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ABSTRACT

We measured stable carbon isotope ratios of total carbon (TC) and organic carbon (OC) in fine carbonaceous
aerosol fraction sampled in August and September 2013 at urban, coastal and forest sites in Lithuania. §'3C
values of TC for all three sites over the whole measurement period varied from —29.3 to —26.6%o, which is in the
range of particles emitted by fossil fuel combustion in Eastern Europe. The isotopic composition at the forest and
coastal site showed a similar variation during two contrasting pollution periods. §'C values in the clean period
were more variable, whereas the polluted period was characterized by a gradual enrichment in 8'3C compared to
the clean period. In the polluted period air masses originated from southern, southeastern or southwestern di-
rection, indicating long-range transport of pollutants from Eastern Europe and Southern Europe to Lithuania.
Oxidative processing during long-range transport or the different source signatures (e.g., enriched 3C signature
of gasoline used in Western Europe vs. Eastern Europe) could cause the less negative 5'Coc values during the
polluted episode. 5'3C for OC desorbed from the filter samples was separately measured during three different
temperature steps (200 °C, 350 °C and 650 °C). OC desorbed at 200 °C had the most depleted 3G signature of
around —29%o at all three sites.

A comparison with previously published data measured during the winter at the same sites showed that both
TC and OC had less negative 5'3C values in winter than in summer, which can be explained by the contribution of
biomass/coal burning sources in winter. At the urban site 5°C of OC did not change much with increasing
desorption temperature in winter, which is typical for primary sources, but in the summer §'3C of OC was
depleted for lower desorption temperatures, possibly due to the influence of SOA formation. A higher fraction of
more refractory OC in summer compared to winter-time suggests active photochemical processing of the primary
organic aerosol as an important process at all three sites.
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A. Masalaite et al.
1. Introduction

Aerosols have an effect on the Earth’s climate e.g. (Ceburnis et al.,
2016; Jimenez et al., 2009; Poschl and Shiraiwa, 2015; Shiraiwa et al.,
2017; Viana et al., 2014), and human health (Butt et al., 2016; Poschl,
2005). Therefore there is a strong scientific interest to investigate the
sources and atmospheric formation processes of atmospheric aerosols. A
significant fraction (20-90%) of atmospheric aerosols consists of
carbonaceous compounds (Jacobson et al., 2000; Jimenez et al., 2009),
of which the major sources are primary emissions from fossil fuel (FF)
combustion, especially in urban areas (Cao et al., 2011; Dusek et al.,
2013b; Masalaite et al., 2015; Szidat et al., 2006), biomass burning (BB),
often dominant in rural areas (Sang et al., 2012; Schurman et al.,
2015b), primary biogenic aerosol emitted in forest areas (Miyazaki
et al., 2012; Schumacher et al., 2013) and secondary formation in the
atmosphere through oxidation of anthropogenic or biogenic precursor
gases (Hallquist et al., 2009; Schurman et al., 2015a). The chemical
complexity of the carbonaceous aerosol fraction makes source appor-
tionment challenging. Numerous studies have been conducted in
different locations worldwide to gain insight into sources and properties
of the carbonaceous aerosol. Due to the relatively short life-time of
aerosols (in the order of 1-2 weeks), their characteristics and sources
can vary strongly in space and time, resulting in regional differences
(Putaud et al., 2004, 2010; Viana et al., 2014) as well as distinct seasonal
variations (Dusek et al., 2017; Kundu et al., 2010; Miyazaki et al., 2012;
Ni et al., 2018; Sun et al., 2015; Vodicka et al., 2019; Zhang et al., 2013,
2018). Residential heating, traffic emissions and limited photochemical
processing have a major influence on aerosol properties during
winter-time in various European locations (Crippa et al., 2013; Garbaras
et al., 2018; Masalaite et al., 2017; Pirjola et al., 2017; Theodosi et al.,
2018).

Total carbon (TC) in atmospheric aerosols is operationally sub-
divided into organic carbon (OC) and elemental carbon (EC) fractions.
EC is produced from incomplete combustion of fossil fuels and biomass
(Bond et al., 2007) and is chemically relatively inert after emission. For
OC, the main primary emission sources are fossil fuel combustion and
biomass burning (in line with EC emissions) as well as primary biogenic
aerosol, such as pollen, spores or plant debris. Moreover, secondary
formation from biogenic and anthropogenic precursor gases constitute a
major and in some locations the dominant fraction of OC (Hallquist
et al., 2009; Jimenez et al., 2009; Zhang et al., 2007). In addition, OC is
affected by various degrees of modification through photochemical
processing, after it is emitted to or formed in the atmosphere (Hallquist
et al., 2009).

