, (LST); night:
18:00–06:00 LST). Total suspended particulate (TSP) measurements were performed using a NILU
one-stage filter holder system at a flow rate of 1.5 m3/hr. In view of the high concentration levels
observed, the sampling campaign was also repeated at the same site in the next winter (December to
February 2013/2014; 61 samples), whereas 20 samples were also collected in the intermediate period
between successive winters (Table S1). The coastal city of Heraklion is the largest city in the island
of Crete, with a Mediterranean climate characterized by mild winters and hot summers (Figure 1).
During winter, the area is affected by western depressions with temperatures usually ranging from ≈7
◦C to 16 ◦C, whereas under favorable conditions it comes under the influence of intense Saharan dust
events [45]. The bulk air-sample (TSP) measurements in Heraklion were also performed separately
for daytime and night-time during January to February 2013, using the same sampling device as
in Ioannina (Table S1). In Athens, PM2.5 sample measurements were performed at the atmospheric
monitoring station in Thissio (Figure 1), an urban-background site located in the city center [24,46].
Particles were collected using a Dichotomous Partisol Sampler 2025 (Thermo Scientific Inc.), at a flow
rate of 16.7 l min−1, also at 12 h (day/night) intervals (Table S1).

The quartz-fiber filters (47 mm), used at all sites, were stored at controlled temperature (20 ± 3
◦C) and relative humidity (RH: 40% ± 5%) pre- and post-weighting, with an analytical microbalance
(MX-5, Mettler-Toledo, Inc., Columbus, Ohio, USA, readability of 1 µg). All filters were analyzed for
OC and EC concentrations using a Sunset Laboratory OC/EC Analyzer (Thermal-Optical Transmission,
TOT) and applying the EUSAAR-2 protocol [20,47]. A compensation [48] was applied in TSP filters
for carbonate carbon, which is associated with soil-originating coarse particles. The carbonate carbon
fraction introduces a bias in the OC quantification, as it evolves as OC in the final step of the inert-mode
temperature protocol. In the present case, carbonate carbon was quantified by manual integration of
the last (fourth) peak appearing at the maximum temperature step [48] and was subtracted from the
total OC mass. The interference from other coarse OC particles (e.g., bio-aerosols) is expected to be
low [36]. The detection limits for OC and EC were 0.26 and 0.05 µg C cm−2, respectively, and the final
concentrations were blank corrected [24]. In addition, water-soluble species (Cl−, SO4

2−, NO3
−, C2O4

2−,
NH4

+, K+, Na+, Mg2+, Ca2+) at all stations were detected from filters using ion chromatography [20].
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Furthermore, we utilized BC concentrations in Athens (Thissio) during the winter period of
December 2016 to January 2017 measured with a seven-wavelength AE-33 Aethalometer sampling
through a PM2.5 cyclone. We also calculated the decomposed BC components related to fossil-fuel
and biomass-burning emissions (BCff and BCbb, respectively). These hourly BC, BCff, and BCbb

measurements were thoroughly presented and analyzed by Liakakou et al. [34] for a 4 year period.
In the current study, they were used for comparison with the SOC and POC estimates from the
EC-tracer method.

Non-refractory submicron (PM1) organic aerosol (OA) and inorganic species (sulfate, nitrate,
ammonium, chloride) were measured in Athens with a collocated ACSM [33]. From this dataset,
we used the organic aerosol (OA) components calculated during December 2016 to January 2017 for
comparisons with the POC and SOC fractions estimated using the EC-tracer method. Five separate
OA factors were deconvolved using PMF (positive matrix factorization), namely, hydrocarbon-like
organic aerosol (HOA), cooking organic aerosol (COA), biomass-burning organic aerosol (BBOA),
semi-volatile oxygenated organic aerosol (SV-OOA), and low-volatility oxygenated organic aerosol
(LV-OOA). Details on the ACSM setup, calibration, quality assurance, and data management, as well
as a thorough discussion on the implemented PMF strategy, can be found in Stavroulas et al. [33].
The hourly AE-33 and ACSM data were averaged at 12 h intervals (day and night), consistent with the
OC and EC measurements from PM2.5 samples (n = 118).

3. Methodology

The EC-tracer method has been extensively used for the estimation of primary and secondary
aerosol contributions [40,42,49], on the basis of measured OC and EC concentrations and an
appropriately selected primary OC to EC ratio:

POC = [EC] × (OC/EC)pri (1)

SOC= [OC] − (OC/EC)pri × [EC] (2)

The main concern in the method is the accurate determination of the (OC/EC)pri ratio.
Several studies have used the minimum or an average of the 3–5 lowest OC/EC ratios [36,37,50,51],
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whereas others have isolated “SOC-free” data subsets using lower percentiles (e.g., 5–25%) of OC/EC
ratio values and then determined the (OC/EC)pri through linear regression [36,52,53]. The use of
(OC/EC)min results in reliable estimates in cases of small SOC contribution in the samples used for the
determination of (OC/EC)min and if the compositions of POC from fossil-fuel emissions are spatially
and temporally constant, with low contribution from other sources (BB and biogenic aerosols) [49,52].
The main uncertainty on the determination of (OC/EC)pri lies in the lack of a definite criterion for the
selection of a percentile that provides the most accurate representation of (OC/EC)pri, which in turn may
vary spatially and temporally [42]. Wu and Yu [41] integrated in the EC-tracer method the minimum
R-squared (MRS) method, initially described by Millet et al. [54], as a more robust solution for obtaining
reliable SOC estimates, compared to (OC/EC)min and percentile methods. The MRS method is based
on the assumption that EC is inherently unrelated to SOC and, therefore, the (OC/EC)pri should be the
ratio resulting in minimum correlation (R2) between estimated SOC and measured EC in Equation (2).
A detailed description and software solutions for the MRS procedure are provided by Wu et al. [42].
Results from its application in the present datasets (Ioannina, Heraklion) can be seen in Figure S1.
In this study, we used both the MRS and lower percentile (5% and 25%) methods for the estimation of
SOC (and POC), and the results were compared between the three sites. Given the intensity of primary
combustion sources observed in the study, the POC fraction associated with non-combustion sources
in urban areas was considered relatively low [49,55] and excluded from the analysis. It is noted that
Grivas et al. [36] have previously estimated small non-combustion OC concentrations of 0.2–0.4 µg m−3

in Athens.

