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ABSTRACT. In order to better characterise carbonaceous components in atmospheric aerosols and to assess the
contributions of fossil carbon (FC) and non-fossil carbon (NFC) sources and their seasonality in the Eastern
Mediterranean, we collected fine (PM1.3) aerosols at a remote marine background site, the Finokalia Research Station,
Crete, Greece, over a period of one-year. PM1.3 samples were analysed for elemental carbon (EC), organic carbon
(OC), water-soluble OC (WSOC), and stable carbon isotope ratio (δ13CTC) and radiocarbon content (14CTC) (pMC) of
total carbon (TC). All the parameters, i.e., PM1.3, δ13CTC and 14CTC showed a clear temporal pattern with higher values
in summer and lower values in autumn. The 14CTC ranged from 54.7 to 99.1 pMC with an average of 74.5 pMC during
the entire year. The FC content in TC (FCTC) was found to be slightly lower in winter and almost stable in other
seasons, whereas the NFC contents (NFCTC) showed a clear seasonality with the highest level in summer followed by
spring and the lowest level in winter. Based on these results together with the seasonal distributions of organic tracers,
we found that biomass burning (BB) and soil dust are two major sources of the fine aerosols in winter. Although
biogenic emissions of VOCs followed by subsequent secondary oxidation processes are significant in summer followed
by spring and autumn, pollen is a significant contributor to TC in spring. This study showed that emissions from fossil
fuel combustion are significant (25.5%) but minor compared to NFC sources in the eastern Mediterranean.

KEYWORDS: 13C and 14C isotope ratios, carbonaceous components, Eastern Mediterranean, PM1.3.

INTRODUCTION

Carbonaceous aerosols: elemental carbon (EC) and organic carbon (OC), scatter and absorb
the solar radiation and act as cloud condensation nuclei (CCN), seriously affecting the Earth’s
climate system (Carmichael et al. 2009; Menon et al. 2002; Novakov and Penner 1993;
Ramanathan et al. 2001; Rosenfeld et al. 2019). They also have adverse effects on human
health with increased morbidity and mortality (Nel 2005; Lin et al. 2017; Arfin et al. 2023) and
play an important role in atmospheric chemistry (Kolb and Worsnop 2012). EC directly emits
from sources such as fossil fuel combustion, biomass burning (BB) and soil dust (primary).
While organic aerosols (OA, generally measured as OC) are emitted directly from primary
sources and are also formed by photo-oxidation of volatile organic compounds (VOCs) emitted
from both anthropogenic and biogenic sources, these are so called secondary OA (SOA)
(Baltensperger et al. 2005; Robinson et al. 2007; Srivastava et al. 2022). The OA are estimated
to account for a large fraction (20–90%) of the submicron aerosols (Kanakidou et al. 2005). In
addition, both BB emissions and secondary formation and transformation of OA contribute to
the high loading of water-soluble OC (WSOC), which further enhances the indirect climate
effect of OA. However, the contribution of anthropogenic sources to OA are estimated to be
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∼50% at northern mid-latitudes and even higher in densely populated areas such as North
America, Western Europe, and East Asia (de Gouw and Jimenez 2009).

It is well established that the stable carbon isotope ratios of total carbon (δ13CTC) highly
depend on its sources, with an obvious difference in the isotopic signatures of the particles
derived from different sources. Indeed the particles of marine origin are highly enriched with
13C (Chesselet et al. 1981; Cachier et al. 1985; Miyazaki et al. 2011), with δ13C that are different
from those of the particles of continental origin, especially anthropogenic sources (Turekian
2003; Cao et al. 2011). Therefore, δ13CTC of aerosols is useful for investigating their origin and
has been used in several studies in the last two decades (Rudolph 2002; Pavuluri et al. 2011b;
Dong et al. 2023).