The carbon isotopic composition (i.e., the 14¢/12¢ and 13¢/12C ratio)
of total carbon and of separate carbon fractions has been analyzed in a
number of recent studies (Ceburnis et al., 2016; Kirillova et al., 2010;
Martinsson et al., 2017; Vodicka et al., 2019). The'*C/'2C ratio is useful
to distinguish the contributions of fossil fuel emissions and non-fossil
components to the aerosol carbon, because of the absence of *C in
fossil fuels that is due to the half-life of **C of 5730y. The stable carbon
ratio *3C/'2C can for example be used to differentiate marine versus
continental sources (Chesselet et al., 1981; Pavuluri et al., 2011) or
biogenic or biomass burning sources from C3 and C4 plant types (Bal-
lentine et al., 1998; Mkoma et al., 2014). It can also give indication of
the extent of oxidative processing of the organic matter (Aggarwal and
Kawamura, 2008; Pavuluri et al., 2011; Zhang et al., 2016). Most
carbonaceous aerosol sources in Europe originate from C3 plants, and
those derived from fossil fuel mostly have a similar 8'3C signature.
Therefore, the stable carbon isotope ratio values of various sources
overlap to some extent, but regionally some sources can be distin-
guished: e.g. coal tends to be enriched in 1*C compared to particles from
liquid fossil fuel combustion (Widory, 2006).

Several studies are reported with successful use of carbon isotope
ratios as a tracer to identify and apportion pollution sources (Dusek
et al.,, 2013b, 2017; Fisseha et al., 2009a; Kirillova et al., 2010;
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Martinsson et al., 2017; Masalaite et al., 2015; Szidat et al., 2006;
Widory et al., 2004). Dusek et al. (2017) showed that the main source
categories of carbonaceous aerosols at a regional background site in the
Netherlands are fossil fuel combustion, biomass burning and biogenic
secondary organic aerosol material (SOA). Fisseha et al. (2009a)
determined 5'3C values of the different aerosol fractions (water soluble
organic carbon (WSOC), water insoluble organic carbon (WIOC), car-
bonate and black carbon) and found that WSOC is enriched in '°C
compared to other fractions and contributed about 60% to the total
carbon mass. Kirillova et al. (2010) indicated that WSOC in ambient
Stockholm aerosols was 88% of contemporary biogenic C3 plant origin.
Other isotope-based studies confirmed that OC is mostly from non-fossil
sources, determined importance of biogenic SOA (BSOA) and revealed
the importance of BB in winter (Szidat et al., 2009). Most European
source apportionment studies to date have focused on Western Europe.
However, sources of carbonaceous aerosols in Eastern Europe can differ
from Western Europe (Gorka et al., 2014; Masalaite et al., 2012; Widory,
2006; Widory et al., 2004) and more studies in this region are needed.
Source apportionment using 1>C was not very successful in Western
Europe, because the main sources overlap (Martinsson et al., 2017). On
the other hand, due to the different isotopic signatures of coal burning,
liquid fuel combustion and biomass burning (Garbaras et al., 2015;
Masalaite et al., 2017, 2018; Widory, 2006) in Eastern Europe, stable
isotopes can be useful in source apportionment in this region. A few
previous studies on stable carbon isotope ratios in ambient aerosols have
been conducted in the Baltic region (Garbaras et al., 2018; Garbariene
et al., 2016; Masalaite et al., 2017, 2018). The main findings of these
studies were that the dominant pollution sources during winter-time are
fossil fuel combustion and biomass burning, with biomass-derived par-
ticles having a dominant contribution to the mass concentration of
carbonaceous matter (up to 84%). The most detailed study to date by
Masalaite et al. (2018) investigated carbonaceous aerosol sources
depending on particle size and volatility and concluded that the more
volatile carbon fraction of the smallest particles (Dso < 0.18 pm) origi-
nated almost entirely from fossil fuels, whereas the more refractory
carbon fraction in the large size range (0.32< Dsp < 1 pm) was largely
originating from biomass burning at an urban site. Shipping emissions
were linked to OC strongly depleted in 13C observed at a coastal site with
513C values down to —31%o.

So far most of the studies in this region have been conducted during
winter-time. However, the properties and sources of carbonaceous
aerosols during summer time are much more complex due to the
stronger input of biogenic sources, stronger secondary aerosol formation
as well as photochemical aging processes (Aggarwal et al., 2013; Pan
et al., 2018; Sun et al., 2012). The objective of the current study is to
investigate the stable carbon isotopic composition of organic aerosol
during summer time. We investigate the stable carbon isotopic compo-
sition of fine aerosol particles collected during summer and early fall at
urban, coastal and forest sites in Lithuania. By studying §'°C values in
different volatility fractions of the organic aerosol, we aim to gain
insight into formation and aging mechanisms of the organic aerosol. A
comparison with winter-time data from the same sites measured in
previous studies allows to draw conclusions about seasonal changes in
aerosol sources.

2. Methods
2.1. Aerosol sampling and sampling sites

Aerosol filter samples were collected at three sites (urban, coastal
and forest) in Lithuania in August and September 2013. The fine particle
fraction (PMj, d, < 1 pm) of atmospheric aerosol was collected using
high-volume samplers (500 L/min) onto Pallflex quartz fiber filters (150
mm diameter). The automated filter change each 24 h was performed at
the coastal and forest site (Digitel DHA-80) but varied between 1 and 3
days at the urban site, where a manual filter change system was
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employed (Digitel DH-77). Before sampling, all filters were pre-heated
for 24 h at 550 C to avoid possible adsorbed organic contaminants.
All filters were wrapped individually in clean aluminum foil and stored
at —20 °C from the end of sampling until analysis, except during
transport to and from the sampling sites. Blank filters were treated
exactly like the sample filters, except that no aerosols were collected on
them.