4. Results and Discussion

4.1. Carbonaceous-aerosol Characteristics

Table 1 summarizes the OC and EC concentrations and OC/EC ratios. An average OC concentration
of 25.37 ± 27.06 µg m−3 (1.3–141.7 µg m−3) was calculated for the whole measurement period (n =

132) in Ioannina (28.50 µg m−3 for winter-only samples). In Heraklion, a winter average of 3.86 ±
2.99 µg m−3 was observed, with a comparably limited variability between day (3.56 µg m−3) and night
(4.17 µg m−3), implying weaker emissions from RWB. In Athens, the mean OC concentration was 7.61
± 5.42 µg m−3, with notably higher levels during night (9.60 µg m−3). During the common period
(January to February 2013), the average OC concentration in Ioannina was 19.50 µg m−3, whereas it
was much higher during the winter of 2013/2014 (39.26 ± 36.08 µg m−3) due to increased wood-burning
emissions and comparably lower amounts of rainfall (343 mm during the sampling period in January
to February 2013, and 147 mm on the sampling days in December 2013 to February 2014).

The enhanced carbonaceous-aerosol concentrations in Ioannina were found to be much higher
than those measured in other Greek cities during the recent years of the economic recession, and the
differences cannot be entirely ascribed to the fact that the present measurements are for TSP particles.
Cold period OC levels of 4.1–7.9 µg m−3 were determined from PM10 samples at suburban and
urban/background sites in Athens and 8.7 to 14.2 µg m−3 at urban/background and urban traffic sites
in Thessaloniki during 2011–2012 [22]. On the contrary, lower OC concentrations in the range of
2–7 µg m−3 were registered in Greek cities during the years preceding the economic recession, that is,
before 2010/2011 [20,28,36,56]. The OC levels in Ioannina are comparable or even higher than those
(≈10–25 µg m−3) for TSP measurements in Asian heavily polluted cities such as Tianjin, China [57];
Shanghai, China [58]; Agra, India [59]; and Kolkata, India [60].

The EC mean concentration in Ioannina (4.14 ± 3.67 µg m−3; range of 0.14–24.42 µg m−3) was
found to be about double that of those in Athens (2.44± 3.28 µg m−3) and Heraklion (2.29± 2.40 µg m−3)
(Table 1), and much higher than previously reported values in Athens, for instance, 2.8 ± 1.2 µg m−3

during the winters of 2013–2015 [24]. Other studies have measured average winter BC concentrations
in Athens in the range of 2.4–3.0 µg m−3 [25,30,32,34], much lower than the EC levels in Ioannina,
whereas the pre-recession EC levels in Greek cities were even lower [20,28,36,56]. The very high
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concentrations of OC and EC at Ioannina are attributed to enhanced RWB emissions within the urban
area and in the surrounding villages. Wood burning in fireplaces and woodstoves is a common means
for space heating in mountainous northern Greece, also given the availability of high-heating value
wood-fuel that is prolifically cultivated in the area [61]. The pattern of elevated OC and EC levels
during winter is typically observed in other cold and mountainous areas in Europe [62–65].

Table 1. Mean values of carbonaceous-aerosol parameters at the study sites. POC (primary organic
carbon) and SOC (secondary organic carbon) refer to estimates by the minimum R-squared (MRS)
method. OC: organic carbon; EC: elemental carbon.

Ioannina OC
(µg m−3)

EC
(µg m−3)

OC/EC POC
(µg m−3)

SOC
(µg m−3)

POC/OC SOC/OC

All 25.37 ± 27.06 4.14 ± 3.67 5.98 ± 2.58 20.37 ± 20.51 5.00 ± 9.41 0.80 ± 0.21 0.20 ± 0.21

Winter 28.50 ± 28.18 4.33 ± 3.89 6.53 ± 2.33 23.35 ± 20.89 5.15 ± 10.05 0.82 ± 0.15 0.18 ± 0.15

Non-winter 7.82 ± 4.94 3.08 ± 1.68 2.89 ± 1.56 3.65 ± 2.00 4.18 ± 4.42 0.47 ± 0.24 0.53 ± 0.24

Night 34.48 ± 31.76 4.79 ± 4.52 7.36 ± 2.15 27.18 ± 23.34 7.30 ± 11.75 0.79 ± 0.17 0.21 ± 0.17

Day 16.66 ± 13.49 3.55 ± 2.11 4.63 ± 1.52 16.15 ± 12.53 0.51 ± 1.38 0.97 ± 0.08 0.03 ± 0.08

Heraklion

All 3.86 ± 2.99 2.29 ± 2.40 2.03 ± 1.05 1.82 ± 1.64 2.04 ± 2.04 0.47 ± 0.17 0.53 ± 0.17

Night 4.17 ± 2.41 2.44 ± 2.91 2.37 ± 1.22 1.84 ± 1.79 2.34 ± 1.90 0.44 ± 0.19 0.56 ± 0.19

Day 3.56 ± 3.48 2.15 ± 1.79 1.70 ± 0.73 1.80 ± 1.51 1.76 ± 2.17 0.51 ± 0.14 0.49 ± 0.14

Athens

All 7.63 ± 7.33 2.44 ± 3.28 6.42 ± 6.41 5.09 ± 6.91 2.54 ± 1.86 0.67 ± 0.28 0.33 ± 0.28

Night 9.60 ± 8.05 3.13 ± 3.89 7.45 ± 7.39 6.59 ± 7.58 3.01 ± 1.92 0.69 ± 0.29 0.31 ± 0.29

Day 5.00 ± 3.78 1.46 ± 1.43 5.20 ± 5.12 2.98 ± 2.35 2.02 ± 1.68 0.59 ± 0.34 0.41 ± 0.34