Although radiocarbon (14C) is well known for providing chronologies through dating method,
its application has been extended much further to investigate the fundamental relationships
between different compartments of the Earth and climate system (Heaton et al. 2021). Because
14C decays with a half-life of 5730 years, the 14C is completely absent in carbonaceous aerosols
derived from fossil fuel sources, whereas that derived from modern materials (e.g., biomass
burning and biological emissions) contain the 14C at contemporary or near contemporary level.
Therefore, measurement of the 14C/12C ratio in aerosols has become a unique tool to
unambiguously apportion the fossil (FC) and non-fossil carbon (NFC) contents in the
atmospheric aerosols (Szidat et al. 2004; Gustafsson et al. 2009; Pavuluri et al. 2013; Kirillova
et al. 2014; Liu et al. 2016; Song et al. 2019; Li et al. 2022; Lim et al. 2022). However, the 14C
data alone cannot distinguish different sources of the NFC.

A combined study of 14C with elemental and molecular tracers has been shown to be an excellent
technique to identify and apportion the different sources of NFC: biomass burning, biological
emissions, and SOA from biogenic VOCs (Gelencsér et al. 2007; Pavuluri et al. 2013). However,
the sources of carbonaceous aerosols are still poorly understood due to a lack of long-term 14C
measurements and/or limited studies on organic molecular tracers (Gilardoni et al. 2011; Yttri et al.
2019), which providemore specific source information: fatty acids are emitted from terrestrial plant
wax, vascular plants, microbes, and marine phytoplankton. Levoglucosan is formed during the
pyrolysis of cellulose. Biological materials such as pollen, fungi, and bacteria consist of sucrose and
mannitol. Isoprene, α-pinene and β-caryophyllene produce SOA upon oxidation in the atmosphere
(Simoneit et al. 2004; Fu et al. 2010; Wang et al. 2019).

The eastern Mediterranean is considered as an important region for atmospheric aerosol
studies, where the aerosol radiative forcing is among the highest in the world, especially in
summer (Lelieveld et al. 2002; Urdiales-Flores et al. 2023). It has also been reported that the
radiative cooling effect of aerosols is up to 5 times greater than the warming caused by
greenhouse gases (Vrekoussis et al. 2005), and the radiative forcing is also varies significantly
from season-to-season due to weather conditions and the origin of air masses (Stock et al.
2011). Much attention has been paid to the aerosols of eastern Mediterranean with both short
and long term measurements. It has been found that the organic fraction accounts for one third
of the submicron aerosols in summer, and its contribution from biomass burning is dominant
during March-April and July-September, based on the elemental tracers and mass fractions of
carbonaceous components, together with the origins of air masses (Lelieveld et al. 2002; Sciare
et al. 2008; Paraskevopoulou et al. 2014). However, the contributions of FC and NFC to total
carbon (TC), the nature of the different FC and NFC sources (biomass burning and biogenic)
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and the atmospheric processing of aerosols in the eastern Mediterranean troposphere and the
entire southern Europe are not yet fully understood.

The aim of this study is to present the characteristics of carbonaceous components, 13C and 14C
isotope ratios of TC in fine aerosols (PM1.3) over a one-year period and to apportion the fossil
and non-fossil contents of TC in PM1.3 in the eastern Mediterranean troposphere. The results
are discussed together with the observations of organic molecular marker species in order to
assess the importance of various FC and NFC sources and the atmospheric processing (aging)
of carbonaceous aerosols over the Mediterranean region.

EXPERIMENTAL

Aerosol Sampling

PM1.3 sampling was carried out at a remote marine background site, the Finokalia Research
Station, characterizing the eastern Mediterranean troposphere and located at 35°32 0N,
25º67 0E (http://finokalia.chemistry.uoc.gr) on a hill (250 m above sea level) facing the sea on
the northern coast of the Island of Crete, Greece (Kouvarakis et al. 2002). Aerosol samples were
collected using a virtual impactor (VI) (Loo and Cork 1988), modified to divide particles into two
size fractions: fine (aerodynamic particle diameter Da< 1.3 μm) and coarse particles (Da>1.3 μm).
The inlet preceding each VI has a cut-off size of 10 μm. The operational flow rate is 16.7 L min–1

divided into 1.7 and 15.0 minor and major flows, respectively. More details can be found from
Koulouri et al. (2008). PM1.3 samples were collected on a weekly basis for two consecutive days
each from October 2009 to October 2010 (n= 51) using pre-combusted (450°C for 6 hr) quartz
fiber filters (WhatmanQ-MA; 47mm in diameter). Filter samples were wrapped in aluminium foil,
sealed in plastic boxes and stored in dark at –20°C until chemical analysis.

