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Abstract: The objective of this work was to assess the yearly contribution of fossil fuel combustion
(BCff) and wood burning (BCwb) to equivalent black carbon (eBC) concentrations, in Athens, Greece.
Measurements were conducted at a suburban site from March 2013 to February 2014 and included
absorption coefficients at seven wavelengths and PM2.5 chemical composition data for key biomass
burning markers, i.e., levoglucosan, potassium (K) and elemental and organic carbon (EC, OC).
A well-documented methodology of corrections for aethalometer attenuation coefficients was
applied with a resulting annual dataset of derived absorption coefficients for the suburban Athens’
atmospheric aerosol. The Aethalometer model was applied for the source apportionment of eBC.
An optimum Ångström exponent for fossil fuel (αff) was found, based on the combined use of the
model with levoglucosan data. The measured eBC concentrations were equal to 2.4 ± 1.0 µg m−3

and 1.6 ± 0.6 µg m−3, during the cold and the warm period respectively. The contribution from
wood burning was significantly higher during the cold period (21 ± 11%, versus 6 ± 7% in the
warm period). BCff displayed a clear diurnal pattern with a morning peak between 8 and 10 a.m.
(during morning rush hour) and a second peak during the evening and night hours, due to the
shallowing of the mixing layer. Regression analysis between BCwb concentrations and biomass
burning markers (levoglucosan, K and OC/EC ratio) supported the validity of the results.

Keywords: absorption; equivalent black carbon; fossil fuel combustion; wood burning; Aethalometer
model; sensitivity analysis; biomass burning markers

1. Introduction

During the past decade, black carbon (BC) has been identified as an aerosol component of
particular interest and has become one of the key research targets for climate change and health impact
assessment studies [1]. Airborne particles may affect the radiation balance by reflecting and absorbing
solar radiation (direct effect), while they also act as cloud condensation nuclei, altering cloud properties
(indirect effect) [2,3]. Light-absorbing particle components warm the atmosphere, counteracting the
cooling caused by light-scattering particles. BC is the most efficient light-absorbing species of airborne
particulate matter (PM) in the visible spectrum and is thus responsible for a large part of the positive
radiation forcing caused by aerosols [4,5]. Jacobson has shown that BC may be considered the second
most important component of global warming in terms of direct forcing, since its warming effect
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exceeds that of CH4 [6]. Due to the relatively short lifetime of BC in the atmosphere, its radiative
forcing ends within weeks after emission, making this aerosol species very significant with respect to
climate change mitigation strategies. In this framework, the identification of BC emission sources and
their respective strength is crucial for global air pollution management and policy-making. It should
be also noted that combustion-related aerosols (including BC) have been linked to adverse health
effects and are considered more harmful than other anthropogenic and natural particle components [7].
Based on a systematic review and meta-analysis of data on PM and BC exposures and related health
effects, Janssen et al. proposed the use of BC as an additional air quality indicator for health impact
assessment [8]. Ostro et al. [9] also highlighted the health risks associated with increased exposures to
BC, especially in large urban centres.

Black carbon is produced by the incomplete combustion of carbonaceous fuels. In the urban
environment, BC is mainly emitted from traffic and residential heating (based on fossil or biomass fuels).
Fossil fuel combustion, and especially traffic pollution, has been the focus of air quality research and
management efforts for several decades; nevertheless, recently attention has also been given to biomass
burning as a potentially significant air pollution source for urban populations. Biomass burning (BB)
smoke may relate to controlled burns (such as agricultural fires) and wildfires, transported to the
urban environment from regional or more distant sources, as well as residential biomass burning for
domestic heating during the winter season. Epidemiological and toxicological studies have provided
evidence on the association of exposure to wood smoke and a number of negative health outcomes,
including decreased lung function and cardiovascular effects [10–12]. Taking into account that wood
burning for domestic heating occurs mainly in residential areas and during the evening and nighttime,
when people are at home and dispersion conditions are not favorable, it is evident that exposures and
related risks may be enhanced [13,14]. Several studies have documented significant aerosol burden
from residential wood burning during the winter season [15–17]. Nevertheless, emission estimates for
wood burning are still very limited, while the corresponding uncertainty remains high. This is mainly
due to the difficulty in obtaining reliable wood consumption data and appropriate emission factors.
It should be noted that wood-burning emission factors are greatly dependent on the type of wood
burnt, as well as on combustion conditions (type of appliance used, combustion temperature, biofuel’s
water content) [18].