All three sampling locations are described in detail by Masalaite et al.
(2017). In short, the location is an urban background site in the capital
city of Lithuania (Vilnius 54° 64’ N, 25° 18’ E). The coastal site (55° 38’
N, 21°, 03’ E) is the air pollution monitoring station in Preila (on the
Curonian Spit), which is a representative coastal background site. The
forest location is an ecological monitoring station located by a lake in
Rugsteliskis (55° 46’ N, 26°, 00’ E), surrounded by a boreal and Scots
pine tree forest (Fig. 1).

Meteorological parameters (air temperature, pressure, precipitation,
wind speed, wind direction) were recorded during the sampling period
at all three locations. Isobaric air mass back trajectories were calculated
for 24 h and 48 h prior to the sampling at a height of 500 and 300 m a.s.1.
with a new trajectory starting every 4 h using the HYSPLIT model (Stein
et al., 2015) (all air mass back trajectories are provided in supporting
material). Air masses from west and/or north were dominant during
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August and the first period in September (09 01-09 09), while southern,
southeastern or southwestern direction air masses were occurring dur-
ing the second period in September (09 10-09 16). Due to the different
TC mass concentrations and according to the classification presented in
Ovadnevaite et al. (2007), the first period is named “clean” (air masses
from the North Atlantic Ocean, the Norwegian Sea and Northern
Europe), whereas the second period is called “polluted” (influence from
Eastern Europe and Southern Europe) in the rest of the manuscript.

The meteorological parameters as average temperature of the day
(24 h), sunshine hours, wind speed, wind direction and rainfall were
measured at the measurement site.

2.2. Analysis of stable carbon isotope ratios in total and organic carbon
fractions

Stable carbon isotope ratios of total carbon (613CTC) are expressed on
the Vienna Pee Dee Belemnite (VPDB) scale and were measured using
sample material from a round punch (1.9 mm in diameter) of the quartz
fiber filter. This filter piece was wrapped into a tin capsule and intro-
duced into an elemental analyzer (Flash EA 1112) connected to a
continuous flow stable Isotope Ratio Mass Spectrometer (IRMS, Thermo
Finnigan Delta Plus Advantage). A caffeine external reference material

oLt

&

Legend

. Coastal
Forest

. Urban

Fig. 1. The three sampling locations coastal (purple dot), forest (yellow dot) and urban (black dot) location. Also shown are isobaric air mass back trajectories
generated by NOAA (Stein et al., 2015) using the “Google Earth” application representing typical examples of west (coastal site 01 09 2013), north (forest site 05 09
2013) and south-east (urban 10 09 2013) air mass types. The 24 h back trajectories were calculated at a height of 500 m a.s.l. with a new trajectory starting every 4 h.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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(613CTC = —27.77 + 0.04%o with respect to VPDB) was measured every
day for calibration. All samples were measured in duplicate and the

standard deviations (%o) of the two measurements (in fact %\/itimes
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as described above.

their difference) are reported as the error bar of 613CTC. Details of 613CTC

measurements are described in previous studies (Garbarieneé et al., 2016;

Masalaite et al., 2017).

Stable carbon isotope ratios of organic carbon (6'3Coc) were

3. Results and discussion

3.1. Summer time data

measured using a thermal-desorption isotope ratio mass spectrometry

(IRMS) system developed at Centre for Isotope Research (CIO) in Gro-
ningen, based on the system described by Dusek et al. (2013a). This
system consists of a commercially available OC-EC analyser (Sunset Inc.)
connected to a continuous flow IRMS (Micromass, now Isoprime Op-
tima) via a custom-made interface. A filter punch is placed in the
front-oven of the Sunset OC-EC analyzer, where the temperature is
changed in three steps from 200 °C, via 350 °C-650 °C. The organic
compounds desorbed at each temperature step are catalytically con-
verted to CO; in the back oven of the Sunset analyzer. The CO5 sample is
sequentially collected in two liquid Ny traps (an initial and a focus trap)
and separated from possible traces of N0 and NO5 using a GC column. It
is introduced into the Optima via a custom-made open split interface.
Reference materials (A caffeine reference with §'°C = 37.7%. and an
oxalic acid reference ‘C7°with 8'°C = 14.5%c) are measured at the
beginning, in the middle and at the end of each measurement day, by
placing a small amount of an aqueous solution of the reference material
on a clean quartz fiber filter, which is subsequently introduced into the
OC-EC analyzer, dried and thermally desorbed at 650 °C. A detailed
description of the measurement system and analytical procedure is
provided by Zenker et al. (2020). The organic compounds desorbed at
each temperature step (200 °C, 350 °C and 650 °C) will be denoted as
“0C,200”, “0C,350” and “OC,650” and the isotopic composition as
613Coc,200, 613Coc,350 and 613C0C,650, respectively, in the rest of the

manuscript.