The aerosol mass in each filter was measured gravimetrically using analytical balance (Mettler-
Toledo; AB204) by the difference in mass of the filters before and after sampling, which had
been conditioned in a desiccator for approximately 48 hr.

Measurements of Carbonaceous Components and δ13CTC

EC and OC were measured using an EC/OC analyzer (Sunset Laboratory Inc., USA) following
the Interagency Monitoring Protected Visual Environments (IMPROVE) thermal/optical
evolution protocol and a non-dispersive infrared (NDIR) detector system as described
elsewhere (Pavuluri et al. 2011a). Briefly, the transmittance of laser light (660 nm) through the
filter punch (1 cm in diameter) was used to establish the OC/EC split point and hence the OC
correction. In addition, the carbonate carbon (CC) was estimated by manual integration of the
last (OC4) peak appearing at the maximum temperature step and was subtracted from the total
OC (Kaskaoutis et al. 2020) to avoid any bias in the OC. The analytical errors in duplicate
analyses were within 0.7% for OC and 4.3% for EC.

To measure the WSOC, an aliquot of the filter disc (1 cm in diameter) was extracted with 10 ml
organic free Milli Q water (18.3 MΩ) under ultrasonication for 20 min. The extracts were then
passed through syringe filter (Millex-GV, 0.45 mm, Millipore) and then WSOC was measured
using TOC analyzer (Shimadzu TOC-VCSH). The analytical error in duplicate analyses was
within 9%.

δ13CTC was determined using an elemental analyzer (EA, Carlo Erba NA 1500) coupled to
stable isotope ratio mass spectrometer (irMS, Finnigan MAT Delta Plus) as described
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elsewhere (Pavuluri et al. 2011b). Briefly, an aliquot of filter packed in a tin cup was injected
into EA and the derived gases: CO2 (and N2), were transferred to irMS via ConFlo-II to
measure the 13C/12C in TC. The δ13CTC values relative to Pee Dee Belemnite (PDB) were
calculated using the following formula:

δ13CTC � � 13C=12C
� �

sample=
13C=12C
� �

standard � 1� × 1000:

The water-insoluble OC (WIOC) was estimated from the difference between OC and WSOC.
The sum of EC, OC and CC was considered as TC.

The secondary OC (SOC) was estimated based on the EC tracer method (Castro et al. 1999;
Pavuluri et al. 2011a), although it involves some degree of uncertainty, using the minimum
value of OC/EC ratio obtained during the campaign as follows:

SOC�� �OC� �meas � ��EC�meas × OC=EC
� �

min�
The minimum OC/EC ratios of 2.11 for the whole campaign period and 2.65, 2.84, 2.38 and
2.11 for the autumn, winter, spring and summer periods respectively were used as (OC/EC)min

and the primary OC (POC) contribution from non-combustion sources was assumed to be
negligible. Therefore, the SOC results obtained, and the conclusions drawn from them would
not be significantly affected.

Determination of Radiocarbon in TC

The radiocarbon content in the TC (14CTC) of PM1.3 was determined using an accelerator mass
spectrometer (AMS), as described elsewhere (Pavuluri et al. 2013). Briefly, the carbon of a filter
disc (1.0 cm in diameter) was combusted at 850°C for 5 hr in a quartz tube (25 cm× 9 mm o.d.)
with copper oxide and elemental silver wires, and the CO2 produced was reduced to make a
graphite target for AMS analysis in an automated microscale graphitization vacuum line
(Uchida et al. 2010). 14C contents were measured using the 5MV Pelletron accelerator mass
spectrometer (15SDH-2, National Electrostatic Cooperation, Middleton, USA) at the NIES-
TERRA AMS facility, the National Institute for Environmental Studies (NIES) (Uchida et al.
2004, 2023). All 14CTC are expressed as percentage of modern (non-fossil) carbon (pMC)
(Stuiver and Polach 1977), with δ13C correction. The pMC values were calculated by
normalisation to the standard material NIST SRM 4990c (HOX II) with a known pMC value
(=134.07) as:

pMC � 14C=12C
� �

sample= 0:749 × 14C=12C
� �

HOX II

� �h i
× 100

The carbon amount was quantified manometrically from CO2 gas after combustion. We have
not corrected the 14C results for the blank filter. The amount of TC derived from an untreated
blank filter was less than 0.42 ± 0.21 μgC (n= 3), which represents at most less than 1% of the
TC (50–300 μgC) in each sample, and therefore the blank contribution was considered to be
negligible.

Measurements of Organic Molecular Markers

Organic molecular marker species were measured as described elsewhere (Fu et al. 2010).
Briefly, the organic species were extracted three times with dichloromethane/methanol (2:1;
v/v) under ultrasonication for 10 min each and the extracts were concentrated to dryness
and then derivatized with 50 mL of N,O-bis-(trimethylsilyl)-trifluoroacetamide (BSTFA)
containing 1% trimethylsilyl chloride and 10 mL of pyridine at 70°C for 3 hr.
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The derivatives were diluted to 140 mL with n-hexane containing 1.43 ng mL−1 of the internal
standard (C13 n-alkane) and then analyzed using a capillary gas chromatograph (Hewlett-
Packard 6890) coupled to a mass spectrometer (Hewlett-Packard 5973) (GC/MS). The
recoveries for the authentic standards and surrogates were better than 80% and the analytical
errors in duplicate analyses were less than 10%.

RESULTS AND DISCUSSION

PM1.3 and Carbonaceous Components and Their Temporal Variations

The atmospheric load of PM1.3 and the concentrations of carbonaceous components in the
PM1.3 during the whole campaign period (annual) and in each season: autumn (September–
November), winter (December–February), spring (March–May) and summer (June–August),
are summarized in Table 1. Their temporal variations are depicted in Figure 1. The PM1.3

concentrations varied between 3.36 and 23.9 μgm−3 during the campaign (Table 1) and showed
a clear temporal trend with lower values in autumn followed by a gradual increase to maximum
in summer and then a sharp decrease in autumn, peaking abruptly in late autumn 2009 and
during late winter and early spring 2010 (Figure 1d). On average, the PM1.3 was highest in
summer followed by spring and lowest in winter (Table 1).

Temporal variations of TC and all the organic components: OC, WSOC, SOC and WIOC,
were very similar to each other and similar to those of PM1.3, except for its abrupt peaks during
late winter and early spring (Figure 1b–d). The temporal trend of EC was also generally similar
to that of TC and OC, except during the months February, March and September 2010, when
EC was almost negligible (Figure 1a, c). On average, all the carbonaceous components:
WSOC, OC and TC, as well as EC, were much higher in summer followed by spring and lower
in winter, again similar to the seasonality of PM1.3 (Table 1). On the other hand, TC accounted
for 9.10 ± 2.91% (range, 3.41 to 16.2%) in PM1.3 during the campaign, with an almost equal
contribution in each season: 8.36 ± 2.23%, 8.50 ± 3.68%, 9.00 ± 2.36% and 10.6 ± 3.45% in
autumn, winter, spring and summer, respectively. Such similarities in the temporal patterns and
seasonality among the carbonaceous components as well as with those of PM1.3 from Crete,
suggest that the PM1.3 loading and its composition in the eastern Mediterranean atmosphere
were derived from the emissions of the distant source and intensively aged during the long-
range atmospheric transport, and hence this study provides the regional scenario.