The use of biomass burning for residential heating is less frequent in Southern Europe compared
to Central and Northern Europe, given the milder winters in this region. Nevertheless, several
studies have demonstrated an increasing contribution from wood-burning emissions during recent
years [19–21]. Greece is one of the countries that, besides the previously documented elevated
background regional pollution levels in the warm period of the year [22], has seen a significant increase
in the use of biomass burning for domestic heating. This was due to a dramatic increase in the price
of residential diesel fuel during the period 2010–2013, leading urban populations towards cheaper,
alternative fuels for heating [23]. It should be also noted that domestic wood burning in Athens is
known to be based, in general, on low-efficiency combustion systems, further aggravating the air
pollution burden from this source. Based on a source apportionment study on the evolution of PM
source contributions over one decade in Athens, biomass burning contribution increased from 5–7% in
2002 to more than 30% for 2011–2012, with the cold period contributions reaching up 63% in the PM2.5

size fraction [21].
The present work aims at quantifying the yearly contribution of fossil fuel combustion (BCff)

and wood burning (BCwb) to equivalent black carbon (eBC) concentrations at a suburban site in
Athens. Seasonal, weekly and diurnal variability of these two source contributions were evaluated
in order to identify the major activities responsible for the observed eBC levels. The Aethalometer
model was applied for the source apportionment of eBC concentrations, while a sensitivity analysis,
with respect to the selection of key parameters in the model, was also performed. In addition, BCwb
and BCff concentrations were related to typical markers for the respective emission sources, namely
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levoglucosan, potassium and organic/elemental carbon for biomass burning and nitrogen oxides for
fossil fuel combustion.

2. Experiments

2.1. Overview of the Measured Parameters

The present work reports results from measurements of aerosol physico-chemical properties
performed at the NCSR Demokritos (DEM) station in Athens, Greece, during March 2013–February
2014. The DEM station is situated inside the NCSR Demokritos campus, in a suburban area 7 km to
the North-East of the Athens historic centre and representative of the conditions in large parts of the
Athens metropolitan area (37◦59′42′′ N, 23◦48′57′′ E) [24].

Real-time data of aerosol absorption at seven wavelengths (370, 470, 520, 590, 660, 880 and 950 nm)
and of equivalent black carbon (eBC) at 880 nm were derived from a 7-wavelength aethalometer
(Rack Mount Aethalometer Model AE31, Magee Scientific Corp., Berkeley, CA, USA). The instrument
sampled from a PM10 cut-off inlet and recorded 5-min average attenuation coefficients. Since ambient
BC is mainly related to fine particles [25,26], the obtained BC concentrations may be assessed together
with PM2.5 chemical composition data, as described below. The raw data collected by the aethalometer
were corrected for the multiple scattering and shadowing effects, with the use of parallel measurements
of aerosol scattering obtained on a 1-min basis by a 3-wavelength nephelometer (Aurora 3000,
Ecotech Pty Ltd., Victoria, Australia). The nephelometer also collected from a PM10 cut-off inlet,
while both instruments were sampling under dry conditions (relative humidity below 40%). Details on
the correction methodology applied for the aethalometer data are provided below.

