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• Different seasonal δ13C values point to
different seasonal TC sources.

• The highest δ13C was found in winter,
while the lowest δ13C was in summer.

• WSOC was most enriched in 13C,
followed by TC, and TCgas was most de-
pleted.

• Differences between δ13C of WSOC, TC
and gaseous TC are similar throughout
the year.

• The Δδ13C between the particulate and
gas phases of TC does not dependent
on the source.
⁎ Corresponding author at: Institute of Chemical Proces
E-mail address: vodicka@icpf.cas.cz (P. Vodička).

https://doi.org/10.1016/j.scitotenv.2021.149767
0048-9697/© 2021 The Authors. Published by Elsevier B.V
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 3 May 2021
Received in revised form 3 August 2021
Accepted 15 August 2021
Available online 24 August 2021

Editor: Pingqing Fu
Isotope fractionation between the gas and aerosol phases is an important phenomenon for studying atmospheric
processes. Here, for the first time, seasonally resolved stable carbon isotope ratio (δ13C) values are systematically
used to study phase interactions in bulk aerosol and gaseous carbonaceous samples. Seasonal variations in the
δ13C of total carbon (TC; δ13CTC) and water-soluble organic carbon (WSOC; δ13CWSOC) in fine aerosol particles
(PM2.5) as well as in the total carbon of part of the gas phase (TCgas; δ13CTCgas) were studied at a suburban site in
Prague, Czech Republic, Central Europe. Year-round samples were collected for the main and backup filters from
14 April 2016 to 1 May 2017 every 6 days with a 48 h sampling period (n = 66). During all seasons, the highest
13C enrichmentwas found inWSOC, followedby particulate TC,whereas the highest 13C depletionwas found in gas-
eous TC.We observed a clear seasonal pattern for all δ13C, with the highest values inwinter (avg. δ13CTC=−25.5±
0.8‰, δ13CWSOC = −25.0 ± 0.7‰, δ13CTCgas = −27.7 ± 0.5‰) and the lowest values in summer (avg. δ13CTC =
−27.2 ± 0.5‰, δ13CWSOC = −26.4 ± 0.3‰, δ13CTCgas = −28.9 ± 0.3‰). This study supports the existence of
different aerosol sources at the site during the year. Despite the different seasonal compositions of carbonaceous
aerosols, the isotope difference (Δδ13C) between δ13CTC (aerosol) and δ13CTCgas (gas phase) was similar during the
seasons (year avg. 1.97 ± 0.50‰). Moreover, Δδ13C betweenWSOC and TC in PM2.5 showed a difference between
spring and winter, but in general, these values were also similar year-round (year avg. 0.71 ± 0.37‰). During the
entire period, TCgas and WSOC were the most 13C-depleted and most 13C-enriched fractions, respectively, and al-
though the resulting difference Δ(δ13CWSOC − δ13CTCgas) was significant, it was almost invariant throughout the
year (2.67 ± 0.44‰). The present study suggests that the stable carbon isotopic fractionation between the bulk
aerosol and gas phases is probably not entirely dependent on the chemical composition of individual
carbonaceous compounds from different sources.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Carbonaceous aerosols usually represent a major component of par-
ticulatematter (PM) in the atmosphere, andmeasurement of the stable
carbon isotope composition (δ13C) is one of the tools for exploring the
processes taking place therein (Gensch et al., 2014). Isotopic fraction-
ation between particulate matter and its gaseous precursors can be
used for possible identification of aerosol sources, especially inorganic
components (e.g., Wang et al., 2017). In the case of carbonaceous aero-
sols, the study of isotopic transformations ismore complicated than that
of inorganic aerosols due to the presence of many organic compounds.
Changes in the isotopic composition of a mixture of carbonaceous sub-
stances can be very complex.

In general, isotopic composition is mainly altered by equilibrium
and/or kinetic fractionation processes. The kinetic isotope effect (KIE),
whichoccursmainly duringunidirectional (irreversible) reactions of or-
ganic substances, plays the main role in initial isotope fractionation.
Here, we define the KIE as the ratio of light isotope 12C to heavy isotope
13C reaction rate coefficients. During chemical reactions with KIE > 1,
compounds containing 12C react slightly faster than those containing
13C, leading to an initial increase in δ13C of precursors and a decrease
in products. Over time, as the δ13C of the precursors increases, the prod-
ucts also become isotopically heavier with more 13C. The reaction prod-
ucts can undergo further reactions where depending on the KIE,
additional changes in δ13C occur. Moreover, if equilibrium separation
between phases occurs, then the products are more enriched in 13C in
the aerosol phase than in the gaseous phase (Gensch et al., 2014).

Depending on the vapor pressure, organic compounds can
participate in the gas phase (volatile organic compounds, VOCs), the
aerosol phase (low-volatile organic compounds, LVOCs), or both phases
(semivolatile organic compounds, SVOCs). This suggests that isotopic
fractionation between the gas and aerosol phases ismainly affected dur-
ing the partitioning of SVOCs. In this context, it is important to mention
that aerosols exist predominantly in equilibrium with the gas phase. In
particular, SVOCs are affected by this equilibrium state and, together
with their vapors in the gas phase, form a kind of dynamic continuum
with each other. In this mixture, all the components interact and thus
influence each other (Donahue et al., 2009).

There are two general approaches to studying δ13C in the aerosol
phase. First, compound-specific measurements can be used to investi-
gate individual marker molecules. This is especially useful, for example,
in studying the aging process of aerosols (Gensch et al., 2018; Pavuluri
and Kawamura, 2016), tracking biomarkers in the atmosphere
(Bendle et al., 2007), or studying the mechanism of transformation of
secondary organic aerosols (SOAs) (Fisseha et al., 2009b). The second
approach involves isotopic analysis of total carbon (TC) in bulk aerosols
or analysis of subgroups such as elemental carbon (EC), organic carbon
(OC), water-soluble organic carbon (WSOC) or water-insoluble organic
carbon (WINSOC). The δ13C of TC and its twomain components, EC and
OC, are most often analyzed (e.g., Cao et al., 2011). EC is usually not a
product of secondary chemical changes; thus, the δ13C of EC depends
mainly on the primary sources fromwhich carbon originates and differs
only slightly from the δ13C of the primary sources (Kawashima and
Haneishi, 2012; Ni et al., 2018). However, based on the primary sources,
the δ13C of EC can exhibit seasonal changes (Bai et al., 2021).

Thus, most of the secondary isotopic changes in δ13C related to the
KIE occur in organic compounds that contribute part of the OC. Several
studies (Fisseha et al., 2009a; Pavuluri and Kawamura, 2017; Wozniak
et al., 2012) have shown that theWSOC fraction is often more enriched
in 13C than the TC or WINSOC fractions. The most 13C-enriched carbon
is observed in aerosols from C4 plants (Turekian et al., 1998) or in
carbonates, which are mainly contained in the coarse fraction
(Kawamura et al., 2004). In this context, there is an interesting
observation at a suburban site in Vilnius by Masalaite et al. (2015),
who reported a gradual increase in δ13CTC from low values in fine
particles to high values in large particles, probably due to different
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sources and different reactivity of the fine particles compared with the
coarse fraction.