Interestingly, the temporal pattern of the manually estimated CC was found to be exactly the
same as that of the OC (Figure 1a, c). Such similarity suggests that most of the estimated CC in
Crete aerosols might be OC, but not the CC. Therefore, it is likely that the OC reported here
may be underestimated. In fact, the abundance of WSOC in OC (range: 48.5–131%; ave. 77.5 ±
13.2%) was exceeded the 100% in 2 autumn samples, confirming that the OC was
underestimated in this study. However, in order to avoid any possible bias in OC
quantification, we considered keeping only the C content estimated from the final step of
the inert-mode temperature protocol (OC4 fraction) as CC (Kaskaoutis et al. 2020) only. The
fraction of SOC in OC was up to 97.6% with an average of 64.1 ± 25.7% during the campaign
with a higher contribution in winter (70.9 ± 30.5%), followed by autumn (63.2 ± 28.0%),
summer (59.6 ± 23.7) and lower in spring (43.5 ± 31.4%). The higher SOC/OC in winter rather
than in summer suggests that the secondary processes are more intensive in winter as well
and/or that the contribution of EC frommajor sources such as BBmay be much lower in winter
and autumn in the eastern Mediterranean.

Fine Carbonaceous Aerosols from E. Mediterranean 5

https://doi.org/10.1017/RDC.2024.77 Published online by Cambridge University Press

https://doi.org/10.1017/RDC.2024.77


Table 1 Annual and seasonal summary of the concentrations of carbonaceous components and PM1.3 (μgm−3), δ13CTC (‰) and 14CTC (pMC) in the PM1.3

from Finokalia, Crete Island, Greece, the Eastern Mediterranean during October 2009–October 2010. See text for abbreviations.

Annual Autumn Winter Spring Summer

Range Ave. ± SD Range Ave. ± SD Range Ave. ± SD Range Ave. ± SD Range Ave. ± SD

Concentrations (μgm−3)
EC 0.01−0.57 0.13 ± 0.12 0.02−0.17 0.07 ± 0.04 0.01−0.16 0.04 ± 0.05 0.02−0.43 0.18 ± 0.13 0.03−0.57 0.22 ± 0.15
OC 0.21−3.07 0.85 ± 0.60 0.21−1.51 0.66 ± 0.40 0.32−1.14 0.52 ± 0.27 0.32−1.36 0.83 ± 0.33 0.48−3.07 1.40 ± 0.87
CC 0.04−0.23 0.09 ± 0.04 0.04−0.14 0.08 ± 0.03 0.04−0.16 0.07 ± 0.04 0.05−0.23 0.10 ± 0.04 0.06−0.22 0.12 ± 0.05
WSOC 0.18−2.63 0.65 ± 0.47 0.21−1.02 0.50 ± 0.26 0.18−0.69 0.33 ± 0.16 0.30−0.96 0.63 ± 0.21 0.41−2.63 1.11 ± 0.68
WIOC 0.00−0.68 0.21 ± 0.17 0.00−0.55 0.16 ± 0.16 0.05−0.45 0.18 ± 0.13 0.03−0.61 0.20 ± 0.17 0.06−0.68 0.29 ± 0.21
SOC 0.00−2.33 0.58 ± 0.51 0.00−1.29 0.49 ± 0.39 0.00−1.09 0.39 ± 0.33 0.00−1.30 0.39 ± 0.40 0.00−2.33 0.93 ± 0.73
TC 0.30−3.87 1.07 ± 0.71 0.30−1.82 0.80 ± 0.44 0.38−1.24 0.63 ± 0.28 0.46−1.86 1.12 ± 0.41 0.79−3.87 1.75 ± 1.01
PM1.3 3.36−23.9 11.8 ± 5.18 4.37−18.8 10.1 ± 4.70 3.36−23.19 8.55 ± 6.22 7.75−23.3 12.4 ± 4.03 10.3−23.9 15.4 ± 4.24
Isotope ratios
δ13CTC (‰) –26.5−(–)21.1 –24.4 ± 1.00 –26.5−(–)23.0 –24.6 ± 0.97 –26.1−(–)22.2 –24.9 ± 1.30 –24.9−(–)21.1 –24.0 ± 0.96 –25.8−(–)23.4 –24.4 ± 0.70
14CTC (pMC) 54.7−99.1 74.5 ± 10.6 54.7−75.8 66.7 ± 8.89 69.9−81.3 75.6 ± 8.02 61.0-76.0 69.3 ± 6.34 69.0−99.1 82.8 ± 10.1
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 1 Temporal variations in concentrations of (a) EC, CC and WIOC, (b) WSOC and SOC, (c) OC and TC in
PM1.3 and (d) PM1.3 mass, (e) δ13CTC and (f) 14CTC (pMC) in the PM1.3 from Finokalia, Crete Island, Greece, the
Eastern Mediterranean during October 2009–October 2010. See text for abbreviations.
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δ13CTC: Contributions of Continental and Marine Sources