Near-real time elemental (EC) and organic carbon (OC) concentration data were also collected on
a 3-h basis, using the Thermo-optical transmittance (TOT) method (Model-4 Semi-Continuous OC-EC
Field Analyzer, Sunset Laboratory, Inc., Tigard, OR, USA). The instrument was sampled at a flow rate
of 8 lpm, from a PM2.5 cut-off inlet and was equipped with an in-line parallel carbon denuder for the
removal of organic gases. The EUSAAR2 protocol was applied for sample analysis [27].

In addition, PM2.5 samples were collected on Teflon and Quartz fiber filters, by the use of a
low-volume (2.3 m3 h−1) sampler (Sequential 47/50-CD with Peltier cooler, Sven Leckel GmbH, Berlin,
Germany) and a high-volume (30 m3 h−1) sampler (Sequential High-Volume Sampler CAV-A/MSb,
MCV, SA, 08293 Collbató, Barcelona, Spain), respectively. The Teflon filters were analysed for potassium
(K) and other major and trace elements by Particle-Induced X-ray Emission (PIXE), while the Quartz
fiber filters were analysed for levoglucosan by high-performance anion exchange chromatography
with pulsed amperometric detection (HPAE-PAD) [28]. Details on the sampling protocol, number of
samples collected and analytical procedures applied are provided in Amato et al. [29].

Standard meteorological conditions (including ambient temperature) were also collected at the
site. In order to assess seasonal variability, the one-year data were separated into two periods as
follows: cold period (1 March 2013–14 April 2013 and 15 October 2013–28 February 2014) and warm
period (15 April–14 October 2013). The corresponding average 24-h temperatures were 12.8 ± 3.5 ◦C
and 23.6 ± 4.2 ◦C, respectively. Additionally, nitrogen oxides (NOx) measurements on a 1-h basis were
obtained for the whole study period from a National Monitoring Network station operated by the
Hellenic Ministry of Environment & Energy inside the NCSR Demokritos campus, at a distance of
about 300 m from the DEM station (available online: http://www.ypeka.gr).

2.2. Correction of the Aethalometer Raw Data

The data collected by the AE31 aethalometer were affected by specific measurement artefacts,
referred to, in general, as the multiple scattering and shadowing effects. In this work, the correction
algorithm developed by Weingartner et al. [30] has been employed in order to compensate for
these effects and obtain the aerosol absorption coefficients (babs). The BC raw data collected by
the aethalometer at seven wavelengths were transformed to respective attenuation coefficients (batn),
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based on the “Sigma” specific attenuation parameters provided by the instrument. The attenuation
coefficients were then used to calculate the absorption coefficients (babs), by applying the
following equation:

babs(λ)t = batn(λ)t·
1

C·R(ATN)λ,t
(1)

where babs(λ)t and batn(λ)t are the absorption and attenuation coefficients at the λ wavelength for
each time step t. Parameter C is a site-specific empirical constant and corresponds to the correction
factor accounting for multiple scattering by the filter fibers and the scattering of the aerosol embedded
in the filter. Based on parallel measurements performed by AE31 and a multi-angle absorption
photometer (MAAP) (Model 5012, Thermo Electron Group, Waltham, MA, USA) during 2011 at the
DEM station, a characteristic value for C equal to 3 was derived for the AE31 operating at the station,
in line with WMO/GAW Aerosol Measurement Procedures, Guidelines and Recommendations [31].
Parameter R(ATN)λ ,t is a parameter accounting for the shadowing effect and is again calculated for
each wavelength λ and each time step t. R(ATN) varies with the amount of particles embedded in the
filter and the optical properties of the deposited particles and was calculated from equation:

R(ATN) =

(
1
f
− 1

)
· ln(ATN)− ln(10%)

ln(50%)− ln(10%)
+ 1 (2)

where ATN is the attenuation measured by the instrument during each 5-min time step. R(ATN) was
set equal to 1 for values of the ATN below 10%. Parameter f was calculated as:

f = a·(1−ω0) + 1 (3)

where ω0 is the aerosol single scattering albedo and α a constant parameter, varying in the range
0.82–0.88 for the different wavelengths (950–370 nm) [30]. The single scattering albedo is the ratio
of scattering over total attenuation (scattering and absorption). It was calculated from absorption
coefficient data (obtained from the aethalometer, after correcting for the multiple scattering effect) and
scattering coefficient data (obtained by the nephelometer). Running 1-h averages were used for the
calculation of ω0 and subsequently parameter f.