The method used for removal of carbonate carbon is based on the
NIOSH method 5040 with minor modifications (Kawamura et al., 2004;
Zhang et al., 2014). Filter punches were treated with HCI vapor as fol-
lows. Each filter punch was placed in a glass Petri dish and moved to the
bottom of a glass desiccator, where a glass with HCl was introduced. The
filters were exposed to HCI vapor in the desiccator for one hour. Excess
HCl was removed from the sample by replacing the glass with HCl by a

§"°C..., %o

Figure 2. 5'3Cyc of samples from urban, coastal and forest sites over the whole measurement period. The horizontal shading area denotes the §'3C range for the
specific carbonaceous sources: value of liquid fossil fuel combustion from Masalaite et al. (2015) and value of f-pinene taken from Fisseha et al. (2009b) and a-pinene
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taken from Haberstroh et al. (2019), while the vertical shading area (from 10 to 16 September) denotes a polluted episode.

glass containing NaOH pellets. The filters with removed carbonate car-
bon were analyzed for TC concentration as well as their isotopic ratios,

Fig. 2 presents 8'3C values of TC for all three sites over the whole
measurement period. 8'3Crc values vary from —29.4 = 0.1%o to —26.6
+ 0.4%o at the urban site (average —27.6 + 0.8%o), from —28.5 + 0.1%o
to —27.2 £+ 0.2%o at coastal site (average —27.8 + 0.5%o0) and from
—28.7 £+ 0.2%0 to —26.9 + 0.2%o at the forest site (average —27.9 +
0.5%0). All 8'3Crc values vary within ~2%,. Most reported values lie
broadly in the range of particles emitted by liquid fossil fuel combustion
in Eastern Europe (—28 £ 0.9%o) (Masalaite et al., 2017). The most
negative reported isotopic values overlap with 8'3C of natural source of
aerosol like a-pinene (Haberstroh et al., 2019) and p-pinene (Fisseha
etal., 2009b). This is not surprising considering the fact that higher VOC
emissions from terrestrial plants are observed during summer, especially
at forest sites, as was reported by Martinsson et al. (2017). Meusinger
et al. (2017) reported that Secondary Organic Aerosol (SOA) formed
from a-pinene was only slightly enriched compared to the precursor
VOQ, after all the o -pinene has reacted. Therefore SOA from short-lived
precursors can still reflect the isotopic signature of the precursor VOC.
Some isotope values are more enriched. We should note that the 5'3C
values of a and f -pinene naturally produced by plants is still uncertain.
Haberstroh et al. (2019) provided 8'3C values of typical monoterpenes
emitted by Q. suber and C. ladanifer, a shrub and a tree species, which
varied in the range from —27 to —35%o, with more enriched values
corresponding to draught conditions. They also found that emitted
monoterpenes were depleted in 13C compared to the biomass by several
%o. 5'3Crc values above —27.0% were previously attributed to the
biomass burning materials reported by Garbaras et al. (2015). However,
biomass burning and coal burning emissions used for domestic heating is
minor to the main aerosol particles budget during summer time in
Europe (Puxbaum et al., 2007; Zielonka et al., 2005). Pollutants derived
from coal burning with 513C values between —21%o and —25%o (Widory,
2006) can be transported from regions where coal is used all year round,
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but this contribution is likely to be small (Zielonka et al., 2005). Other
possible sources are SOA from different plant precursors (Miyazaki et al.,
2012), or long-range transport from Western Europe, where liquid fuels
have an enriched isotopic signature compared to Eastern Europe
(Masalaite et al., 2017; Widory, 2006). Moreover, during long-range
transport oxidative processing can result in an enriched isotopic signa-
ture in the OC remaining in the aerosol phase (Aggarwal and Kawamura,
2008). Most likely explanation is a combination between the last two.

Fig. 2 (above x axis) presents the air masse directions that were
dominant at all three receptor sites at the same day. The air masses from
the clean West and North sector are advected over the North Atlantic
Ocean, the Norwegian Sea and Northern Europe and are in general less
influenced by anthropogenic sources such as petrol and diesel burning
emissions, oil and coal combustion (Swietlicki, 1989). The averaged
813Cy¢ values were ~0.5%o lower during the clean period than during
the polluted one for the forest and coastal site.

A survey of the data showed strongly enriched 613C0C,650 values
down to —21%o in some samples at the urban site. The strong enrichment
in 13C at 650 °C was unexpected for the PM; fraction. Strongly enriched
613C0C,650 values suggested the contribution of a specific sources with
high §!3C values. Pollutants derived from coal burning shows §!3C
values between —21%. and —25% (Widory, 2006), however, coal
burning should not be strong source in summer. On the other hand,

Atmospheric Environment 225 (2020) 117374

calcium carbonates, whose §'C~0%o could be an enriched in '3C source,
at least at the urban site. It has been shown that CaCOs desorbs from
filter samples in He at temperatures >550 °C (Huang et al., 2006). Even
though we did not expect much carbonate carbon in the PM; fraction,
we cannot exclude that small amounts are present in some samples. Due
to the strong difference in 5'3C between carbonate carbon and OC, even
a small amount (up to 15%) would be sufficient to significantly alter
8"3Coc,650-

We tested the desorption of CaCOs, using small amounts of CaCO3
standard material applied to pre-cleaned filters. We found that CaCOs3
desorbed at 650 °C, but did not desorb at 550 °C. Therefore we re-
analyzed the urban filter samples with a reduced desorption tempera-
ture of 550 °C for the third temperature step. We found that OC desorbed
at 550 °C had in most cases significantly depleted 613Coc,550 values
compared to OC desorbed at 650 °C and that 613C0C,550 was more
comparable to 8'3Cqc values measured at the lower temperature steps
(200 °C and 350 °C). For the coastal and forest site 513Coc was the same
for desorption temperatures of 550 °C and 650 °C within experimental
uncertainties.