The δ13CTC values in PM1.3 ranged from –26.5 to –21.1‰ during the campaign and their
temporal pattern did not show any seasonality, except for significantly higher values in few
samples during late winter and early spring (Figure 1e), and their mean values were almost the
same in all seasons (Table 1). The δ13CTC in Crete are comparable to the isotopic signatures of
the particles emitted by C3 plants biomass burning (BB) (range, –27.4 to –23.8‰) and fossil fuel
combustion (–26.5 ± 0.5‰ to –24.2 ± 0.6), but not to those of C4 plants BB (range, –19.9 to
–13.8‰) (Turekian et al. 1998; Widory et al. 2004). This comparability indicates that the
eastern Mediterranean aerosols were mainly derived from the BB and fossil fuel combustion.
Furthermore, the stability in the δ13CTC independent to season and TC loadings during the
campaign implies that the PM1.3 should have been derived from the same sources and subjected
for intensive aging throughout the year.

However, since most of the area in this region is covered by the sea, it is important to estimate
the possible contribution of marine sources to the carbonaceous aerosols in this region. It has
been reported that δ13CTC of –26.0‰ and –21.0‰ in atmospheric aerosols indicate the marine
and continental origin, respectively (Cachier et al. 1985; Turekian 2003). As detailed in the
previous section, the Crete aerosols were aged and therefore the 13C must be relatively enriched
in the TC of PM1.3. Therefore, we used the δ13CTC of −26.5‰ and −21.0‰ as end-members of
the continental and marine aerosols to calculate their relative contributions using the following
equation:

δ13Caerosol � fcontinental × δ13Ccontinental � fmarine × δ13Cmarine

fcontinental � fmarine � 1

where fcontinental and fmarine are the fractions of continental and marine carbon, respectively,
and δ13Ccontinental and δ13Cmarine are the δ13C values for end members.

The estimated contributions of continental carbon to TC in PM1.3 in the easternMediterranean
ranged from 2.3–99.5% (ave. 62.3 ± 18.2%) during the campaign, with higher contributions in
winter (71.4 ± 23.6%), followed by autumn (64.7 ±17.7%) and summer (61.3 ± 12.7%), and
lower contributions in spring (54 ± 17.4%). The average contribution of marine carbon to TC
(37.7 ± 18.2%) was close to that reported for marine aerosols at Bermuda (38%) (Turekian
2003) and close to that (45%) at the High Arctic (Narukawa et al. 2008), which was influenced
by continental and marine sources. Thus, it is clear that the Crete aerosols originated mainly
from continental sources such as fossil fuel combustion and BB and could also be of terrestrial
biogenic emissions.

Fossil and Non-Fossil Carbon Contents in TC: Implications for Sources

The 14CTC ranged from 54.7 to 99.1 pMC during the campaign (Table 1) and showed a clear
temporal pattern with a gradual increase from autumn to winter, followed by a decrease until
late spring and then a gradual increase to a maximum in summer (Figure 1f). This temporal
pattern was exactly similar to that of TC and other carbonaceous components and also PM1.3,
except for a few cases (Figure 1). Furthermore, TC concentrations showed a linear relationship
with the 14CTC (Figure 2a) and the correlation coefficient between them found to be relatively
strong (r2= 0.50; p = <0.05). Such similarities among the temporal trends of 14CTC,
carbonaceous components and PM1.3, as well as the linear relationship between TC and 14CTC,
imply that the temporal changes in the atmospheric loadings of carbonaceous aerosols and
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even the total PM1.3 in the eastern Mediterranean atmosphere were driven by the changes in
their contributions from non-fossil carbon (NFC) sources such as BB and/or biogenic emissions
and subsequent secondary processes. While their contributions from fossil carbon (FC) sources
such as fossil fuel combustion emissions were almost stable throughout the year.