OC/EC as a diagnostic ratio is commonly used for qualitative assessment of carbonaceous-aerosol
sources and discerning between primary emissions and SOA formation [66–69]. OC/EC values from BB
emissions generally exhibit a wide range (≈4–16) depending on the burning material, moisture content,
fire conditions (flaming or smoldering), and aging [70,71] and are higher than those from fossil-fuel
combustion (with values typically up to 2). Measurements at sites with heavy diesel-vehicle traffic,
road tunnels, or that are close to fossil-fuel combustion point-sources can lead to OC/EC ratios around
1.0 or even lower [49,71,72]. On the other hand, the photo-oxidation processes and SOA formation also
inflate the OC/EC ratio [20,73]. Here, an average OC/EC ratio of 5.98 ± 2.58 was computed in Ioannina
for all the available samples, with higher values (6.53 ± 2.33) during winter compared to non-winter
(2.89 ± 1.56) samples (Table 1), indicating that the high levels are directly associated with BB emissions
and their processing. Furthermore, the winter night-time samples exhibited higher OC/EC ratios (7.36
± 2.15) compared to daytime (4.63 ± 1.52), whereas in Heraklion, a much lower day–night difference
was detected, with a winter average OC/EC of 2.03 ± 1.05 (Table 1). In Athens, a mean OC/EC of 6.42 ±
6.79 was found with higher values during night (7.45 ± 7.39).

Previous studies have found lower OC/EC values in Greece [20,22]. Jedynska et al. [74] reported
an average OC/EC ratio of 2.6 during the cold period of 2010–2011 in PM2.5 sampled across 20 sites
with variable characteristics in the greater Athens area. The lower OC/EC values during the period
before the economic recession have substantially increased in the following years. Indicatively, OC/EC
averages of 8.9, 7.3, and 9.4 were reported for PM2.5 at suburban Athens, urban Athens, and urban
Thessaloniki sites, respectively, during the cold period of 2011–2012, indicating high primary emissions
from wood combustion [22]. In addition, Saffari et al. [19] reported OC/EC values of 8.7–13.3 in
Thessaloniki while studying wood-burning events during the winter of 2012–2013.

The much larger impact of RWB emissions in Ioannina is supported by the observed OC vs. EC
statistical associations (Figure 2). Remarkable inter-site variation is displayed for the slope values,
implying differences in the relative dominance of emission sources and organic aerosol processing.
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The large R2 values (0.72–0.92) in Ioannina and Athens largely indicate the impact of local primary
sources (mainly traffic and biomass burning). A strong linear association (R2 = 0.88; slope = 2.36)
has been reported at the same site in Athens during the three winter periods (2013/2014, 2014/2015,
2015/2016), revealing the continuous, long-term effect of primary RWB emissions in the area [24].
In contrast, the much lower OC/EC correlation in Heraklion (R2 = 0.45) possibly suggests increased
SOC formation (photochemical formation is possible even during winter in Southern Greece due to
fair weather conditions) and the influence from regional background carbonaceous aerosols.
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4.2. Influence of Meteorology

The local meteorological conditions and boundary-layer dynamics play a major role in
the concentrations of carbonaceous aerosols and in the relative contributions of the emission
sources [35,75,76]. Table S2 summarizes the Pearson correlation coefficients (r) between TSP, OC,
and EC concentrations and meteorological variables (wind speed, temperature, rainfall) in Ioannina,
where moderate (statistically significant at the 95% confidence level) negative associations are mostly
seen. Figure 3 indicates a notable effect of the Tmin on OC and EC levels in Ioannina during winter,
revealing an exponential increase at lower Tmin, whereas in Heraklion, the concentration variability in
the various Tmin bins is less pronounced. This indicates a much lower dependence of carbonaceous
aerosols on temperature compared to Ioannina, where the very low temperatures during winter
nights favor the increased use of fireplaces and woodstoves for heating. Similarly, the highest hourly
concentrations of submicron PM, OA, and BC in Athens have been reported to occur for temperatures
below 8–9 ◦C, indicating the excessive operation of fireplaces and woodstoves [77].

Precipitation washout was an effective cleansing mechanism, especially in Ioannina, with much
lower concentrations being observed on rainy days (Figure S2). Mean dry/rainy ratios of 1.4 for TSP
and 2.1 for EC were observed in Ioannina. In Heraklion the dry/rainy ratio was higher for TSP (1.6) than
EC (1.1) but a marginal increase (≈0.6 µg m−3) was observed for OC during the rainy days, a somewhat
unexpected finding, given the documented abundance of water-soluble organic aerosol in Crete [38].
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4.3. Association between Carbonaceous Aerosols and Inorganic Combustion Tracers

The concentrations of the ionic species and carbonaceous aerosols for daytime and night-time
winter TSP samples in Ioannina and Heraklion are shown in Figure S3. High levels of secondary
inorganic ions (NO3

−, SO4
2−) were observed in Ioannina, whereas in Heraklion, naturally-produced

aerosols dominated (i.e., dust-coming from Sahara or re-suspended into the city, rich in Ca2+ and
sea salt).

The correlation coefficients (r) between OC, EC, and inorganic species in Ioannina and Heraklion
are summarized in Tables S3 and S4, respectively. Regression analysis using non sea-salt potassium
(nss-K+ = K+

− 0.037 × Na+) as a tracer is commonly used for qualitative evaluation of the BB
contributions to aerosol concentrations [78,79]. Notwithstanding the higher probability of some coarse
nss-K+ crustal particles being quantified in the TSP fraction, strong associations were still observed with
the carbonaceous components. OC was highly correlated with nss-K+ in Ioannina (R2 = 0.76 and R2 =

0.82 if only the winter night-time samples were considered), indicating the dominance of wood-burning
emissions (Figure S4a). Lower correlations between nss-K+ and EC (R2 = 0.54 and R2 = 0.61 for
winter-night only) suggest the importance of EC sources additional to wood-burning, such as use of
fuel for heating and vehicular traffic (Figure S4b). Strong correlations were also registered between
the primary BB-related components (nss-K+, OC, EC) and NO3

− levels, suggesting the importance of
local-scale emissions and processing (Table S3).