Regarding the different sources and the isotopic fractionation of their
products,Widory (2006) observed a clear link between the physical state
of different types of fuels, their combustion byproducts and their δ13C,
showing that gaseous byproducts were the most depleted in 13C, liquid
fuels had intermediate δ13C values and solid fuels (coal) yielded the
highest δ13C. Widory (2006) also showed that the combustion gases are
depleted in 13C by approximately −1.3‰ for all types of fuels. Different
causes of isotopic fractionation have been observed in the burnt products
of C3 and C4 plants (Turekian et al., 1998). However, in the case of aerosol
particles from biomass combustion, Garbaras et al. (2015) showed that
isotopic fractionation depends not only on the origin of biomass but also
on the size of the emitted particles and the combustion efficiency.

All the abovementioned isotopic changes are reflected in the final
isotopic composition to varying degrees in different seasons. Seasonal
variations in δ13C depend on locations and aerosol sources, as reported
for TC, WSOC and other subgroups (e.g., Bikkina et al., 2017; Miyazaki
et al., 2012; Ren et al., 2019; Vodička et al., 2019). The δ13C in the gas
phase has mostly been studied on specific nonmethane VOCs or groups
of VOC substances (Goldstein and Shaw, 2003; Saito et al., 2009, 2002).
Isotope fractionation values between the gas and aerosol phases are
known for inorganic compounds or specific organic substances
(Heaton et al., 1997; Saccon et al., 2015). It can be assumed that some
level of isotope interphase fractionation should also be observed for
bulk carbonaceous material, with the hypothetical effect of different
bulk compositions. Interestingly, to the best of our knowledge, no stud-
ies have reported the δ13C of TC in the atmospheric gas phase, with the
exception of Meusinger et al. (2017), who reported the δ13C of TC of
SOAs arising from α-pinene experiments in the aerosol and gas phases.
Thus, the main objective of this study is to investigate the stable carbon
isotopic fractionation that is hypothesized to occur in the carbonaceous
materials between the gaseous and aerosol phases and to determine if it
changes significantly with different emission sources in the atmo-
sphere.With this hypothesis,we carried out themeasurements at a sub-
urban site in Prague,where a different origin of carbonaceous aerosols is
available, which is significantly printed in the δ13C values. In this paper,
we present the first study that systematically investigates seasonal var-
iations in δ13C of WSOC and TC in the PM2.5 fraction together with δ13C
of gaseous phase TC in the atmosphere in Central Europe. These results
may be interesting for isotope source models (Parnell et al., 2010) and
can serve to improve our understanding of the fundamental processes
taking place between the aerosol and gas phases.

2. Experimental methods

2.1. Measurement site

The Prague-Suchdol urban background site (50°7′39.79″ N, 14°23′
4.30″ E, 277m a.s.l.) is located on the campus of the Institute of Chemical
Process Fundamental (ICPF). The campus is in the northwest suburbs on
the edge of the plateau above Prague (population of approximately 1.3
million) approximately 6 km northwest of the Prague city center and
9 km east of the Václav Havel Airport Prague. The distance from the
nearest road (daily traffic of approximately 15,000 vehicles) is approxi-
mately 250 m, and there is no other major road within 1 km of the site.
The whole campus is surrounded by houses using mainly gas but also
coal and wood for domestic heating. Directly on campus, an automated
monitoring system is operated by the Czech Hydrometeorological
Institute that provides meteorological data (wind speed and direction,
temperature, relative humidity, and solar radiation) andozone concentra-
tions. The site was characterized in a few studies in terms of seasonal dif-
ferences in aerosol chemical composition. Studies of Schwarz et al. (2008)
and Vodička et al. (2013) characterized this suburban site to present sea-
sonal changes and differences on carbonaceous aerosols as well as evi-
dence for winter higher volatility (freshness) of aerosols in comparison
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to rural background site. Kubelová et al. (2015) reported the highly time-
resolved chemical composition of fine aerosols during winter and sum-
mer. These studies identified a more oxidized aerosol in summer than
in winter and, based on organic fragment analysis, demonstrated the ef-
fect of wood burning in winter and higher pollution levels in winter,
which is reflected in the size distribution of the aerosol particles. Finally,
a prior source apportionment study (Schwarz et al., 2019) distinguished
nine common sources of aerosols at the Prague site with a significant im-
pact of residential heating and biomass burning during winter.

2.2. Sampling and weighing

We collected samples every 6 days for 48 h from 14 April 2016 to 1
May 2017 using a Leckel sampler equipped with a PM2.5 sampling inlet
(Leckel GmbH, Germany). The sampler was operated at a flow rate of
2.3 m3 h-1 with prebaked (3 h, 800 °C) quartz fiber filters (Tissuequartz,
Pall, 47 mm in diameter). During the entire campaign, we used the tan-
dem samplingmethod, with front and back quartz fiber filters in series,
which resulted in 64main aerosol samples (front filters) and 64 backup
(back) filters; on the backup filters, only the partial gaseous compo-
nents were adsorbed. We corrected positive artifacts caused by adsorp-
tion of organic vapors on filters for each sample separately by
subtracting the measured carbon concentrations on the corresponding
backup filter. This method, called the quartz behind quartz approach,
provides a robust estimate of the positive artifact on the front quartz fil-
ter (Subramanian et al., 2004). The backup filter should reach equilib-
rium with the gas phase at a sufficient sampling volume (Cheng et al.,
2009; Subramanian et al., 2004), which we achieved with approxi-
mately 110 m3 per sample. In addition, field blanks were taken for
each lot of filters to correct the backup filters and thus find the real con-
tribution of carbon-containing gaseous compounds on these filters.

The collection of one sample (21 January 2017) was automatically
interrupted after 23 h due to choking of the sampler during a smog
event. Moreover, we collected two extra samples with 24 h time resolu-
tion between 30 April and 1 May 2016 and 2017, which represent an
event called ‘Burning of Witches’ (BoW). This event is traditionally con-
nected with the burning of thousands of fires on the last evening of April.

To obtain PM2.5 mass concentrations, we weighed each filter before
and after sampling with a microbalance (sensitivity ±1 μg, Sartorius
M5P, Sartorius AG, Göttingen, Germany) in a controlled environment
(50 ± 3% relative humidity and 20 ± 1 °C after filter equilibration
for 24 h). We corrected each of the final aerosol PM2.5 mass
concentrations by the weight of the corresponding backup filter.

2.3. EC and OC analysis

The load of OC and EC (TC=OC+EC) on the quartz fiber filters was
analyzed by a semicontinuous thermal-optical carbon analyzer (Sunset
Laboratory Inc., USA) operated in off-line mode. Filter discs (2.01 cm2)
were cut, and the analyses were performed using the EUSAAR2 proto-
col: step [gas] temperature [°C]/duration [s] (fraction): He 200/120
(OC1), He 300/150 (OC2), He 450/180 (OC3), He 650/180 (OC4), He-
Ox. 500/120 (EC1), He-Ox. 550/120 (EC2), He-Ox. 700/70 (EC3), He-
Ox. 850/120 (EC4) (Cavalli et al., 2010). Automatic optical corrections
for charring were made during each measurement, and the split point
between EC and OC was determined automatically (software:
RTCalc726 with linear fit laser/temperature correction, Sunset Lab.).