2.3. Estimation of BC from Wood Burning and Fossil Fuel Combustion

The absorption coefficients derived from the aethalometer were used for the estimation of the
contribution of wood burning and fossil fuel to the total black carbon concentrations, through the
application of the Aethalometer model. The model was developed by Sandradewi et al. and is based
on the different spectral dependence of wood burning and fossil fuel combustion aerosol [32]. Aerosol
absorption coefficients at two wavelengths, one in the ultraviolet (UV) and one in the infrared (IR)
range, are used in order to apply the model through the following calculation formulas:

babs(λUV)wb =
1

1− ( λUV
λIR

)
−a f f ·( λUV

λIR
)

awb
·[babs(λUV)−

(
λUV
λIR

)−a f f

·babs(λIR)] (4)

babs(λIR)wb = (
λUV
λIR

)
awb
·babs(λUV)wb (5)

babs(λUV) f f = babs(λUV)− babs(λUV)wb (6)

babs(λIR) f f = babs(λIR)− babs(λIR)wb (7)

where αff and αwb are the absorption Ångström exponents for pure fossil fuel combustion and pure
wood burning aerosol, respectively; babs(λUV) and babs(λIR) are the absorption coefficients measured at
the UV and IR wavelengths, respectively and babs(λUV)wb & babs(λIR)wb and babs(λUV)ff & babs(λIR)ff are
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the corresponding absorption coefficients at these two wavelengths that are related to wood burning
(wb) and fossil fuel combustion (ff).

The Aethalometer model has been applied in several studies for apportioning carbonaceous
aerosol to fossil fuel combustion and biomass burning [33–38], despite certain uncertainties,
mainly associated with the selection of appropriate values for αff and αwb. In the present study,
calculations were performed for the 470 (UV) and 950 nm (IR). In addition, a sensitivity analysis was
carried out in order to assess the impact of the selected values for the Ångström exponents (αff and
αwb) on the estimated contributions from wood burning and fossil fuel combustion.

3. Results

The BC data obtained by the aethalometer were transformed to raw aerosol attenuation coefficients
and were then corrected according to the methodology described above. The time series of 1 h
mean-corrected absorption coefficients (from henceforth absorption coefficients, babs) over the whole
measurement period (March 2013–February 2014) are depicted in Figure 1.
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Figure 1. Absorption coefficients (babs) at seven wavelengths measured at Demokritos (DEM) stations
during 2013–2014.

3.1. Sensitivity Analysis on the Aethalometer Model

The application of the Aethalometer model, described in Equations (4)–(7), requires the selection
of suitable Ångström exponents for fossil fuel (αff) and wood burning (αwb). As is evident from
Equation (4), the selection of αwb only affects the magnitude of the estimated babs(λ)wb, while αff
has an impact on its temporal variability as well. A series of tests were therefore conducted with
the value of αff ranging between 0.8 and 1.2, by a step of 0.1, based on typical values for fossil fuel
combustion aerosol found in the literature [4,32,33,39]. The value of αwb was set at this point equal
to 2.0, which is considered a typical value of the Ångström exponent for wood burning aerosol [38].
The estimated absorption coefficients for wood burning at 950 nm (babs(950)wb) were averaged over 24 h
and were correlated with concentrations of levoglucosan measured at the site during the same period.
Since levoglucosan is only emitted during wood-burning processes, no levoglucosan is expected to
be measured during periods with zero contribution from wood burning. Therefore, the regression
of levoglucosan concentrations over the estimated babs(950)wb was expected to yield a zero intercept.
The calculated intercepts for the different αff values are presented in Figure 2. The obtained Pearson
coefficients (0.78–0.86) indicated good correlation, further supporting the use of this methodology.
Based on this analysis, the value of 1.03 was selected as optimum for αff value, since it produced a zero
intercept in the linear regression of levoglucosan to babs(950)wb.
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Figure 2. Values of the intercept of the linear regression of 24-h levoglucosan concentrations over
respective 24-h mean babs(950)wb, calculated for different αff values.