In contrast, in Heraklion, nss-K+ was moderately related with OC and weakly with EC (Table S4),
which were in turn mostly associated with C2O4

2− (Figure S4c,d). There was found to be an absence
of correlation between NO3

− and OC/EC, contrary to what has been observed in Ioannina and
reported by previous studies in Athens [21,24], highlighting a lesser impact from local sources.
The stronger correlations of C2O4

2− with OC and EC in Heraklion (r = 0.58 and r = 0.72), indicate a
larger influence from regional processes [80]. C2O4

2− exhibited significant correlations with SO4
2−
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at both sites, supporting its regional character and involvement in aqueous-phase chemistry [21,24].
Moreover, EC correlated well with nss-Ca2+ in Heraklion, indicating a common road traffic effect [81],
as traffic-induced resuspension is a known source of calcium-rich particles [31].

In Ioannina, mean nss-K+/EC of 0.24 ± 0.15 and mean nss-K+/OC of 0.04 ± 0.03 were found,
well within the limits reported for BB aerosols [20,68,79,82]. In Heraklion, the mean nss-K+/EC and
nss-K+/OC ratios were estimated at 0.50 ± 0.31 and 0.28 ± 0.19, respectively, which are larger than
those observed in Ioannina, probably due to the higher impact of crustal sources on nss-K+.

4.4. Determination of Primary and Secondary Organic Carbon

Consideration of the 5% and 25% OC/EC percentiles for all the available samples in Ioannina,
resulted in (OC/EC)pri ratios of 1.61 and 1.89, respectively. In contrast, the MRS method (Figure S1)
estimated a much higher (OC/EC)pri of 6.10 (5.96 for daytime samples, n = 35, and 6.05 for night-time
samples, n = 72). It appears that the MRS method can be significantly affected by the large BB
concentrations in the determination of the (OC/EC)pri, whereas the 5% percentile approaches the ratio
from primary fossil-fuel emissions (OC/EC)ff [49]. On the contrary, a much lower (OC/EC)pri value of
1.21 was estimated via the MRS for the non-winter 24 h samples (n = 20) when the effect of BB was
almost eliminated, highlighting the effect of traffic. Therefore, season-specific (OC/EC)pri values were
used in Ioannina [73]. In Heraklion, the 5% and 25% OC/EC percentiles resulted in (OC/EC)pri ratios
of 0.61 and 0.58, respectively, whereas the MRS method gave a comparable value of 0.84 (Figure S1),
characteristic for roadway tunnels [49]. In Athens, the MRS method provided a primary ratio of 2.14,
very close to those estimated by the 5% and 25% percentile methods (2.03 and 2.28, respectively).
Results from the SOC and POC estimations using the above (OC/EC)pri ratios are shown in Figure 4.
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also displayed.

In Ioannina, the implementation of the MRS method resulted in an average SOC concentration of
5.00 ± 9.41 µg m−3 (Figure 4), corresponding to 20% of the total OC during the whole period (Table 1).
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In contrast, SOC dominated non-winter samples (53%), indicating an increased photochemical
production during the warm period of the year. On the opposite side, the 5% and 25% percentile
methods resulted in more than three times higher SOC concentrations (≈17.6–18.7 µg m−3; 69–74% of
the total OC). The two approaches led to contrasting results in Ioannina, due to the largely different
(OC/EC)pri ratios selected. In Heraklion, the percentile and MRS methods led to comparable results,
demonstrating a prevalence of SOC (53–66%). Previous studies in Crete support the fact that a
significant fraction of OC is water-soluble and of secondary origin, with potential influence on chemical
reactions and aerosol-cloud interactions [83,84]. In Athens, the results show higher wintertime POC
contributions (63–70%) and marginal differences between the methods. However, wintertime SOC
levels are not negligible, indicating significant night-time formation processes including reactions with
nitrate radicals [36,85]. A comparison between the SOC estimates by the percentile and MRS methods
revealed high correlations in Heraklion (slopes = 1.10, R2 = 0.99) and Athens (slopes = 0.90, 1.08; R2 =

0.92, 0.97, respectively) (Figure S5). In Ioannina, the slope (1.92–1.96), R2 (0.69), and intercept (8.1–8.9)
values are indicative of the deviation between the estimates provided by the MRS and percentile
methods (Figure S5).

The percentage contributions of POC, SOC (based on MRS estimates), and EC components to total
carbon (TC) in Ioannina, Heraklion, and Athens are summarized in Table 2. In Ioannina, POC dominated
with an average fraction of 69%, increased to 71.1% for the winter samples. However, for non-winter
samples, SOC prevailed (38.4%) against 33.4% for POC and 28.2% for EC. In contrast, in Heraklion, EC
displayed the largest contribution to the TC mass with fractions of 37–38%, whereas SOC contributed
31% to 35% and POC 28% to 31%, with marginal differences between day and night. In Athens, POC
accounted for half the TC (50.5%), along with comparable contributions from SOC (25.3%) and EC
(24.2%). During the daytime, the SOC fraction increased (31.3%), whereas the EC fraction remained
mostly unchanged.

Table 2. Percentage contribution of POC, SOC (estimated via MRS), and EC to the total carbon (TC)
mass (TC = OC + EC) in Ioannina, Heraklion, and Athens for various sampling periods.

Ioannina Heraklion Athens

POC
(%)

SOC
(%)

EC
(%)

POC
(%)

SOC
(%)

EC
(%)

POC
(%)

SOC
(%)

EC
(%)

All 69.0 17.0 14.0 All 29.5 33.2 37.3 All 50.5 25.3 24.2
Winter 71.1 15.7 13.2 Night 27.8 35.3 36.9 Night 51.8 23.6 24.6

Non-winter 33.4 38.4 28.2 Day 31.5 30.8 37.7 Day 46.1 31.3 22.6
Night 69.2 18.6 12.2
Day 79.9 2.5 17.6

The estimated SOC contributions from past studies are largely contingent on the area characteristics
and the measurement period. Grivas et al. [36] estimated average contributions of SOC to OC in the
range of 28% to 40% in central Athens in 2003, depending on the period of the year and time of the day
using the (OC/EC)min approach. Through an alternative technique (orthogonal regression based on
OC/EC percentiles), taking also into account the intercept in the OC/EC relationship, they estimated a
SOC/OC fraction of 21% (cold period) and 30% (warm period), indicating the sensitivity of the EC-tracer
method on the selection of the primary ratio. These results are in the same direction with the current
estimation of higher POC than SOC in central Athens, although, in the decade between the two studies,
the main generating process of primary emissions has shifted from traffic to biomass burning [23].
On the contrary, at a suburban background site (Penteli) in Athens, Paraskevopoulou et al. [20]
estimated a much higher average SOC fraction of 75% ± 6% to the PM2.5-OC mass during 2008–2013.
In Thessaloniki, average SOC fractions ranging from 35% to 55% for PM10 samples and from 39% to
54% for PM2.5 samples have been reported [37].