We corrected the resulting TC concentrations of aerosol particles (as
well as the concentrations of OC, EC and their fractions) using the corre-
sponding backup filter concentrations as the real blank measurement
(the positive artifact) for each main filter according to Eq. (1):

TC ¼ TCmain − TCbackup, ð1Þ

where TCmain and TCbackup represent the raw (uncorrected) TC mass
concentrations on the main (front) and backup filters, respectively.
3

Moreover, the field blanks collected from all filter lots (n = 10) were
measured to identify artifacts of the filters themselves with the follow-
ing average values [μgC/cm2 ± stdev]: OC = TCblank = 1.36 ± 0.13,
OC1 = 0.73 ± 0.04, OC2 = 0.14 ± 0.04, OC3 = 0.21 ± 0.05,
OC4 = 0.24 ± 0.05, PC = 0.04 ± 0.06, EC = 0 ± 0. In addition, the
backup filter concentrations were corrected by field blank measure-
ments to obtain the real TC mass concentration of gas (TCgas) collected
on these filters according to Eq. (2):

TCgas ¼ TCbackup − TCblank, ð2Þ

where TCblank represents the TC mass concentration on blank filters.
The TCbackup mass concentrations were thus used both to determine
the positive artifact of TC and to determine the contribution of the gas-
eous component TCgas.

Because TCgas is one of the three pillars for subsequent isotope anal-
ysis in this study, it is useful to characterize what it actually represents.
The OC adsorbed on a backup quartz fiber filter usually represents only
5-10% of the total carbon gaseous components if equilibrium is reached
with the gas phase (Subramanian et al., 2004). The collection efficiency
of ultrafine particles (UFPs) on the first quartz fiber filters is almost
100% due to the diffusion process, which is confirmed by zero EC con-
centrations detected on backup filters (Kuwabara et al., 2016). In gen-
eral, penetration of submicron particles via a quartz fiber filter is not
higher than 0.5% at 70 nm but is usually lower than 0.05% (Zíková
et al., 2015), so the contribution of UFPs and larger primary particles
on a backup filter is negligible. However, TCgas may contain gaseous
OC evaporated from collected PM, especially due to volatilization of
SVOCs (Eatough et al., 1993). Different substances are observed be-
tween SVOCs on backup filters, e.g., dicarboxylic acids (Limbeck et al.,
2001) and polycyclic aromatic hydrocarbons (Hart and Pankow,
1994), as well as ketones, alcohols or alkanes, and in general, polar sub-
stances are better captured than nonpolar substances on quartz fiber
backup filters (Arp et al., 2007). Thus, TCgas represents a few percent
of the total gaseous carbon emissions admixed with evaporated OC
from particles captured on the front filter, mainly from themost volatile
fraction OC1. Although TCgas does not represent the total gaseous part
of carbon, it can serve as a rough estimate of the gaseous component,
which is closely related to the aerosol phase.

2.4. Determination of the δ13C of TC

Concentrations of TC and stable carbon isotope ratios were mea-
sured for both aerosol and gas phase samples collected on the main
and backup filters, respectively. We placed filter cuts (area 0.64, 1.13
or 2.01 cm2) in a precleaned tin cup and, using an autosampler, intro-
duced them into the elemental analyzer (EA; Flash 2000). Samples
were heated inside the EA at 1000 °C in a quartz column with a helium
atmosphere. During this step, the tin cup with folded samples burns,
and all carbonaceous species evolve and are catalytically oxidized to
CO2. The released CO2 was measured with a thermal conductivity
detector for TC and then transferred online to an isotope ratio mass
spectrometer (IRMS; Delta V, Thermo Fischer Scientific) through a
Conflo IV interface to measure the 13C/12C ratios.

An external standard in the form of acetanilide (provided by Thermo
Electron Corp.), with a δ13C of−27.26‰ relative to the Vienna Pee Dee
Belemnite (VPDB), was used to determine calibration curves for the cal-
culation of TC and its isotope values. Then, we calculated the δ13C of TC
by Eq. (3) in relation to the VPDB international standard.

δ13C ¼
13C=12C

� �
sample

13C=12C
� �

standard

−1 ð3Þ

In this way, δ13CTC, representing the delta values of TC on the main
filter (aerosol), and δ13CTCgas, representing the delta values on backup
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filters, were analyzed. The standard deviation of the δ13C measurement
based on triplicate measurements of the sample was 0.03‰. We
performed corrections using blank measurements (Ohlsson, 2013) for
both δ13CTC and δ13CTCgas measurements according to Eqs. (4) and (5),
respectively:

δ13CTCCorr ¼
TCmain� δ13CTC − TCbackup� δ13CTCgas

TCmain − TCbackup
ð4Þ

δ13CTCgas_Corr ¼
TCbackup� δ13CTCgas − TCblank� δ13CTCblank

TCbackup − TCblank
ð5Þ

Here, δ13CTC_Corr and δ13CTCgas_Corr are the corrected delta values of
δ13CTC and δ13CTCgas, respectively.

As reported in Ohlsson (2013), the measurement uncertainty for
blank-corrected δ13C values increases rapidly as the sample concentra-
tion decreases toward the blank amount of carbon. Indeed, the correc-
tion factor between the blank and backup filters increased
exponentially with decreasing TCgas concentration (Fig. S1 in the Sup-
plement). Thus, especiallywhen correcting the δ13C of the backup filters
(δ13CTCgas) with low TCgas concentrations (<0.25 μg m-3) that are close
to an average blank concentration, the corrected results (δ13CTCgas_Corr)
may be affected by a higher uncertainty. Conversely, when correcting
the δ13C of TC and WSOC, the correction uncertainty is not as high due
to their larger concentrationdifferenceswith theblank. Because the cor-
rection bias may be different for δ13CTC and δ13CTCgas, we compare both
the corrected and uncorrected isotope values in this study.

The TC and TCgasmeasured by EA and EC/OC analyzers were consis-
tent (see Fig. S2 in the Supplement). The TC and TCgas concentrations
presented in this study are from themeasurements with an EC/OC ana-
lyzer unless otherwise noted.