This αff value was then used in Equations (4)–(7), for the quantification of absorption coefficients
related to wood burning and fossil fuel, at 470 and 950 nm. Calculations were made for different
values of αwb, in the range 1.1–3.0, by a step of 0.1, according to typical values for wood burning
aerosol found in the literature [4,40,41]. In order to identify an acceptable range of values for αwb,
the calculated babs(950)ff were correlated with NOx data, which are mainly related to fossil fuel
combustion emissions [33]. Values of αwb below 1.7 produced either no correlation or weak correlations
(Pearson coefficients below 0.7). For αwb values in the range 1.7–3.0, the correlation of NOx and
babs(950)ff was significant (at p = 0.01), with a Pearson coefficient of 0.71–0.72. For all these αwb
values, babs(880)wb was calculated from babs(470)wb based on the spectral dependence of the absorption
coefficient for wood burning aerosol:

babs(880)wb = (
470
880

)
awb
·babs(470)wb (8)

The corresponding babs(880)ff was found by subtracting the wood-burning contribution
(babs(880)wb) from the total babs measured at 880 nm. The relative contributions of fossil fuel (FF)
and wood burning (WB) to aerosol absorption at 880 nm, as estimated by the use of the different
αwb values, over the whole year and during the warm and cold period, are presented in Table 1.
All further analysis was performed with αwb equal to 2.0, since this is the value proposed by most
studies [35,38]. This value is also very similar to the maximum Ångström exponent values during the
winter period (2.03–2.04), observed during nighttime hours when wood-burning contributions are
expected to be significant.

Table 1. Mean relative contribution (%) of fossil fuel (FF) and wood burning (WB) to aerosol absorption
at 880 nm, during 1 year and for the warm and cold period separately. The range of contributions
provided corresponds to the estimates by the use of the different αwb values (1.7–3.0).

Emission Source
3/2013–2/2104 Cold Period Warm Period

Mean Range Mean Range Mean Range

FF (%) 91 82–96 86 71–94 95 90–98
WB (%) 9 4–18 14 6–29 5 2–10

3.2. Seasonal and Diurnal Variability of Black Carbon from Fossil Fuel and Wood Burning

In order to quantify the equivalent BC (eBC) measured by the aethalometer, the mass absorption
cross-section (MAC) for the study period was calculated by relating the babs(880) data with elemental
carbon (EC) concentrations measured on a 3-h basis (Figure S1). An average MAC equal to 4.1 m2 g−1

was calculated for the entire study period, with 24-h values ranging from 2.0–9.9 (Figure S2).
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Kalogridis et al. calculated a MAC of 7.5 m2 g−1 for the DEM station during December 2014–March
2015 [38]. The lower MAC value found in the present work relates to the different study period.
The MAC value of ambient aerosol is known to vary significanly in time and space, since it is strongly
affected by the aerosol mixing state, size, and morphology [42]. Bond and Bergstrom have reviewed
several studies and reported MAC values in the range 5–14 at 550 nm [43], which corresponds to
3–8 at 880 nm (as calculated for the average Ångström exponent in the present study, equal to 1.12).
Our MAC value is at the lower limit of the values reported by Zanatta et al. (4.5–12, calculated for
880 nm) for nine rural background stations across Europe [44], and within the range of values reported
by Hitzenberger et al. for an urban background site in Vienna (4–5 at 880 nm) [45].