In general, the SOC/OC fraction, calculated with the EC-tracer approach, decreases in urban
areas—even more at locations impacted by traffic—where fresh emissions are abundant, whereas it



Atmosphere 2020, 11, 161 11 of 24

increases in remote areas with enhanced regional aerosol background (e.g., 70–80% in Finokalia,
Crete; [13]). High SOC contributions are typically observed in Southern European cities, favored by
the warm climate and the strong insolation, which promote photo-oxidation processes. Using the
(OC/EC)min approach, SOC/OC ratios of 42% in Oporto [52] and 47% in Toulouse [86] have been
reported. Galindo et al. [87] found annual-mean contributions (38%) of SOC to OC for PM10 samples
in urban Elche, Spain, whereas a 50% SOC fraction to OC mass of PM2.5 and PM10 samples was found
in Lecce, Italy [88]. Conversely, estimated SOC concentrations of only 16–21% of OC mass in PM10

samples were estimated at three sites in Berlin, Germany, for the BB-active period [89]. These findings
indicate a north–south gradient in SOC contributions in Europe, related to climatic conditions favoring
the generation or organic compounds that undergo gas-to-particle conversion. This pattern can be
replicated in a much smaller geographical scale, as it is indicated by the large difference between
the mountainous and insular environments of Ioannina and Heraklion. In this case, the pattern was
produced by the intensification of biomass burning in the harsh winter conditions versus the continued
generation of SOC during winter in mild weather.

In Southeastern Asian cities, where much higher levels of carbonaceous aerosols are observed,
SOC contributed to 43–49% of total PM2.5-OC in urban Delhi [51,90], and accounted for 18%, 25%,
and 60% of OC at traffic, rural, and remote sites, respectively, in Agra, India [91]. Reasonable results
and variability patterns are still produced when the EC-tracer methodology is applied on data from
TSP samples. For example, annual average SOC fractions in the range of 49% to 55% were estimated
near Agra, India, and decreased to 39% for samples highly affected by BB during wintertime [59].

The strong correlations (R2 = 0.74, 0.57) between POC estimated with MRS and 5% percentile
methods and nss-K+ in Ioannina verify that the major part of POC should be attributed to BB emissions,
contrary to Heraklion, where the respective correlations were found to be very weak (R2 = 0.09, 0.06)
due to the smaller impact from BB (Figure 5). Similarly, no correlation (R2 = 0.07) was noticed between
POC and nss-K+ regarding the non-winter samples in Ioannina. Table 3 summarizes the correlations
between SOC, POC, and selected particle components. POCMRS calculations revealed a stronger
association with nss-K+ in Ioannina compared to POC5%, indicating a better representation of primary
emissions from wood combustion (Figure 5a,b), whereas the high correlation between nss-K+ and
SOC25% (r = 0.85; Table 3) suggests that the percentile method misrepresents BB-related POC as SOC.
The high POC values are mostly associated with increased SOC and large nss-K+ concentrations in
Ioannina (Figure 5a,b), indicating concurrent presence of primary and rapidly-processed secondary
aerosols related to BB [33,42,92,93]. The correlation between POC and SOC in Ioannina was higher for
the 5% percentile (r = 0.73) against r = 0.57 for MRS, and similar results were observed in Athens, with a
POC5% vs. SOC5% correlation of r = 0.77, against r = 0.51 for MRS (not shown). In addition, SOCMRS and
POCMRS were not related (r = 0.3) in Heraklion, indicating different emission/formation mechanisms
and SOC of regional origin. Therefore, it appears that in sites not excessively influenced by primary BB
emissions, MRS seems to provide more robust POC and SOC estimates and differentiation [41], as the
percentile methods result in consistently high POC–SOC correlations.

Table 3. Pearson correlation coefficients (r) for comparisons of POC and SOC estimated with the MRS
method against carbonaceous aerosols and ionic species. The asterisk (*) refers to correlations with
SOC25% in Ioannina.

Component OC EC NO3− nss-SO42− nss-K+ C2O42− NH4
+ nss-Ca2+

POCIOA 0.96 0.88 0.70 0.62 0.86 0.39 0.53 0.34
SOCIOA 0.78 0.35 0.32 0.38 0.63 0.15 0.28 0.11

SOCIOA * 0.98 * 0.71 * 0.58 * 0.55 * 0.85 * 0.32 * 0.48 * 0.22 *
POCHER 0.76 0.98 0.02 0.27 0.34 0.66 0.19 0.55
SOCHER 0.85 0.19 −0.11 0.15 0.52 0.12 0.37 −0.34
POCATH 0.96 0.99 0.73 0.47 0.72 0.41 0.39 −0.06
SOCATH 0.36 0.05 −0.18 0.38 0.01 0.12 0.57 −0.16
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4.5. Differences in SOC Estimation Using the MRS and Percentile Methods

This section explores the differences in SOC estimates via the MRS and percentile methods and
associates them with BB emissions. Similar to the present cases, using the percentiles (10%, 20%)
resulted in lower (OC/EC)pri ratios compared to the MRS method in Guangzhou, China [42]. Wu and
Yu [41] showed that the difference in (OC/EC)pri estimated with the two approaches decreased with
an increase in SOC fraction. This observation was verified in the current analysis, as the lowest
deviations in Heraklion were associated with the highest SOC fraction among sites. On the other hand,
the difference is accentuated in Ioannina due to the intensity of BB emissions. In this site, the results are
differentiated from the studies in Guangzhou [41,42], where the BB activities are not so pronounced.