2.5. Measurements of WSOC and its δ13C

Parts of the exposed filters (in most cases 7.13 cm2) were extracted
in ultrapurewater (20ml, resistivity 18.2MΩ cm) under ultrasonication
for 20 min. Extracts were filtered through a syringe filter (Millipore
Millex-GV, 0.22 μm, cleaned by ultrapure water before use) and
subsequently analyzed by a total organic carbon analyzer (Shimadzu
TOC-Vcsh, Japan) for WSOC mass concentrations. The final WSOC
Table 1
Seasonal and entire campaign averages ± standard deviations (medians in parentheses) of dif

Spring⁎ Summer

N of samples 18 16
TC [μg m−3] 3.85 ± 1.56 (4.01) 2.93 ± 1.13 (2.74)
TCgas [μg m−3] 0.44 ± 0.17 (0.42) 0.58 ± 0.14 (0.55)
WSOC [μg m−3] 1.61 ± 0.48 (1.68) 1.61 ± 0.65 (1.44)
OC [μg m−3] 3.30 ± 1.33 (3.43) 2.52 ± 1.03 (2.31)
EC [μg m−3] 0.56 ± 0.24 (0.64) 0.41 ± 0.16 (0.37)
WSOC/TC [%] 44.8 ± 10.9 (43.7) 55.2 ± 5.5 (52.8)
OC/TC [%] 85.7 ± 1.6 (85.7) 85.5 ± 3.8 (85.9)
EC/TC [%] 14.3 ± 1.6 (14.3) 14.5 ± 3.8 (14.1)
TC/PM2.5 [%] 30.3 ± 9.6 (30.3) 34.1 ± 6.4 (34.7)
TCgas/TC [%] 13.3 ± 7.6 (10.9) 21.3 ± 5.9 (21.8)
δ13CTC [‰] −26.6 ± 0.4 (−26.6) −27.2 ± 0.5 (−27.
δ13CTC_Corr [‰] −26.3 ± 0.4 (−26.3) −26.8 ± 0.3 (−26.
δ13CTCgas [‰] −28.4 ± 0.3 (−28.4) −28.9 ± 0.3 (−29.
δ13CTCgas_Corr [‰] −27.7 ± 0.6 (−27.8) −28.7 ± 0.4 (−28.
δ13CWSOC [‰] −25.6 ± 0.4 (−25.6) −26.4 ± 0.3 (−26.
δ13CWSOC_Corr [‰] −25.2 ± 0.4 (−25.2) −26.0 ± 0.3 (−26.
Δ(δ13CTC − δ13CTCgas) [‰] 1.77 ± 0.46 (1.82) 1.75 ± 0.41 (1.64)
Δ(δ13CTC_Corr − δ13CTCgas_Corr) [‰] 1.38 ± 0.72 (1.52) 1.91 ± 0.55 (1.79)
Δ(δ13CWSOC − δ13CTC) [‰] 0.98 ± 0.47 (1.08) 0.74 ± 0.14 (0.74)
Δ(δ13CWSOC_Corr − δ13CTC_Corr) [‰] 1.08 ± 0.55 (1.15) 0.71 ± 0.25 (0.70)
Δ(δ13CWSOC − δ13CTCgas) [‰] 2.75 ± 0.40 (2.90) 2.49 ± 0.36 (2.44)
Δ(δ13CWSOC_Corr − δ13CTCgas_Corr) [‰] 2.47 ± 0.55 (2.55) 2.62 ± 0.49 (2.62)

⁎ The BoW event data are excluded from the spring dataset.
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concentrations were corrected by the blank concentrations according
to Eq. (6):

WSOC ¼ WSOCmain − WSOCblank ð6Þ

where WSOCmain and WSOCblank represent the WSOC mass concen-
trations measured on the main and blank filters, respectively.

The determination of δ13C of WSOC (δ13CWSOC) was performed in
the same way as δ13CTC (Section 2.4), with the methodology
modified for the WSOC extracts as detailed elsewhere (Miyazaki
et al., 2012; Pavuluri and Kawamura, 2017). Briefly, the rest of the
water extracts after WSOC analysis (~8 ml) was concentrated by
evaporation to approximately 200 μl, of which 50 μl was adsorbed
onto ~20 mg of precombusted Chromosorb W (Säntis Analytical
AG, Switzerland) in a precleaned tin cup and introduced into the
EA. Finally, δ13CWSOC was calculated by Eq. (3) in relation to the
VPDB standard, and corrections for the blank concentrations were
made according to Eq. (7):

δ13CWSOC_Corr ¼
WSOCmain� δ13CWSOC − WSOCblank� δ13CTCgas

WSOCmain − WSOCblank
ð7Þ

where δ13CWSOC_Corr represents the corrected delta values of δ13CWSOC.
Due to low WSOC mass concentrations on backup filters, which were
below the detection limit in the case of δ13C measurements, the δ-
13CTCgas value was used instead for correction.

3. Results and discussion

3.1. Seasonal variations in TC and carbonaceous fractions

The average contributions of TC to the total PM2.5 mass are stable
throughout the year, ranging from 30 to 37% (Table 1). The time series
of the OC, EC and WSOC mass concentrations are depicted in Fig. 1A,
showing the lowest concentrations of carbonaceous aerosols in summer
(average TC= 2.93± 1.13 μg m−3), while the highest values are found
in winter (average TC= 14.26± 14.44 μgm−3) when the average con-
centrations are strongly influenced by smog events. The winter TC
values are thus almost 5 times higher than those in summer on average.
From autumn to winter, there is a gradual increase in the total
ferent variables.

Autumn Winter Year

15 15 66
5.81 ± 3.48 (6.07) 14.26 ± 14.44 (10.74) 6.80 ± 8.43 (4.01)
0.45 ± 0.12 (0.46) 0.52 ± 0.28 (0.47) 0.51 ± 0.20 (0.48)
2.23 ± 1.22 (1.94) 5.43 ± 5.27 (3.58) 2.75 ± 3.04 (1.75)
4.96 ± 3.03 (5.06) 12.91 ± 13.30 (9.61) 6.00 ± 7.74 (3.43)
0.85 ± 0.50 (0.82) 1.35 ± 1.18 (1.11) 0.80 ± 0.73 (0.64)
40.3 ± 10.3 (35.9) 39.0 ± 7.5 (37.1) 44.8 ± 10.7 (43.7)
84.3 ± 3.5 (83.9) 88.1 ± 3.9 (88.4) 86.0 ± 3.5 (85.9)
15.7 ± 3.5 (16.1) 11.9 ± 3.9 (11.6) 14.0 ± 3.5 (14.1)
36.6 ± 6.3 (36.4) 35.1 ± 8.0 (35.4) 34.2 ± 8.1 (34.7)
10.5 ± 6.3 (9.2) 7.4 ± 7.1 (4.6) 13.1 ± 8.4 (10.9)

2) −26.1 ± 0.7 (−26.0) −25.5 ± 0.8 (−25.3) −26.4 ± 0.9 (−26.5)
8) −25.9 ± 0.6 (−25.7) −25.3 ± 0.7 (−25.2) −26.1 ± 0.7 (−26.2)
0) −28.1 ± 0.4 (−28.3) −27.7 ± 0.5 (−27.7) −28.4 ± 0.6 (−28.3)
8) −27.7 ± 0.6 (−27.5) −26.9 ± 0.4 (−26.9) −27.7 ± 0.8 (−27.7)
5) −25.5 ± 0.7 (−25.5) −25.0 ± 0.7 (−24.9) −25.6 ± 0.7 (−25.6)
0) −25.2 ± 0.6 (−25.1) −24.7 ± 0.5 (−24.7) −25.3 ± 0.7 (−25.2)