In addition, we tried to directly remove carbonates by acidification
for samples from the urban, coastal and forest site, even though CaCOj3 is
not an expected major source in PM; at the forest and coastal sites. After
carbonate removal, §'°C values had almost the same values as before

a URBAN b COASTAL
_25 T T T T T T T T T T T T _26 T T T T T T T T T T T T T T T T
o TC
8 oc, 200 |
26 ®m 0C, 350 2 i
i [ ] B OC, 550 274 ® % e
2 * g LI e . ©® © 0 o
=274 - 1l o o ®
= § i
[ o o g 4 ° & ° ° T
8 -28 u = . 2 %1 e 3 cexe ©® o
T E n [ ] - LY § ® ®
O n o ] . 1]
S 29 4 o ®
-29 4
2304 b 1 O TC |
oC, 200
314 4 -307 ° ® Oc, 350
® 0C,650
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
©®© 3 8 8 5 g 8 8 & 8 & & = o W D 9 @0 T VWL S X QS AT 0w
S 2z 2 z 8 2 3 28 23 28 3 2 2 g S 2 2 2 2 2 2299222222
N 2 N (=) [=} [=} (=] (=) (=] (=) [=} [=} (=] (=) (=] (=) (=) [=} (=]
]
c FOREST
- T T T T T T T T T T
A TC
oC, 200
A 0C, 350 A 4
-26 - { -
A 0C, 650 17°
AAA
A A
A7 a
o -27 1 t A
=2 A AA AAA
- AT D
O A =
o skt §§ %AA
w28 A - AZ -
A A T A AL
A Aé A A
A A
-29- Il T = % .
A
_30 T T T T T T T T T T T T T T T T T T T T
Ssoen¥sgdgIggsgy e oI ne
Q L X XV X DD DDDDDDDDDDDDDDDDD DD D
S O o oo oo oo oo oo ocococ oo oo

Figure 3. 5'3Cyc and 5'3Coc at all three sites over the whole measurement period. The shading area denotes a polluted episode from 10 to 17 September. 5'3Coc was
measured at different desorption temperatures and the denoted number (200, 350, 550, 650) gives the respective temperature. Error bars denote the standard
deviation, if repeated measurements were made, data points without error bars were measured only once.
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carbonate removal for the 200 °C and 350 °C temperature steps. How-
ever, at the 650 °C step obvious artifacts were caused by the acid
treatment (increased instead of decreased OC mass and unrealistically
depleted 613C0C,650 values down to —42%o). This indicates that the acid
treatment cannot be used for our purpose (figure A1-A3 in the sup-
porting material). Therefore we kept 550 °C as the highest temperature
step for the urban site and used 650 °C data for the other two sites.

The isotopic composition of organic carbon measured at different
temperature steps is presented in Fig. 3(a and b, c). §'3Co¢ follows a
similar temporal trend as 513Cc at all three sites. All 613C0C,200 values
are depleted compared to 8'3Crg values. The depletion was observed for
all values for all three sites. In principle this could be an artefact of the
thermal desorption process, but based on tests (Dusek et al., 2013a;
Zenker et al., 2020) this effect is expected to be rather small. It is more
likely that this depletion is due to (biogenic) SOA, which is depleted with
respect to the precursor gases, if they are only partially reacted (Irei
et al.,, 2014). Additionally measurements of biogenic SOA precursor
gases have shown that they have relatively depleted 5'3C signatures
(Haberstroh et al., 2019), but this could vary with tree species and even
environmental conditions (Rudolph et al., 2003), and photochemical
aging could modify the original SOA signature. That OC desorbed at 200
°C falls into the range of published values of SOA precursors, is therefore
not 100% conclusive evidence that this OC fraction is due to biogenic
SOA.

The values of OC desorbed at 350 °C are close to TC values for most
days. The difference from TC is on average 0.5%o, 0.2%0 and 0.1%o in
urban, coastal and forest sites respectively. However, 613Coc, 350 values
were depleted compared to §'3Cr¢ values during the clean period and
enriched during the polluted period at the coastal and urban site. The
largest variation of §'3Co¢ values is observed at the highest desorption
temperature (650 °C, and 550 °C for the urban site). Nearly all OC, 550
and/or OC, 650 values are enriched compared to TC (with the urban
values showing the highest differences), and mostly, they have the
highest values of all components, but in the polluted episode the OC, 350
values are close to TC. The difference of isotopic composition of organic
carbon at 650 °C and stable carbon isotope values of total carbon
(613Coc,650- 513Crc) varied from —0.3 to 0.9%o at the coastal site and
from —0.5 to 0.6%o at the forest site. The highest difference was found at
the urban site where 613C0C,550 -8'3Cy¢ varied from —0.2 to 1.2%o. In the
pollution episode, air masses originated from south, southeast or
southwest direction indicating long-range transport of pollutants from
Eastern Europe and Southern Europe to Lithuania. Zhang et al. (2019)
demonstrated that 5'°C values of water soluble organic carbon, which
may compose up to 75% of OC, increases during long-range transport.
Oxidative processing during long-range transport or the different source
could cause the enrichment of 5'3Cq values during the polluted episode
(Aggarwal and Kawamura, 2008; Wang et al., 2010; Wang and Kawa-
mura, 2006).