The equivalent black carbon (eBC) concentration, as well as the BC concentrations related to
wood burning (BCwb) and to fossil fuel combustion (BCff), were calculated based on a common MAC
value (4.1 m2 g−1) and were equal to the corresponding absorption coefficients divided by the MAC.
The concentration levels of eBC, BCwb and BCff, during the period March 2013–February 2014 and
during the warm and cold periods are presented in Table 2. The respective concentrations on a monthly
basis are depicted in Figure 3.

Table 2. 24-h concentrations (in µg m−3) of equivalent black carbon (eBC), and black carbon related
to wood burning (BCwb) and fossil fuel combustion (BCff) (mean ± standard deviation). The relative
contribution (%) of wood burning to eBC (BCwb/eBC) is also provided.

eBC (µg m−3) BCwb (µg m−3) BCff (µg m−3) BCwb/eBC (%)

2013–2014 2.0 ± 0.9 0.3 ± 0.4 1.7 ± 0.7 13 ± 11
Cold period 2.4 ± 1.0 0.5 ± 0.5 1.9 ± 0.7 21 ± 11

Warm period 1.6 ± 0.6 0.1 ± 0.1 1.5 ± 0.6 6 ± 7
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Figure 3. Mean monthly concentrations of eBC, BCwb and BCff and the corresponding
ambient temperatures.

The difference between weekday and weekend concentrations of BCwb was not statistically
significant. BCff concentrations during weekdays and weekends were statistically different during the
cold period (at p = 0.05), with the weekend concentrations being lower than the levels observed during
the work days. This difference was not statistically significant in the warm period; people tend to be
more frequently outdoors in the weekends during the warm months compared to the cold months,
which may result in high traffic during both weekdays and weekends. Mean diurnal cycles during
the warm and cold period are presented in Figure 4. The BCwb and BCff diurnal cycles during the
cold period are also displayed along with the corresponding NOx cycle (Figure 5). Concentrations of
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all three pollutants have been normalised based on their mean value, for a better comparison of the
relevant time trends.
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Figure 4. Mean diurnal variability of eBC, BCwb and BCff concentrations during (a) the cold and (b)
the warm period.
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Figure 5. Mean diurnal variability of BCwb, BCff and NOx normalised concentrations (based on
corresponding mean values) during the cold period.

3.3. Correlation with Biomass Burning Markers

The estimated BCwb hourly concentrations were averaged on a 24-h basis and were compared to
concentration data of levoglucosan and K, obtained through 24-h filter measurements (Figure 6a,b).
These two species are commonly used as biomass burning markers, since they have been identified
as dominant components of biomass burning smoke aerosol [46]. Potassium is emitted through the
burning of K-rich plant material [47], while levoglucosan is produced during pyrolisis of cellulose and
hemicelluloses [48]. In addition, elemental (EC) and organic carbon (OC) concentrations measured on a
3-h basis were used to calculate respective OC/EC ratios, for comparison with the BCwb concentrations
(Figure 6c). The value of the OC/EC ratio is characteristic of the type of fuel burnt. Typical OC/EC
ratios for biomass burning are around 6–8, with maximum values reaching up to 14–15 [49–51].
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Figure 6. Correlations of BCwb concentrations with (a) 24-h levoglucosan concentrations, (b) 24-h K
concentrations and (c) 3-h organic and elemental carbon (OC/EC) ratios.

4. Discussion

The combined use of the Aethalometer model with levoglucosan data allowed for the selection
of an optimum Ångström exponent for fossil fuel (αff), thus significantly decreasing the uncertainty
associated with the model [14,35]. The optimum value for αff (1.03) defined in the present study is
within the typical values reported in the literature [34]. It should be also noted that the 25th percentile
of 1-h Ångström exponent values, calculated by the absorption coefficient (babs) data in all seven
wavelengths, was equal to 0.99. This lowest range of values of the Ångström exponent should be
representative of pure fossil fuel combustion and is very similar to the selected αff value of 1.03.
In addition, the average value of the Ångström exponent during 8:00–9:00 a.m., the period with the
highest traffic contribution (Figure 5), was equal to 1.02, further supporting the validity of our analysis.