2.22 ± 0.46 (2.39) 2.24 ± 0.50 (2.28) 1.97 ± 0.50 (1.90)
1.78 ± 0.62 (1.87) 1.61 ± 0.56 (1.73) 1.64 ± 0.64 (1.67)
0.55 ± 0.25 (0.53) 0.47 ± 0.28 (0.50) 0.71 ± 0.37 (0.69)
0.70 ± 0.34 (0.65) 0.58 ± 0.29 (0.61) 0.79 ± 0.42 (0.71)
2.77 ± 0.53 (2.73) 2.71 ± 0.47 (2.79) 2.67 ± 0.44 (2.64)
2.48 ± 0.67 (2.55) 2.18 ± 0.47 (2.28) 2.43 ± 0.56 (2.46)



Fig. 1. Time series of (A) OC, WSOC and EC concentrations [μg m-3] and (B) their contributions to TC [%].
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concentrations of carbonaceous aerosols, which peak during smog
events in January and February (Fig. 1A). The average concentrations
of EC in 2016-2017 were half of those measured seasonally in 2009-
2010 by the EUSAAR2 protocol (Vodička et al., 2013) and similar to
those measured in 2004-2005 by the NIOSH protocol (Schwarz et al.,
2008). TheOC concentrations are comparable to those in previous years.

WSOC can be emitted to the atmosphere directly, especially by bio-
mass burning (e.g., Mayol-Bracero et al., 2002), but it is also produced
by the atmospheric oxidation of SVOCs (e.g., Weber et al., 2007). The
highest mass concentration of WSOC in winter, especially during smog
events, which is related to regional and local biomass burning for resi-
dential heating together with worse mixing conditions, as already re-
ported by Schwarz et al. (2012) for the Prague site.

The relative mass fractions of OC and EC in TC are fairly constant
throughout the year, with an annual average EC/TC ratio of 14.0 ±
3.5% (Table 1, Fig. 1B). The average relative contributions of the carbon
fractions were similar throughout the year, with OC4 (27-32%) and OC1
(22-30%) having the largest proportions; only in the summer is there
more OC1 than OC4 (see Fig. S3). The main changes in the bulk compo-
sition of carbonaceous aerosols thus take place in WSOC. The contribu-
tions ofWSOC to TC are highest in summer (55.2 ± 5.5%) and lowest in
winter (39.0± 7.5%) (Table 1, Fig. 1B). A higherWSOC/TC ratio in sum-
mer (16% higher than in winter) may be influenced by more intense
photochemical oxidation processes in this season, as shown by the pos-
itive correlation with ozone (r = 0.52) and dependence on solar radia-
tion (Fig. S4). This is consistent with the findings of Kubelová et al.
(2015), who identified more oxidized carbonaceous aerosols during
5

summer and less oxidized, and therefore less polar and less water-
soluble carbonaceous particles (predominance of fresh emissions from
combustion) during winter.

We determined the TC mass concentration in the gas phase (TCgas)
by analysis of the backup filters. By this method, not all gaseous com-
pounds are sampled, such as when sampling into, for example, a canis-
ter. Subramanian et al. (2004) showed that the ratio of theOC artifact on
backupfilters to ambient gaseousOC is approximately 1:20. Even so, the
OC on backup filters provides a representative sample, especially in re-
lation to the most volatile OC fraction in aerosols. During 48 h of sam-
pling and especially in summer, evaporation losses from the most
volatile aerosol fraction OC1 can be expected, and part of this fraction
can be captured on the backup filters (Dillner et al., 2009). Indeed,
there is a significant correlation between the mass fractions of TCgas/
TC and OC1/TC (r = 0.61, Fig. 2A). The correlation of TCgas/TC with
OC2/TC isweaker (r=0.31), and the correlations of TCgas/TCmass frac-
tion with the least volatile mass fractions OC3/TC and OC4/TC are not
statistically significant. The correlation between TCgas/TC and PC/TC
mass fractions is negative and significant (r=−0.46), which in sum re-
sults in a negative correlation between TCgas/TC andOC/TC (r=−0.47,
Fig. 2A). Therefore, the lower the volatility of OC is, the weaker the cor-
relation of OC/TCwith the TCgas/TC ratio. There is also a strong correla-
tion between the TCgas/TC and WSOC/TC ratios (r = 0.63, Fig. 2A),
which indicates a possible transfer of SVOCs between the gas and
water-soluble aerosol phases. This is supported by the findings of
Tang et al. (2016), who identified the highest WSOC/OC ratio in the
most volatile OC fractions (equivalent to our OC1 and OC2). Thus, it



Fig. 2. Dependence of TCgas/TC (%) on (A) the proportions of OC1, WSOC and OC in TC and (B) meteorological parameters—temperature and wind speed.
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can be assumed that TCgas consists of mainly VOCs and SVOCs captured
as positive artifacts.

The tandem quartz fiber filter technique of sampling was also used
by Schwarz et al. (2008) at the Prague station for carbonaceous samples
during the period of 2004-2005, which allows a comparison. They ob-
served the highest proportion of gaseous components in TC during the
summer and the lowest proportion inwinter, similar to the TCgas/TC ra-
tios in this study (Table 1). The temperature dependence of the TCgas/
TC ratio (Fig. 2B) is also similar to that reported by Schwarz et al.
(2008). This shows that the seasonal trend of the TCgas/TCmass fraction
is valid and probably remains similar in the long term.

3.2. Isotopic dependence on carbonaceous fractions

Table 1 summarizes the average seasonal δ13C isotopic values for TC,
TCgas andWSOC that are both corrected and uncorrected by the blank/
backup measurements. In all cases, the correction slightly increases the
δ13C values but to varying degrees. The dependence of δ13CTC on TC
mass concentrations exhibits a strong logarithmic correlation (r =
0.83, Fig. 3). A similar trend between δ13CTC and TC concentrations has
been observed at the rural station Košetice located 80 km from our
Fig. 3. Relationship between δ13CTC and TC concentration.
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site (Vodička et al., 2019) and at an urban site in Zurich (Fisseha et al.,
2009a). The logarithmic dependence in Fig. 3 shows that high concen-
trations of TC in the atmosphere are dominated by emissions of the
prevalent sources (e.g., residential heating in winter, Schwarz et al.
(2019)) whose δ13C values overlap with the isotopic signatures of
other minor sources. This results in a δ13CTC value that is more or less
unchanged at a certain level regardless of increasing TC concentrations
originating from a major source.

Linear regression between δ13CTC andmass fractions of EC/TC, OC/TC
and WSOC/TC probably does not appropriately reflect the relationships
between these variables and provides equivalent correlations
(r) (Fig. 4). Therefore, we used Spearman's rank correlation coefficient
test (rs), which better reflects outliers in datasets and nonlinear
functions, to analyze the relationships between δ13CTC and the
proportions of the different fractions of TC. The rs values of the OC/TC,
EC/TC and WSOC/TC ratios with δ13CTC are 0.45, −0.45 and −0.57,
respectively. The strongest rs between δ13CTC and the WSOC/TC ratio
may indicate that a significant change in isotope fractionation takes
place in WSOC; however, this dependence is also influenced by the
seasonal representation of WSOC in TC (Fig. 4), so the main change
Fig. 4. Relationship between δ13CTC and the OC/TC. EC/TC and WSOC/TC mass fractions
with Pearson's (r) and Spearman's (rs) correlation coefficients. The colors of circles
reflect the seasonality of the WSOC/TC ratio. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)



Fig. 5. Changes in δ13CTC, δ13CTCgas and δ13CWSOC as a function of ambient temperature.
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seems due to a seasonal change inWSOC sources. Similar dependencies
and correlations between theWSOC/TC ratio and δ13CWSOC and δ13CTCgas
are observed, with significant rs values of −0.52 and −0.63,
respectively.