The MRS method assumes the absence of correlation between SOC and EC. A basic limitation
of the method is that this assumption can be violated if a significant part of SOC is formed from
VOCs co-emitted with EC [42,94]. This part of SOC (hereafter called SOCa) cannot be isolated from
POC by the MRS method, which estimates only the SOC part that is unrelated to EC and, therefore,
can partially underestimate the SOC concentrations. Moreover, the MRS method might fail to correctly
classify the processed organic aerosols as SOC (e.g., from photo-oxidation or regional transport) that
correspond to OC/EC ratios lower than the primary in areas with intense BB emissions. On the
other hand, the SOC obtained from the percentile methods would correspond to an amount with a
significant influence from primary BB emissions, leading to an important SOC overestimation (Figure 4),
especially in environments impacted by BB, as the (OC/EC)pri in this case is mostly related to vehicular
emissions. In addition, POC emissions from non-combustion sources are not accounted for by either of
the methods.
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The difference between the SOC estimates from the percentile and MRS methods is indicative
of the SOC fraction produced from combustion sources after fast oxidation of precursors from both
fossil-fuel combustion and BB [42]. A strong correlation (R2 = 0.72) was calculated between nss-K+

and the difference between SOC5% and SOCMRS (Figure 6), whereas the mean difference (13.7 µg m−3)
increased to 19.5 µg m−3 for the winter night-time samples in Ioannina. Furthermore, the larger
differences were found to be strongly related to higher OC concentrations. This indicates that the
secondary particles classified in the estimated POCMRS are most likely related to rapidly oxidized OC
from BB emissions [95,96]. Conversely, these particles are captured in SOC5%. Stavroulas et al. [33]
found a large fraction of SV-OOA in Athens that was attributed to processed BBOA, especially during
winter nights, which indicated that BB may substantially complicate the SOC estimations.
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4.6. Comparison of EC-tracer SOC Estimates with Carbonaceous Components from Online Measurements

For a more detailed investigation of the differences in SOC estimates between the MRS and
percentile methods and to associate them with primary and oxygenated organics, we applied both
methods for SOC estimates in Athens during a period (December 2016 to January 2017) with concurrent
measurements of OC, EC, and ions from PM2.5 filter samples, of black carbon (BC, BCbb, BCff) from
an aethalometer (AE-33) [34], and of ACSM-derived organic aerosol components [33]. In this period,
the MRS method estimated an (OC/EC)pri of 1.78, whereas the 5% and 25% percentiles resulted in
(OC/EC)pri ratios of 0.96 and 1.37, respectively, indicating temporally varying (OC/EC)pri.

The mean estimated SOCMRS concentration of 1.47 ± 2.02 µg m−3 was lower than SOC5% (3.52 ±
4.46 µg m−3) and SOC25% (2.41 ± 3.13 µg m−3). Strong positive associations were observed between
POC and BBOA (R2 = 0.64–0.68), and HOA (R2 = 0.66–0.69), with the higher correlations corresponding
to estimates from MRS. On the other hand, the SOC estimates were also significantly correlated with
BBOA, with the SOCMRS displaying the lowest R2 = 0.55, against R2 = 0.75 for SOC5%, and R2 = 0.69
for SOC25%. This indicates that SOC estimates from the percentile methods had a higher probability
of including primary emissions from BB than the estimates from the MRS. This was also verified
(Figure S6) from the much stronger correlations (R2 = 0.80) of the percentile-derived SOC—compared to
MRS-derived SOC (R2 = 0.39)—with Delta-C (BC370–BC880), which can be used as a semi-quantitative
indicator of wood combustion [34,97]. In addition, SOCMRS was—expectedly—not correlated with
HOA (R2 = 0.03), as opposed to the moderate positive association for the SOC5% and SOC25% estimates
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(R2 = 0.16–0.34). This suggests that the high SOC5% (and SOC25%) values can receive an important
contribution from primary (fossil fuel and BB) emissions in fractions much larger than those in the
MRS method and, therefore, the lowest percentile method appears to be less reliable for SOC estimates,
as the primary fossil-fuel and BB emissions in an urban area are temporally variable [42,49]. This was
further justified by the much higher correlation between SOC5% and BCbb (R2 = 0.77) as opposed
to SOC25% (R2 = 0.57) and SOCMRS (R2 = 0.32) correlations with BCbb. In addition, a significant
correlation between SOC5% and BCff was found (R2 = 0.38), whereas SOCMRS was not related to BCff

(R2 = 0.03), justifying the minimal correlation between SOC and vehicular/oil-combustion EC in the
MRS method [42].

Figure 7 shows the correlations between POC-SOC estimates with the SV-OOA component
and BCbb in Athens. The POCMRS was strongly related to SV-OOA, indicating a higher probability
of including a part of SV-OOA in the primary component. This constitutes a bias in the MRS
estimates in highly BB-laden atmospheres, as a large fraction of SV-OOA corresponding to SOCa [42],
was misclassified as POC. Furthermore, as mentioned above, because of the higher (OC/EC)pri

determined from the MRS method at sites highly-impacted by BB emissions, some non-BB related
secondary particles were also captured in the POC. These two biases resulted in POC overestimation,
as was most likely the case in Ioannina (Figure 4).
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Athens during December 2016 to January 2017. The colored scale corresponds to BCbb deriving from
aethalometer (AE-33) measurements at the same site.

On the other hand, SOCMRS was much less related to SV-OOA compared to SOC5% (Figure 7c,d)
and, moreover, the latter displayed a similar mean concentration (3.52 ± 4.46 µg m−3) with SV-OOA
(3.63 ± 6.17 µg m−3). However, the excellent correlations of SV-OOA with BCbb (R2 = 0.96) and BBOA
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(R2 = 0.70) suggest that the largest fraction of the SV-OOA was a fast-oxidized component from RWB
emissions [33,35] that was considered as POC in the MRS estimates.