3.2. Clean and polluted episodes

A comparison between sites revealed a similar pattern at forest and
coastal sites, where §!3C values in the clean period were more variable
and clearly more depleted at the forest site. Here data from September
month only is presented when the measurements were performed at
both sites simultaneously. The polluted period (09 10-09 16) is char-
acterized by a gradual enrichment in !3C compared to the clean period
(09 01-09 09). At the coastal and forest sites 8'°C was enriched during
polluted episodes compared to clean episodes at all OC desorption
temperature steps (200, 350 and 650 °C) (Fig. 4(a and b)). The highest
difference between the two distinct episodes occurred at the forest site
where the difference was up to 2%o (Fig. 4 (b)). For the urban site, only
two filters were available during the polluted period, preventing a sound
comparison between clean and polluted periods.

The isotopic composition of OC depends on the isotopic composition
of the major sources and potentially also on chemical processes that OC
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undergoes in the atmosphere. Therefore, 3'3C of OC can be influenced
by meteorological conditions (humidity, temperature, solar radiation)
as they can change the chemical processes that act on the organic aerosol
and/or by wind direction, which can indicate different source contri-
butions depending on air mass origin. Despite the low number of ob-
servations some dependence of 8!°C on sunshine hours and wind
direction was observed at the forest site. For the urban site no clear
dependence of §'3Coc on meteorological parameters was observed,
likely due to the proximity and variability of primary emission sources in
the urban environment. At the coastal site there was also no clear de-
pendency of 8'3Cqc versus meteorological conditions (Fig. A4-A5 in the
supporting material). Fig. 5(a and b, ¢) shows the dependence of §'3Coc
at three different desorption temperatures on sun shine hours and wind
direction at the forest site. Fig. 5 (a) presents sun shine hours via
613C0C,200 for two different wind sectors (west and north in blue and east
in red). The 813C0C,200 values are clearly different for the different wind
sectors, with the easterly wind sector showing enriched !3C signatures
compared to the westerly wind sector, especially for low sunshine. A
weaker dependence was observed between 613C0C,200 and sun shine
hours. Longer sunshine hours are an indicator of enhanced photo-
chemical activity, most likely resulting in stronger SOA formation
locally at the forest site. However, local sunshine hours are not a perfect
indicator of photochemical aging, as that process of course depends on
the sunshine hours along the whole back trajectory. During westerly and
north wind direction 513Coc,2oo (blue symbols) did not depend on sun-
shine hours (R? = 0.2) and are close to published values of a-pinene, a
SOA precursor. Our hypothesis is that during westerly and north wind
directions relatively clean air masses reach the site without much long-
range transport of anthropogenic pollution. OA should then be domi-
nated by local/regional biogenic SOA formation, irrespective of local
sunshine hours. On the other hand an anti-correlation (R2 = 0.5) be-
tween sunshine hours and 613C0C,200 was observed during easterly wind
direction (red symbols), such that 613C0C values tend to be enriched for
low sunshine hours and become more depleted with longer sunshine
hours. During south-easterly wind directions air masses are advected
over more polluted regions and we assume that OC results from local
production of SOA (which is depleted in 13¢) that condenses on OA
transported to the site. Higher temperature and high solar radiation are
associated with increased SOA formation. On days with longer sunshine
hours the regional SOA formation presumably dominates over long-
range transport and 613C0c,200 values approach the ones measured
during the clean conditions north and westerly wind directions. If there
are only few sun hours (little solar radiation) local SOA formation is
weak and the total OA 8'3C values are dominated by the relatively
enriched values associated with long-range transport. This hypothesis
still requires further corroboration, for example by analysing chemical
SOA tracers, or laboratory experiments into SOA formation and aging.
513C0c measured at 350 °C (R? = 0.3) and 650 °C (R? = 0.5) showed
potentially a slight tendency towards depleted values (Fig. 5(b and c)),
when solar radiation was high, but there are too few data points for a
firm conclusion.

Fig. 5(d) shows the difference between more and less volatile frac-
tions of organic carbon expressed as 613Coc,350 - 613COC,650 (%o). As
suggested in Masalaite (2017), this difference can be indicative of
photochemical aging, since more oxidized and less volatile reaction
products tend to accumulate in the less volatile OC fraction. Due to the
kinetic isotope effect these reaction products tend to be depleted in *3C.
Indeed, during easterly wind directions (associated with longer aging
times during long-range transport) the less volatile fraction (OC, 650)
was depleted in 3¢ compared to the more volatile fraction (OC, 350).
However, for westerly and north wind directions this effect is absent, as
would be expected, if the aerosol is more locally produced and less aged
(in fact OC, 350 is slightly depleted compared to OC, 650).