The rs values between δ13CTC and the individualmass concentrations
of OC and EC fractions show gradual changes (Table 2) and are probably
influenced by seasonal changes in the composition of aerosol sources
(Fig. S5). Themost volatile fractionsOC1 andOC2 in TC have statistically
significant negative correlations with δ13CTC. Conversely, EC1/TC and
EC2/TC have strong positive correlations with δ13CTC, while the
correlations of δ13CTC with EC3/TC and EC4/TC are negative. Whole-
year correlations of δ13CTC with OC4/TC and PC/TC ratios are
negligible, but only for the winter season they are strongly significant
(r = −0.86 for OC4/TC and 0.89 for PC/TC), showing that the
proportions of OC4 and PC in TC strongly influence the winter isotope
composition (Fig. S5). Different and significant correlations of OC and
EC fractions with δ13CTC indicate different sources for individual
fractions. In the case of fractions EC1 and EC2 (which also include
most PC), probable sources are emissions from biomass burning
(Chuang et al., 2013), while in the case of high-temperature EC3 and
EC4, probable sources are high-temperature processes, e.g., diesel emis-
sions (Watson et al., 1994). Jung and Kawamura (2011) successfully
used a comparative analysis of δ13CTC with the proportion of OC frac-
tions to distinguish aerosol episodes. These results are also consistent
with previous studies where carbon fractions were used for source ap-
portionment (e.g., Kim and Hopke, 2004; Kozáková et al., 2019) and
with studieswhere the different δ13C of OC fractionswere directly mea-
sured (Huang et al., 2006; Masalaite et al., 2020, 2017; Zenker et al.,
2020).

3.3. Seasonal changes in δ13C

Temperature changes roughly approximate seasonal changes.
δ13CTC, δ13CTCgas and δ13CWSOC are significantly anticorrelated with the
ambient temperature. The slopes of the linear fits of their temperature
dependencies are similar to each other (Fig. 5). A similar dependence
between temperature and δ13CTC has been observed at a rural site,
Košetice (Czech Republic) (Vodička et al., 2019). Miyazaki et al.
(2012) also observed a similar relationship between δ13CWSOC and
temperature related to seasonal changes in a forest ecosystem near
Sapporo, Japan. A slight temperature dependence of the stable carbon
KIE of individual compounds has been reported in a few studies
(Fisseha et al., 2009b; Gensch et al., 2011; Piansawan et al., 2017). How-
ever, different compositions of sources during the year are probably the
main factor in the case of the significant temperature dependency of the
δ13C values depicted in Fig. 5. The year-round similar dependence of
δ13CTC, δ13CTCgas and δ13CWSOC on temperature indicates a close
relationship between these groups in isotope fractionations.

Fig. 6 shows gradual changes in δ13C ofWSOC, TC and TCgas over one
year, and seasonal variations in stable carbon isotope composition are
similar for all three analyzed groups (Figs. 6 and 7). For all three vari-
ables, the lowest δ13C values occur during summer (average δ13CTC of
−27.2 ± 0.5‰) and the highest values occur in winter (avg. δ13CTC

−25.5 ± 0.8‰). The δ13C values during transition seasons are similar
(average δ13CTC of autumn: −26.1 ± 0.7‰, spring: −26.6 ± 0.4‰).
The average seasonal values of δ13CTC (Table 1, Fig. 7) are similar to
those reported at other urban European sites.
Table 2
Spearman correlation coefficients (rs) of δ13CTC with OC and EC fractions. Only bold values are

OC1/TC OC2/TC OC3/TC OC4/TC

δ13CTC −0.55 −0.44 −0.16 −0.03
δ13CWSOC −0.60 −0.31 −0.17 0.00
δ13CTCgas −0.53 −0.33 −0.01 0.09
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As shown in Table 3, Górka et al. (2014, 2020) clearly distinguished
higher δ13CTC during the heating season (−26.9‰ to −25.3‰) than
during the vegetation season (−27.6‰ to −26.5‰) in PM10 aerosols
at an urban site in Wrocław (Poland), as well as different urban sites
in Lower Silesia. Similarly, Major et al. (2021) clearly distinguished the
differences of δ13CTC in fine aerosol between heating and vegetation
seasons in Debrecen, Hungary.Masalaite et al. (2020) also reported sub-
stantial differences in δ13CTC between summer and winter in Vilnius,
although Garbaras et al. (2018) had previously reported similar
seasonal values for this locality. In general, seasonal differences
between summer and winter average δ13CTC values (Δδ13CTC

(summer-winter)) are most significant at urban sites, with one
exception with a range of 1.0 to 2.5‰ (Table 3).

The seasonal variation in δ13CTC in fine aerosols at a rural site
compared to our Prague site was reported by Vodička et al. (2019) at
the Košetice station (average of winter −26.7 ± 0.5‰, summer
−27.8 ± 0.4‰), which is 80 km southeast of our site. The seasonal
pattern at our Prague site is more pronounced than that at the rural
Košetice site, which is probably due to the presence of more fresh
urban aerosols at the urban site (Vodička et al., 2015). The seasonal
pattern of δ13CTC reported by Martinsson et al. (2017) for the rural site
Vavihill (southern Sweden) also has the lowest δ13C values in summer
(avg. −26.3‰) due to biogenic emissions from terrestrial plants but in
general is quite flat. Górka et al. (2020) also observed no seasonally sig-
nificant δ13CTC variations in PM10 at industrial or rural background sites
in Lower Silesia (Poland). In general, differences between seasonal
δ13CTC values are less pronounced at rural than at urban sites.

A comparison of seasonal δ13CTC differences at Asian sites also shows
the most pronounced differences at urban areas (Table 3). Negligible
differences in δ13CTC during different seasons were reported from
background marine sites in total suspended particles (TSP) (Kundu
and Kawamura, 2014; Kunwar et al., 2016; Xiao et al., 2018). Finally,
the TC at European sites is more depleted in 13C compared to Asian
sites (Table 3), whichmay be due to the different carbonaceous aerosol
statistically significant (p-values <0.05).

EC1/TC EC2/TC EC3/TC EC4/TC PC/TC

0.84 0.81 −0.46 −0.71 0.49
0.82 0.80 −0.47 −0.70 0.51
0.82 0.77 −0.61 −0.70 0.26



Fig. 6. Temporal variations in δ13C ofWSOC, TC and TCgas (solid lines), and their blank/backup-corrected values (dashed lines). The colored stripes highlight air mass directions according
to Fig. S6. The larger circles for δ13CTC and δ13CTCgas indicate higher wind speeds.
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sources on these continents. These comparisons show that the seasonal
variation in δ13CTC depends on the type of sources, aging of aerosols and
aerosol sizes.