A mean ratio of ACSM-organics/OC of 1.59 was calculated, similar to OM/OC = 1.5 ± 0.1 that was
reported in Athens during January to February 2013 [27]. This ratio was expected to be higher (≈1.8–2.1)
for the oxygenated components (SV-OOA and LV-OOA), as it has been documented in remote areas
dominated by processed aerosols [98,99]. Using these values, the OC equivalent concentration of the
[SV-OOA + LV-OOA] components was estimated as 3.48 and 3.01 µg m−3, respectively, close to the
SOC5% estimates (3.52 µg m−3), but significantly higher than SOCMRS (1.47 µg m−3). The analysis
showed that SOCMRS mean concentration was close to the OC mass corresponding to the LV-OOA
component (1.25 µg m−3 using the higher ratio of 2.1), implying that the processed aerosols were to a
large extent captured by this method. The estimated OC mass from SV-OOA was very similar to the
mean difference of SOC5% and SOCMRS (2.05 µg m−3), which corresponded to 32% of the OC mass,
a fraction similar to that of SV-OOA to total organic mass derived from ACSM data (35%). Furthermore,
there was a strong correlation (R2 = 0.92, slope: 0.96–1.12) between [SOC5%-SOCMRS] and the OC
mass of the SV-OOA for the 1.8 and 2.1 scaling factors (Figure 8a,b), implying that the SOCMRS cannot
adequately represent the OC mass from fast-oxidized BB emissions.
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4.7. Fossil Fuel vs. Biomass Burning POC

POC originates from various primary combustion sources such as vehicular emissions, BB,
and cooking [100], and a quantitative breakdown of its components can provide essential knowledge
about the emission sources and their contribution to atmopsheric chemistry. Here, an attempt to
roughly evaluate the POC fractions related to fossil-fuel combustion (FF) and biomass burning (BB) is
presented, using Kbb

+ as BB tracer [79,87]. The POC component, as estimated with the MRS method,
can be decomposed to its major sources as

POC = POCbb + POCff + POCnon-comb. (3)

Because in the implementation of the MRS method at the three sites, the non-combustion sources
were considered negligible, the following relations were used to evaluate the contributions from BB
and FF as

POCbb = (OC/Kbb
+)pri × Kbb

+ (4)

POCff = POC − (OC/Kbb
+)pri × Kbb

+ (5)
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Kbb
+ is the potassium fraction that corresponds to BB emissions [21,24,79], whereas the

(OC/Kbb
+)pri corresponds to the value leading to negligible correlation between fossil-fuel OC emissions

(POCff) and Kbb
+ (calculated in a procedure similar to the MRS method, which was also used for the

determination of (OC/Kbb
+)pri). For the estimation of Kbb

+ from nss-K+, Ca2+ was used as a tracer
for K+ in the dust particles (K+

dust). In Ioannina, the slope from the nss-K+/Ca2+ linear regression
(0.04, with r = 0.65) was calculated for the non-winter samples and was used to estimate the K+

dust

values, which were subtracted from the nss-K+ to estimate the Kbb
+ concentrations [24,79]. In Ioannina,

the primary ratio (OC/Kbb
+)pri was estimated at 27, and via Equation (5) the POCbb and POCff

components were calculated at 17.98 µg m−3 (77%) and 5.37 µg m−3 (23%), respectively, for the winter
period. These fractions are comparable to the very high fractions reported for BB contributions to
primary organic aerosols at alpine sites strongly impacted by RWB emissions [63,101]. The same
technique was followed in Athens, where the Kbb

+ was estimated from the slope of the nss-K+/Ca2+

regression (0.43, with r = 0.62) using available data during the summer periods of 2014–2015 from
the same site [24]. An (OC/Kbb

+)pri of 20 was estimated via the MRS method, resulting in POCff =

60%, against POCbb = 40%. This POCbb fraction is higher than the respective one in BC measured
at the same site (BCbb of 32% during the winters of 2015–2019 [34]), as BB generally promotes the
OC emissions—relative to EC—in higher rates than fossil-fuel combustion [49,65,102,103]. Due to the
unavailability of ionic species during the summer period that prevents Kbb

+ estimation, the method
was not applied in Heraklion. Despite the assumptions and the increased uncertainties in applying
this methodology on a limited number of samples, the results are quite reasonable regarding the much
higher POCBB emissions and contribution in Ioannina compared to Athens. The estimation of the Kbb

+

using Ca2+ as tracer for excluding the Kdust
+ contains an additional degree of uncertainty. However,

even considering the nss-K+ as tracer (instead of Kbb
+), the contributions were marginally different

(POCbb/POC = 78% in Ioannina and 44% in Athens).
An evaluation of this method was attempted by comparing the POCbb estimates (using the Kbb

+

as tracer and the previously-derived POCMRS) against the BCbb and BBOA concentrations in Athens
during December 2016 to January 2017. The estimated POCbb exhibited very strong correlations with
BCbb (R2 = 0.95) and BBOA (R2 = 0.84). It appears that the MRS method can be also applied for an
empirical decomposition of POC, resulting in reliable results in case of accurate determination of Kbb

+,
or other suitable BB tracers [42,79].

The recent review study by Srivastava et al. [104] describes the application of the most common
methods for the SOC estimation, these being the EC-tracer method, chemical mass balance (CMB),
SOA tracer method, and PMF. Several studies have also focused on the quantification of BB contributions
to OC using different approaches such as regression with BB tracers such as levoglucosan [105–107]
and radiocarbon analysis [101,108]. Recently, the use of (OC/CO)pri as tracer and the application of
the MRS method further improved the SOC estimates in urban environments with multiple emission
sources [109]. However, results of BB contribution to POC using filter-based OC and EC data have
been relatively sparse [79]. Chen et al. [110] followed an alternative approach to the EC-tracer method
using different primary ratios for fossil fuel (OC/EC)ff and biomass burning (OC/EC)bb, which were
respectively multiplied with estimated ECff and ECbb components to calculate POCff and POCbb and,
therefore, SOC at three sites in the Sichuan basin, China. They reported POCbb fractions in the range of
21.9% to 30.8% and SOC fractions of 24.6–26.7%.