Fig. 6 shows the OC mass concentration desorbed at different tem-
perature steps (thermogram) for each site during clean and polluted
episodes. The desorbed total OC mass concentration was clearly the
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Figure 4. 5'3C variation of ambient aerosol samples collected at the coastal and forest sites at different desorption temperature: 200 °C, 350 °C and 650 °C during
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Figure 5. 8'3Coc dependence on sun shine hours and dominant wind direction at forest site.

3.3. Comparison with winter-time data

smallest at the forest site (1.09 pg/m>) during the clean episode. OC

desorbed at 350 °C accounted for the highest fraction of OC mass frac-
tion at all sites, both during polluted and clean periods. More refractory
OC released at the 650 °C temperature step constitutes ~30% of total OC

at all sites.

A previous study analyzed 5'°C of carbonaceous aerosol samples
(PM; fraction) collected at the same three sites (urban, coastal and
forest) in winter (Masalaite et al., 2017). Carbonaceous aerosol was
clearly depleted in '3C in summer samples compared to the winter
samples, both for total carbon (Fig. 7) and OC desorbed at different
temperature steps (Fig. 8 (a)). In winter §'3C of TC and OC varied
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Fig. 6. Desorbed Organic Carbon (OC) mass concentration at different
desorption temperatures: 200 °C, 350 °C and 650 °C (550 °C at the urban site)
during clean and polluted episodes at the three sites.

between gasoline/diesel fuel combustion generated particles typical for
Eastern Europe (—28 + 0.9%o) and particles emitted from a source with
613CTC = —25.1 £ 0.2%o (i.e. biomass burning emissions or a mixture of
biomass and coal burning). Comparing with our present data, the sea-
sonal difference is evident at all sites and can be most clearly seen for the
forest site (Fig. 7). Note that we used the measured §13C values for the
urban site without removal of the carbonates for the seasonal compar-
ison, since the carbonates were not removed in the previous winter
samples study.

The observed difference in isotopic composition is primarily due to
different pollution sources during summer and winter. Biomass burning
is still widely used for domestic heating in Lithuania and it is one of the
dominant sources of aerosol particles in winter (Masalaite et al., 2017).
The main types of biomass used for heating in the winter-time have a
relatively enriched isotopic signature ranging from —25.5%o to —27.0%o
(Garbaras et al., 2015) and particles from coal combustion have 513C of
around —25 + 0.5%o (Widory, 2006). 613CTC values at the forest site
were the most enriched in 'C compared to the average 5'3Crc of all
three sites in winter time, most likely due to less traffic sources in the
area. However, in the summer, isotopic signatures at all three sites are
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Figure 7. 8'3Crc variation in summer and winter seasons at all three sites. The
minimum and maximum values are the end and beginning of the box, mean-
while the average value is represented as a line in the middle of the box. The
summer values are from this study, the winter values are from Masalaite
et al. (2017).
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comparable. A strong reduction in biomass burning in the summer is
therefore a likely cause of the depleted 3C signatures for both TC and
OC. Only particles released during gasoline and diesel combustion are
common all year round and independent of the season. This source of
aerosol particles may be dominant in the urban area during summer
time when all sources of heating (coal, biomass burning and so on) are
absent.

On the other hand, the summer time is favorable for biogenic emis-
sions and enhanced secondary organic aerosol formation from biogenic
or anthropogenic sources. The isotopic signature of ambient biogenic
SOA is not very well known, as in most chamber experiments
commercially available SOA precursors are used for experiments.
Studies by Fisseha et al. (2009b) and Haberstroh et al. (2019) provides
evidence that biogenic SOA precursors are depleted compared to bulk
plant biomass due to the way in which they are metabolized. So we can
assume that BSOA precursors are depleted and SOA formation itself
leads to even more depleted aerosol products, if the precursor is only
partially reacted. However, the §'3C of the primary biogenic aerosol can
be assumed to be in the same range as BB (—28 to — 26%o). Our 53¢
measurements of OC during the clean period at the forest site might be a
good approximation of the isotopic signature of biogenic SOA in a pine
tree dominated forest. The relatively depleted isotopic §'3Co¢ values of
around —29%o (OC, 200) (see Fig. 2) are in line with the 513C values of
B-pinene reported by Fisseha et al. (2009b) and a-pinene reported by
Haberstroh et al. (2019). An increase of biogenic SOA during summer
time would further contribute to depleted 13C signatures of the organic
aerosol compared to winter time.

513Coc values at different desorption temperatures were also
depleted in summer samples compared to winter samples (Fig. 8 (a)), in
the same way as with 5!3Crc values. Note that we used the measured
5'3Coc values in two desorption temperature ranges (100-200 °C and
250-350 °C) for the seasonal comparison, since this was the maximum
desorption temperature in the previous winter study. In the summer,
§13Coc values were similar at all sites and at the three desorption tem-
perature steps (Fig. 4), whereas in the winter 8'°Coc values were the
most enriched in the urban site and more depleted at coastal and forest
site. This difference between the sites in winter was explained by SOA
formation (which leads to OC depleted in 13C). SOA formation is slow in
winter. Therefore, primary aerosol particles prevail at the urban sites
and increased contribution of SOA is apparent at the more remote sites.
In the summer, SOA formation is important at all three sites, leading to
OC that is depleted with respect to TC.