Seasonal averages of 14CTC were found to be the highest in summer, followed by winter, spring
and lower in autumn (Table 1). The second highest abundance of 14CTC in winter is opposite to
the seasonal averages of both carbonaceous components and PM1.3, which showed the second
highest abundance in spring and the lowest in winter (Table 1). The dissimilarity in the seasonal
averages, particularly in winter, despite the similar temporal trends (Figure 1), between 14CTC

and the components of PM1.3 also suggests that the NFC sources such as BB must be
important, but the amounts of carbonaceous particles and/or gaseous species emitted from
these sources were not large in winter. To further investigate the role of NFC sources in the
aerosol loading of the eastern Mediterranean atmosphere, we estimated the FC (FCTC) and
NFC in TC (NFCTC) contents in the samples analyzed for 14C measurements (n= 16) based on

(a)

(b)

Figure 2 (a) Scatter plot between the concentrations of TC (μg m−3) and its 14CTC (pMC) and seasonal changes in
average concentrations (bars, μg m−3, error bars show the standard deviation) of fossil (FCTC) and non-fossil carbon
(NFCTC) contents in TC in PM1.3 from Finokalia, Crete Island, Greece, the eastern Mediterranean.
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the 14CTC, and their averages are presented in Figure 2b. Interestingly, the averages of FCTC

were found to be almost equal in autumn, spring and summer and relatively lower in winter
(Figure 2b). On the other hand, the average NFCTC was found to be much higher in summer,
followed by spring and autumn, and lower in winter (Figure 2b). However, the amount of
NFCTC was much higher than that of FCTC in winter and the average mass ratios of the
NFCTC/FCTC were 2.16 ± 0.80 (median, 2.14), 3.33 ± 1.42 (3.33), 2.36 ± 0.67 (2.35) and 21.8 ±
42.8 (5.10), in autumn, winter, spring and summer, respectively. In fact, the higher average
mass ratio in summer was driven by an outlier (109).

These results clearly show that the contributions of NFC sources (including biogenic emissions)
to atmospheric aerosols are very high compared to those of FC sources and vary significantly
from season-to-season, thus controlling the seasonality of the atmospheric loadings of
carbonaceous aerosols and also PM1.3 to a greater extent over the eastern Mediterranean. In
fact, in contrast to our results, the previous studies reported that the anthropogenic sources
such as fossil fuel combustion and BB emissions are the two main sources of aerosols in the
eastern Mediterranean region (Lelieveld et al. 2002; Sciare et al. 2003, 2008), ignoring the role
of biogenic emissions and subsequent secondary formation of the aerosols over this region.

We now examine the importance of NFC sources and subsequent secondary formation of
carbonaceous aerosols, based on the seasonal changes in concentrations of molecular
biomarkers (Figure 3, Pingqing Fu et al. unpublished data, personal communication). The lipid
class compounds such as fatty acids are considered as biomarkers for understanding the
importance of primary biological sources of atmospheric aerosols, and levoglucosan, formed
during the pyrolysis of cellulose, is considered as a biomarker for BB (Simoneit et al. 2004; Fu
et al. 2010). While the sum of species (see Figure 3 caption for list) derived from isoprene, α-
pinene, β-caryophyllene is considered as a biomarker for biogenic SOA, sucrose and mannitol
are recognized as biomarkers for pollen and soil dust including microbes such as fungi and
bacteria (Fu et al. 2010; Simoneit et al. 2004).