To identify possible seasonal TC sources in Prague, we compared
summer and winter δ13CTC values with published data for various
emission sources (Fig. 8). The highest values of δ13CTC in winter
(Table 1, Fig. 8, avg. −25.5 ± 0.8‰) roughly correspond to aerosols
emitted from coal and biomass burning (coal and biomass −25.4 ±
0.6‰, Agnihotri et al., 2011; coal −25.0 ± 0.5‰ and −24.0 ± 0.6‰,
Widory, 2006 and Górka and Jędrysek, 2008, respectively). In contrast,
lower δ13CTC values in summer (avg. −27.2 ± 0.5‰) may be
associated with primary biogenic emissions from C3 plants (Conte and
Weber, 2002) or SOAs (Fisseha et al., 2009b). δ13CTC values for C3

plants are reported to be −29.1‰ to −28.4‰ at the rural sites in
Lower Silesia (Górka et al., 2009) and from −30.5‰ to −27.3‰ at the
urban site in Wrocław (Górka and Jędrysek, 2008), Central Europe.
Fig. 7. Average seasonal δ13C of WSOC, TC and TCgas. All values are reported before and
after correction by the blank/backup measurements. The standard deviations are shown
as uncertainty bars.
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Traffic emissions are present at the station throughout the year
(Schwarz et al., 2019), and their isotope contribution (−25.9 ± 0.8‰,
Ancelet et al., 2011; −24.8 to −27.1‰ Widory, 2006) affects the final
δ13CTC in all seasons. Such a source contribution is supported by
previous studies that investigated seasonal carbonaceous aerosol
composition at this site (Kubelová et al., 2015; Schwarz et al., 2019;
Vodička et al., 2013).

We also verified a possible influence of air masses on the isotope
composition using 96 h air mass back trajectories, which were calcu-
lated using the National Oceanic and Atmospheric Administration
(NOAA) HYSPLIT model (Stein et al., 2015) at 500 m a.g.l. for each sam-
pling.We divided the airmasses into four categories, as in Schwarz et al.
(2016): (i) easterly continental air masses (Econt), (ii) southwesterly
air masses (SW), (iii) westerly continental air masses (Wcont), and
(iv) northwesterly airmasses (NW) (see Fig. S6 for a better orientation).
The origin of the airmasses, togetherwith thewind speed, affects the TC
mass concentrations. Higher TC mass concentrations are observed from
the eastern and southeastern directions (Econt, SW) at low wind
speeds,while from thewestern directions (Wcont andNW), the TC con-
centrations are lower (Fig. S7). However, no significant effect of differ-
ent air masses is identified based on the time series of δ13C values
(Fig. 6).

Especially inwinter, however, thewind speed affects the decrease in
δ13C values (Fig. 6), which is associated with the dilution of aerosols in
the atmosphere and lower TC mass concentrations. Subsequent accu-
mulation of new aerosols also led to an increase in δ13C and TC concen-
trations. Such a cleansing of the atmosphere and the gradual
accumulation of new aerosols from the predominant source is then a
probable mechanism of gradual seasonal changes in δ13C.

The sample with the highest δ13C value in summer (δ13CTC =
−26.24‰, 25-27 July 2016) and the sample with a high value at the be-
ginning of autumn (δ13CTC = −25.99‰, 11-13 September 2016) also
speak in favor of the aging of the accumulated aerosol in connection
with higher δ13C values. The wind directions for these two samples
are Econt, but the average wind speed has been low (<1 m s-1) for a
few days, which results in stagnant air masses that allow the accumula-
tion and aging of the existing aerosol (Fig. S8). In addition, a stagnant at-
mosphere creates favorable conditions for equilibrium fractionation of
13C between accumulated particles and the gas phase, which results in



Table 3
Comparison of mean winter and summer δ13CTC values at different sites from Central and Eastern Europe and Asia.

Location Type of site PM fraction Winter
avg. δ13CTC [‰]

Summer
avg. δ13CTC [‰]

Δ avg.δ13CTC

(summer − winter) [‰]
Reference

Prague/Czech Republic Urban PM2.5 −25.5 −27.2 1.7 This study
Wrocław/Poland Urban PM10 −26.1

−26.0a
−27.5
−27.1b

1.4
1.1c

(Górka et al., 2014)

Debrecen/Hungary Urban PM2.5 −25.7a −26.7b 1.0c (Major et al., 2021)
Vilnius/Lithuania Urban PM1 −26.5 −27.6 1.1 (Masalaite et al., 2020)
Vilnius/Lithuania Urban PM1 −27.3 −27.5 0.2 (Garbaras et al., 2018)
Lower Silesia/Poland Zgorzelec Urban PM10 −26.0

−26.2a
−28.0
−27.6b

2.0
1.4c

(Górka et al., 2020)

Nowa Ruda Urban PM10 −24.4
−24.4a

−26.7
−25.8b

2.3
1.4c

Polkowice Urban PM10 −25.9
−25.9a

−27.5
−27.2b

1.6
1.3c

Legnica Urban PM10 −25.8
−25.8a

−27.6
−27.2b

1.8
1.4c

Świdnica Urban PM10 −25.2
−25.4a

−27.8
−27.2b

2.5
1.8c

Działoszyn Industrial PM10 −27.4
−27.2a

−27.8
−27.5b

0.4
0.3c

Osieczów Rural PM10 −26.8
−27.0a

−27.9
−27.4b

1.1
0.4c

Czerniawa Rural PM10 −27.8
−27.6a

−27.9
−27.8b

0.1
0.2c

Vavihill/Sweden Rural PM10 −26.1 −26.3 0.2 (Martinsson et al., 2017)
Košetice/Czech Republic Rural PM1 −26.7 −27.8 1.1 (Vodička et al., 2019)
Vaiksteniai/Lithuania Rural PM1 −27.5 −27.4 −0.1 (Garbaras et al., 2018)
Rugsteliskis/Lithuania Forest PM1 −26.0 −28.0 2.0 (Masalaite et al., 2020)
Preila/Lithuania Coastal PM1 −27.3 −27.9 0.6 (Masalaite et al., 2020)
Taiyuan/China Urban PM2.5 −23.2 −25.3 2.1 (Liu et al., 2021)
Jinzhong/China Urban PM2.5 −23.7 −25.0 1.3 (Bai et al., 2021)
Kanpur/India Urban PM10 −24.1 −25.2 1.1 (Bikkina et al., 2017)
Gosan (Jeju Island)/Korea Marine TSP −23.4 −23.1 −0.3 (Kundu and Kawamura, 2014)
Cape Hedo (Okinawa)/Japan Marine TSP −22.5 −22.9 0.4 (Kunwar et al., 2016)
Yongxing Island/China Marine TSP −22.9 −22.4 −0.5 (Xiao et al., 2018)