This is also supported by a large difference in 5'3C between more and
less refractory OC, found in this study for the summer. This large dif-
ference can be related to a higher contribution of secondary organic
compounds (biogenic and other). SOA is thought to be isotopically
depleted due to kinetic fractionation and likely depleted biogenic pre-
cursor gases. Since recently formed SOA tends to contribute significantly
to the less refractory OC, this results in a OC, 200 that is depleted
compared to OC, 350. In winter the difference between OC desorbed at
lower and higher temperatures (less and more refractory OC) is small at
the urban site (Masalaite et al., 2017), which is typical for primary
sources (Zenker et al., 2020) and it becomes larger for the coastal and
forest sites.

Despite the importance of SOA formation, in summer the aerosol
contains a higher fraction of more refractory OC than in winter at all
three sites (Fig. 8(b)). The difference was highest at the urban site - from
70% of less refractory OC in winter to 70% of more refractory OC in
summer. There are several possible reasons for such change. First, par-
titioning of semi-volatile OC to the particle phase is reduced in summer
due to the higher ambient temperatures. This would lead to a lower
fraction of OC that is desorbed at the 200 °C temperature step (Ma et al.,
20165 Ni et al., 2019). However, this cannot explain the difference be-
tween the sites, since temperatures were warmer in summer at all three
sites. A higher fraction of more refractory OC (Fig. 8 (b)) can also suggest
active photochemical processing of the primary organic aerosol and/or



A. Masalaite et al.

Desorption T, °C

a WINTER SUMMER "4 250-350 Urban
250-350 Coastal
250-350 Forest
264 D """""""""""""""""""""""""""""""""""""""""""" 0O 100-200 Urban
@ 100-200 Coastal
A 100-200 Forest
27 o L

Jd0 0 b
¢

-30

§"Cy.. %o

-31

T T T T T T
Urban  Coastal Forest Urban Coastal Forest

Atmospheric Environment 225 (2020) 117374

b URBAN FOREST

100

COASTAL

Desorption T, °c

I 250-350
100-200

80

< 60
a
[%2]
£
o 404
o)
20
0

T T T T T T
winter summer winter summer winter summer

Fig. 8. Comparison of 813C0C—thermograms of ambient aerosol samples collected at the urban, coastal and forest sites during winter and summer time; error bars
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SOA. Photochemical processing is enhanced in the summer and is known
to make the aerosol less volatile (Holzinger et al., 2013; Kroll and
Seinfeld, 2008). Primary OC is usually much more volatile than aged,
ambient particles (Keller and Burtscher, 2017; Vodicka et al., 2015).
This is in line with our previous hypothesis that at the urban site OC is
mostly primary in winter and suggests that photochemical processing
changes OC properties at the urban scale in summer. In principle,
photochemical processing would lead to an enriched '°C signature in the
less refractory OC, via the kinetic isotope effect. Since the '3C signature
of the original (biogenic) SOA is unknown, it is unclear if and to which
extent this effect is important.

4. Conclusions

The stable carbon isotope variation of carbonaceous aerosol was
investigated at three different sites (urban, coastal and forest) in
Lithuania during August and September 2013. The collected samples
showed a similar isotopic composition for TC as well as for OC at all
three sites. The most depleted §'3C values were found during a clean
episode, with air masses from the North Atlantic Ocean, the Norwegian
Sea and Northern Europe. In contrast, 5'C values were enriched at all
OC desorption temperature steps during a polluted episode, where long-
range transport of air masses from Eastern Europe and Southern Europe
prevailed. From the start to the end of the pollution episode the §'3Cqc
values increased by 2%. on average. Our study suggests that of all the
many potential sources contributing to the carbonaceous matter,
increased biogenic SOA formation during the sunny days of the pollution
episode most likely explains this observation. Long aging time of the
organic aerosol during long-range transport, which can change §'*Coc
via kinetic fractionation, could explain depleted §!C values in the most
refractory OC fraction in the polluted episode.

The seasonal comparison of the isotopic composition measured at all
three sites (by combining data from this study with a prior one (Masa-
laite et al., 2017) revealed that carbonaceous aerosol was clearly
enriched in '3C in winter samples compared to summer samples. The
seasonal difference is evident at all sites and reflects the absence of
biomass burning emissions in summer, which are isotopically enriched
compared to liquid fossil fuel burning emissions. The effect can be most
clearly seen at the forest site.

The differences in 5'3C between more and less refractory OC is larger
during summer time, which can be explained by stronger photochemical
aerosol aging and/or SOA formation. An analysis at different desorption
temperatures revealed that refractiveness of the aerosol particles
changes during the seasons. Less refractory OC, desorbed at tempera-
tures below 200 °C was dominant during winter time at all three sites,
whereas more refractory OC dominated during summer time. A larger

fraction of more volatile OC could be caused by partitioning of semi-
volatile OC to the particle phase due to the lower ambient tempera-
tures in winter. In addition, photochemical processing makes the aerosol
less volatile and these processes are enhanced in the summer. Consid-
ering the fact that primary OC is more volatile than aged, ambient
particles, we can conclude that OC is mostly primary in winter (biomass
burning) at the urban site, whereas in summer photochemical process-
ing is active which thus changes OC properties at the urban scale.
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