The identification of a suitable value for the Ångström exponent for wood burning (αwb) is a
more complex procedure, given the wide range of values reported for this parameter in the literature.
αwb may be affected by the type of wood burnt and the combustion regime [33]; thus, representative
αwb values for summer (when wood burning mostly relates to forest fires and/or agricultural fires)
and winter conditions (when residential heating may contribute significantly to BB aerosol) can differ.
The uncertainty related to the BB contribution was calculated in the order of±50%. The FF contribution
was much less sensitive to changes in αwb values (uncertainty in the order of ±5%). The significant
impact of the Ångström exponent values on the estimated FF and BB contributions has been highlighted
in other recent research works [14,33,36,52], while Sciare et al. have noted, in agreement with our
study, the stronger impact of the αwb value on the estimated wood burning in comparison to fossil fuel
contribution [34].

The measured eBC, BCwb and BCff concentrations are comparable to typical urban background
levels [14,53] and are representative of the suburban character of the station. Despite the relatively
low levels of concentrations, there was significant (at p = 0.05) seasonal variability, pointing towards
different sources during the warm and cold periods. The monthly variability of BCwb clearly revealed
the impact of residential heating; highest BCwb concentrations were observed during the winter months
(December–February), when ambient temperatures were also at their minimum levels. Mean relative
contribution of wood burning during these months was calculated equal to 27%. Kalogridis et al.
reported a contribution from BCwb of 34% for the winter months of the following year (2014–2015) [38].
It should be noted that the period of 2013–2014 was characterised by an exceptionally mild winter,
which may explain the slightly lower BCwb contributions. Sciare et al. have calculated very similar
winter-time contributions for a suburban site in Paris, France (25%) [34]. Lower contributions
(on average equal to 18%) have been found for an urban background site in Grenoble, France,
possibly due to a higher contribution from fossil fuel combustion related to traffic [33]. Slightly
higher contributions (30–47%) have been reported for the winter months in Granada, Spain [35].
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The lowest BCff concentrations corresponded to the months of July and August, pointing towards
reduced anthropogenic activities (e.g., traffic) during the summer vacations.

BCwb did not display statistically significant difference in the weekday and weekend
concentrations during either season. No weekly pattern was expected for the warm period, since wood
burning is related to forest fires or agricultural burning. On the other hand, the similarity in weekday
and weekend BCwb concentrations during the cold period suggests that wood burning was used
throughout the week for domestic heating and was not related only to the occasional use of fireplaces
during leisure time. The same behaviour was observed by Fourtziou et al. at a site located in the
Athens city centre [54].

Black carbon from fossil fuel displayed a clear diurnal pattern with a morning peak at 8–10 a.m.,
during morning rush hour, and a second peak in the evening and night hours, due to the shallowing
of the mixing layer. This second peak was larger during the cold period, when this phenomenon
was more intense (Figure 4). A very similar diurnal trend was observed for the NOx concentrations,
confirming the common origin of NOx and BCff, during both the warm and cold period (Figure 5).
A slight difference in the magnitude of the NOx and BCff peaks present in the diurnal cycles of
the normalised concentrations may be related to varying NOx/BCff emission ratios, due to changes
in the relative contribution of fossil fuel combustion sources (emissions from vehicular traffic and
residential heating), as well as variability in driving modes during congestion and non-congestion
hours [55]. It should be also noted that NOx and BCff display distinct formation and loss mechanisms,
and thus resulting lifetimes. The BCwb hourly concentrations followed a very different pattern in
comparison to BCff. During the cold period, concentrations were minimum during the day and
gradually increased from the afternoon to the night hours. Even though the low mixing layer during
nighttime impacts all pollutants, the much larger increase observed after 7 p.m., in comparison to BCff
and NOx, clearly points towards another source active at these after-work hours, such as the residential
heating (Figure 5). No pattern was observed for the wood-burning BC in the warm months, suggesting
random BB events during that period. Similar diurnal trends of BCff and BCwb concentrations have
been reported by Fuller et al. [14].