This alternative approach [110] was applied for POCbb and POCff estimation in Athens during
the period of December 2016 to January 2017. We utilized the lowest 5% percentile for the primary
(OC/EC)ff value, as in Chen et al. [110]. For the primary (OC/EC)bb value, we used the OC/EC ratio
(3.7) calculated in the profile of the biomass-burning source by the source apportionment analysis
of Theodosi et al. [24] for PM2.5 at the same site during three winter periods between 2013 and 2016.
To classify ECff and ECbb components, we used the respective BC relative fractionation (BCff, BCbb)
to obtain the corresponding 12 h values, taking into account the high degree of inter-dependence
between BC and EC [34] and the very small fraction of non-EC light-absorbing PM2.5 at 880 nm [35].
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In this way, a SOC fraction of 17% was obtained using the source-specific ratios approach against
23% from the MRS EC-tracer, whereas POCbb/OC was estimated at 63% and 54% by the two methods,
respectively. Chen et al. [110] also reported lower SOC estimates from this alternative approach
compared to EC-tracer method. Overall, the two methods exhibited a discrepancy in the order of
5–10% in the estimations of the OC components, comparable to those observed between the different
approaches in the EC-tracer method [36,42,49,50].

5. Conclusions

Ambient particle samples collected in three Greek cities (Athens, Ioannina, Heraklion) during
winter field campaigns were analyzed for carbonaceous aerosols (OC, EC) and major ions in order to
examine the atmospheric composition and influence of wood-burning emissions. The results of this
study revealed, for the first time, the contrasting atmospheric composition between the cold winter
conditions in northwest continental Greece (Ioannina) and the mild weather, which prevails even
during winter on the island of Crete (Heraklion) in the eastern Mediterranean. The mean concentrations
of OC and EC were 25.37 and 4.14 µg m−3, respectively, in Ioannina—values much higher than in
Heraklion, whereas mean concentrations of 7.63 and 2.44 µg m−3, respectively, were recorded in Athens.
The observed mean OC levels in Ioannina (exceeding 25 µg m−3), which were associated with excessive
winter-time biomass burning emissions, are severe and potentially hazardous for human health.

Winter-time OC/EC ratios displayed noTable Spatial variability, being higher in Ioannina (6.53)
compared to Athens (6.42) and Heraklion (2.03). At all sites, POC and SOC estimates were retrieved
using the EC-tracer method and specifically the MRS and lower percentile (5% and 25%) approaches.
Using the MRS method, higher POC fractions were calculated in Ioannina (80%) and Athens (67%) in
comparison to Heraklion (47%). Especially in Ioannina, the SOC estimation was largely dependent
on the applied methodology, a fact attributed to the large impact of the enhanced BB emissions on
both primary and secondary organic aerosols. The 5% and 25% percentiles method in Ioannina
resulted in much higher SOC fractions of 69–73%, which, however, included a significant portion of
BB-related primary organic aerosols. This was supported by a high correlation (R2 = 0.73) between
SOC5% and nss-K+, whereas the SOCMRS was much less dependent on nss-K+ (R2 = 0.40). On the other
hand, the SOC fraction in Ioannina was underestimated by the MRS method, as it failed to classify as
secondary the semi-volatile organic aerosols that are rapidly oxidized from the BB emissions and other
secondary aerosols corresponding to OC/EC ratios lower than the high primary value. The results from
comparisons with filter-based, light-absorption-based, and mass-spectrometric BB tracers proved that
this part of less-oxidized OA was considered as POC by the MRS method. In Heraklion and Athens,
the various methods resulted in much lower differences between the SOC and POC estimates among
the methods, due to the relatively smaller impact of BB. In such cases, the EC-tracer methodology
can provide reliable (especially in terms of temporal variability) categorization between primary and
secondary OC components in the absence of aerosol mass spectrometric measurements, which are still
rather costly and also face some uncertainties in the statistical source apportionment for the organic
aerosol components.

Although the MRS method effectively excludes POC from SOC estimates, it may underestimate
the SOC component in environments highly impacted by BB emissions. The decomposition of POC
into its BB and fossil-fuel components was attempted for the first time, using the OC/Kbb

+ ratio as tracer.
In general, the POCBB component dominated during winter in Ioannina (77%) and was considerable
in Athens (40%), and notwithstanding the uncertainties tied in this empirical approach, it seemed
to provide reasonable results. Evaluation of the POCbb estimates against BCbb and BBOA in Athens
resulted in high correlations (R2 = 0.95 and 0.84, respectively), whereas comparisons with an alternative
method using different primary OC/EC ratios for fossil-fuel and BB emissions resulted in discrepancies
less than 15%. However, more research is required to attain robust findings using this approach,
with the use of more specific BB tracers (e.g., levoglucosan) expected to improve the estimates of POC
(and SOC) components, especially in atmospheres highly impacted by BB aerosols.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4433/11/2/161/s1:
Figure S1: Application of the MRS method for Ioannina and Heraklion. At Ioannina, (OC/EC)pri = 6.10; @46.97%
means that ~53% of data would have positive SOC, while in Heraklion 89% of the data have positive SOC values.
Lognormal curves are fitted in the OC/EC frequency distributions; Figure S2: TSP, OC, EC concentrations and their
ratios during dry and rainy days in Ioannina (a) and Heraklion (b). The percentage changes due to rainfall are also
given for day and night samples; Figure S3: Day vs night concentrations of the carbonaceous-aerosol and inorganic
species (in TSP) in Ioannina (a) and Heraklion (b); Figure S4: Correlations between OC, EC concentrations and
nss-K+, C2O4

2− in Ioannina (a, b) and Heraklion (c, d); Figure S5: Correlations between the estimated SOC
concentrations obtained from the MRS and percentile (5%, 25%) methods in Ioannina and Heraklion; Figure S6:
Correlation between the SOC estimates from the various SOC estimation methods and the Delta-C values derived
from Aethalometer (AE-33) measurements in Athens during December 2016–January 2017; Table S1: Measurement
periods and number of samples at each site in the current study. Table S2: Pearson correlation coefficients (r)
from the linear regressions of TSP, OC and EC concentrations with meteorological variables in Ioannina; Table S3:
Pearson correlation coefficient (r) matrix between carbonaceous aerosols and ionic species in Ioannina. Values in
boldface correspond to statistically significant correlations at the 95% confidence level; Table S4: Same as in Suppl.
Table S3, but for Heraklion.
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