The molecular distributions of fatty acids showed a strong even carbon number predominance
at C16 with Carbon Preference Index (CPI) ranging from 1.99–5.19 (ave. 3.21), suggesting that
they are mostly derived from terrestrial higher plant waxes (Fu et al. 2010). The fatty acids load
was abundant in all seasons with slightly higher levels in spring and summer (Figure 3),
suggesting that the contributions of terrestrial biogenic emissions to OA are significant
throughout the year with little increase during the growing season. Mean concentrations of
levoglucosan were much higher in winter, followed by spring and autumn and lowest in
summer, in agreement with Theodosi et al. 2018 (Figure 3). While the loadings of SOA derived
from isoprene, α-pinene and β-caryophyllene were much higher in summer followed by spring
and autumn, and lowest in winter (Figure 3). Sucrose was abundant only in spring and lessor in
other seasons, whereas mannitol was much higher in winter followed by spring and summer,
and lowest in autumn (Figure 3).

In fact, the levels of NFC were always much higher than that of FC in each season during the
campaign (Figure 2b). Despite the minute levels of biogenic SOA and lower levels of fatty acids
in winter, the NFCwas found to be relatively much higher than those of FC, compared in other
seasons during the campaign (Figs. 2b and 3). Therefore, such higher levels of NFC in winter
should have been driven mainly by biomass burning and soil dust, in addition to the primary
biological emissions. In summer, the loadings of SOA derived from all the biogenic VOCs were
much higher than in other seasons (Figure 3) and the NFC levels were almost doubled in
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(a)

(b)

(c)

(d)

Figure 3 Total concentrations (ng m−3) of biomarker species: fatty acids (ΣC8-C32), levoglucosan, isoprene- (Σ2-
methylglyceric acid�cis-2-methyl-1,3,4-trihydroxy-1-butene�3-methyl-2,3,4-trihydroxy-1-butene�trans-2-methyl-
1,3,4-trihydroxy-1-butene�2-methylthreitol�2-methylerythritol) and α-pinene-derived SOA (Σ3-hydroxyglutaric
acid�pinonic acid�pinic acid�3-methyl-1,2,3-butanetricarboxylic acid) species, and β-caryophyllinic acid, sucrose
and mannitol in PM1.3 from Finokalia, Crete Island, Greece, the eastern Mediterranean in autumn (a), winter
(b), spring (c) and summer (d).
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summer to those in other seasons (Figure 2b), despite the minute levels of levoglucosan, sucrose
and mannitol (Figure 3). Such a comparison between SOA and NFC clearly implies that the
increment in the NFC loading must have mainly been driven by the SOA from biogenic VOCs,
in addition to the primary biological emissions in summer.

The relatively high levels of NFC in spring and autumn, respectively (Figure 2b), are in
consistence with the relatively high loadings of fatty acids, levoglucosan and α-pinene SOA in
those two seasons (Figure 3), implying that the emissions from biological sources including
pollen, biomass burning and the SOA from terpenes should have been the major contributors
in the spring and autumn periods. Such seasonal distributions of NFC and biomarkers together
with the comparisons imply that the changes in the atmospheric loading of the NFC and thus
the carbonaceous aerosols were mainly controlled by BB and biogenic emissions including soil
dust and subsequent secondary formation processes in the eastern Mediterranean.

CONCLUSIONS

This study presents the characteristics of carbonaceous components: EC, CC, WSOC, WIOC,
SOC, OC and TC, δ13CTC and 14CTC in PM1.3 collected at a remote marine background site,
the Finokalia Research Station on the Island of Crete, Greece in the eastern Mediterranean
troposphere over a period of one year. Concentrations of carbonaceous components and PM1.3

as well as δ13CTC and 14CTC showed a clear seasonality during the campaign. The δ13CTC

revealed that the fraction of continental carbon is predominant in the eastern Mediterranean
aerosols. The contributions of FC sources to carbonaceous aerosols are almost stable
throughout the year, except in winter. On the other hand, the contributions of NFC sources to
carbonaceous aerosols are much higher than those of the FC sources throughout the year,
although they vary from season to season, thus controlling their seasonality. Furthermore, the
contributions from BB and soil dust are higher in winter, while those from biogenic emissions
and subsequent secondary processes are higher in summer, followed by spring and autumn.
Pollen emissions are significant in spring. More importantly, these results show that although
fossil fuel combustion emissions are significant, BB and biogenic emissions and their
subsequent secondary processes are the main sources of carbonaceous aerosols in the eastern
Mediterranean.
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