The estimated BCwb concentrations displayed good correlation with levoglucosan (Pearson
coefficient equal to 0.88); nevertheless, there were several days (mainly in the warm period) when there
was a measurable contribution from BCwb but levoglucosan concentrations were below the detection
limit (Figure 6a). This discrepancy may be due to the instability of levoglucosan, especially during the
warm period. Hoffmann et al. have demonstrated that levoglucosan can be readily oxidised by OH
radicals during daytime with higher degradation flux during the summer period [56].

The regression between BCwb and K (Figure 6b) indicated the presence of two major sources for
K. While there was a clear trend of increasing K concentrations with increasing BCwb, a large group of
data revealed high K concentrations and minimum BCwb values. These data may be representative of
another major source for K, such as mineral dust, which has been found to contribute significantly
to PM2.5 concentrations at DEM station [57]. It should be also noted that potassium is produced in
different amounts during wood-burning processes, depending on the type of fuel and combustion;
it is thus a reliable wood-burning marker, but not a metric for a quantitative estimate of BCwb
concentrations when assessing long-term data, including various types of BB smoke aerosol [34].

The regression between BCwb and the OC/EC ratio has produced a similar pattern to that of K
(Figure 6c). The OC/EC ratio is increasing with BCwb, while for BCwb concentrations above 5 µg m−3,
the OE/EC ratio remains in the range 5–10. From previous measurements at the DEM station, OC/EC
ratios in the range 10–14 were obtained during a wildfire episode in the countryside areas around
Athens in the summer of 2009 [58]. Diapouli et al. reported a mean value of this ratio in the range
7–10 at urban background and suburban sites in Athens, during the cold period of 2012, when intense
use of fireplaces and wood stoves has been documented in the residential areas of big urban centres
in Greece [21]. The OE/EC ratios measured in the present work, and during periods with significant
contribution from BCwb, are in good agreement with the above mentioned studies, as well as with
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studies in other European urban centres [33]. The presence of very high OC/EC ratios that are not
correlated to BCwb concentrations may be related to secondary organic aerosol formation, which has
been shown to greatly impact our site [59].

5. Conclusions

The contribution of fossil fuel and wood burning to eBC concentrations was quantified for the
suburban aerosol in Athens, Greece, through the application of the Aethalometer model. The combined
use of the model with levoglucosan data allowed for the selection of an optimum Ångström
exponent for fossil fuel (αff), significantly decreasing the uncertainty of the estimated BCwb and
BCff concentrations. Fossil fuel combustion was found to be the major contributing source to eBC
levels, during both the warm and cold period. Nevertheless, the impact of wood burning related to
domestic heating cannot be ignored. BCwb increased during the winter period, reaching up to a mean
monthly contribution of 30% during the coldest months. Until now, public policies mainly focus on
transportations or industrial emissions, while wood is often promoted as a renewable energy source
and a carbon-neutral fuel, in line with the EU efforts to reduce CO2 emissions. In this framework,
demonstrating the impact of BB smoke on air quality and human exposure to health-related pollutants
may assist in directing policy efforts towards this source, in order to discourage further increase of the
use of wood burning for residential heating in densely populated urban areas, and to press for more
efficient, low-polluting biomass burning systems.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4433/8/12/234/s1,
Figure S1: Regression of the aerosol absorption coefficients (babs) at 880 nm versus elemental carbon (EC)
concentrations. The data represent 3-h averages and were collected during 03/2013–02/2014, Figure S2: Mean
24-h values of the mass absorption cross-section (MAC), based on the ratio of the absorption coefficients (babs) at
880 nm to EC concentrations, measured during 03/2013–02/2014.
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