a Heating season (Oct-Mar).
b Vegetation season (Apr-Sep).
c δ13CTC(vegetation)− δ13CTC(heating).
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a larger difference in δ13C between these phases. In general, the δ13C
values in a given season are influenced by the wind speed rather than
the wind direction. There is a higher accumulation and increase in
Fig. 8. Comparison of δ13CTC values (average± standard deviations) of selected emission sourc
to−23.4‰ for coal (Górka and Jędrysek, 2008; Widory, 2006), from−26.0‰ to−24.8‰ for c
diesel (Ancelet et al., 2011; Widory, 2006; Widory et al., 2004), and from −30.5‰ to −27.3‰
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aerosol concentrations at low wind speeds. Such accumulated aerosol
is in average more aged (than with higher wind speeds); thus, higher
δ13C values are observed during aging due to fractionation.
es with summer andwinter δ13CTC ranges in Prague. The δ13CTC value ranges from−25.5‰
oal and biomass (Agnihotri et al., 2011), from−28.1‰ to−24.8‰ for traffic, gasoline and
for regional C3 plants (Górka et al., 2009; Górka and Jędrysek, 2008).
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3.4. Differences between the δ13C of TC, WSOC and TCgas

A few studies have presented a seasonal comparison of δ13CTC and
δ13CWSOC (Pavuluri and Kawamura, 2017; Wozniak et al., 2012). The
WSOC fraction is usually the most enriched in 13C compared with TC
and other subfractions, such as OC, WINSOC or aromatic and aliphatic
compounds (Fisseha et al., 2009a; Wozniak et al., 2012; Zhang et al.,
2019). The 13C enrichment inWSOC can be due to isotope fractionation
during the partitioning of SVOCs between the gas and aerosol phases
(Fisseha et al., 2009a; Gensch et al., 2014). This process also supports
the observation of 13C depletion with increasing OC volatility, as re-
cently reported by Masalaite et al. (2020). They directly measured the
δ13C of three OC fractions (temperature steps of 200 °C, 350 °C and
600 °C) and systematically observed the lowest δ13C values in the
most volatile fraction OC,200 (equivalent to OC1 in this study) com-
pared with δ13CTC. The difference between δ13COC,200 and δ13CTC

depicted by Masalaite et al. (2020) seems similar to the difference
between δ13CTCgas and δ13CTC in our study (Fig. 6). This supports a
close link of the OC1 fraction with the gas phase, probably via SVOCs.
In general, the results show that with increasing OC volatility, δ13C
values decrease. Logically, in line with these observations, we find the
most volatile and therefore the most depleted carbonaceous com-
pounds in the gas phase.

Fig. 7 depicts the average seasonal δ13C values of WSOC, TC and
TCgas, where individual fractions are clearly distinguished from one an-
other evenwith respect to the standard deviations. Despite the different
seasonal δ13C values, the average seasonal differences inΔδ13C resulting
from isotope fractionation between all three groups are similar during
the different seasons for both corrected and uncorrected values
(Fig. 9). The difference between the δ13C of WSOC and TC [Δ(δ13CWSOC

− δ13CTC)] is highest in spring (0.98 ± 0.47‰) and lowest in winter
(0.47 ± 0.28‰), but this difference is in the range of the standard
deviations of individual averages (Fig. 9A). The annual average
Δ(δ13CWSOC − δ13CTC) is 0.71 ± 0.37‰ for uncorrected data and
0.79 ± 0.42‰ for blank-corrected data (Table 1). Fisseha et al.
(2009a) shows the δ13CWSOC and δ13CTC values at an urban site in
Zurich, for which the difference between WSOC and TC in summer
and winter is also similar, although there are different sources in these
seasons. Additionally, the difference between δ13CTC and δ13CTCgas

[Δ(δ13CTC − δ13CTCgas)] is similar within the standard deviation of the
mean with an annual average of 1.97 ± 0.50‰, and after correcting
for the blank concentrations, it is even flatter (annual avg. 1.64 ±
0.64‰, Fig. 9B).

The differences between δ13CWSOC and δ13CTCgas are most stable
across the four seasons (Fig. 9C), with average annual values of
2.67 ± 0.44‰ and 2.43 ± 0.56‰ for uncorrected and blank-corrected
values, respectively. Matsumoto et al. (2014) reported that WSOC is
more volatile than WINSOC in fine aerosols. We can thus assume that
Fig. 9. Differences between (A) δ13C of WSOC and TC, (B) δ13C of TC and TCgas, and (C) δ13C of
measurements. The standard deviations are shown as uncertainty bars.
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the interaction and isotope fractionation between WSOC and carbon
compounds in the gas phase will be more intense than those between
other subfractions and carbon compounds in the gas phase. This is prob-
ably why the WSOC and TCgas fractions represent the borderline cases
that are the most enriched and the most depleted in 13C, respectively.
We also investigated the possible influence of air mass origin on fluctu-
ations in the Δδ13C time series, but no significant relationship could be
discerned (Fig. S9). Even so, the above presented results suggest that
the annual averages of the difference between the aerosol and gas
phases can be used as approximations for the isotopic fractionation of
bulk carbonaceous compounds.

At the same time, however, it is necessary tomention thatwe do not
claim that the fractionation of δ13C between the gas and aerosol phases
is always the same because there are substantial differences at the level
of individual carbon compounds, as discussed in other studies. Fisseha
et al. (2009b) reported that the δ13C of nopinone, an SOA formed by
ozonolysis of β-pinene, is isotopically lighter by 2.3‰ in the gas phase
than in aerosols. In addition, although they observed no significant
changes in δ13CTC, the resulting nopinone in the aerosol phase was
found to have a higher δ13C of up to 3.3‰ compared with that of TC,
while the δ13C of the emerging acetonewas determined to be 7‰ lighter
than that of TC. In another study, Irei et al. (2006) reported that the
particle-phase products of OH radical-induced reactions of toluene are
0.6 ± 0.2‰ lighter than the gas-phase products. Saccon et al. (2015)
studied δ13C differences between PM alone and gas phase + PM in
nitrophenols and reported both negative and positive Δδ13C based on
the kind of nitrophenol. Saccon et al. (2015) also state that in the case
of nitrophenols, an exchange between two phases is slower than the
change in δ13C within one of the two phases. Recently, Meusinger
et al. (2017) studied the isotopic composition of α-pinene in SOAs and
reported strong site-dependent changes in 13C inα-pinene, with values
ranging between−6.9 and+10.5‰ relative to the bulk composition. At
the same time, they observed that TC from SOA collected on front filters
is enriched in 13C by 0.6 to 1.2‰with respect to the initialα-pinene pre-
cursor, while TC adsorbed on the back filters, designed to sample gas-
phase compounds, is depleted by −0.8‰, which is in sum close to the
differences found in this work.

Overall, reported differences in the δ13C of individual compounds in-
dicate different processes involved in their formations and transforma-
tions, so the changes in isotopic composition can be very complex.
However, in general, as interpreted by Bikkina et al. (2017), oxidation
of compounds in the aerosol phase (aging) leads to 13C enrichment,
whereas oligomerization or secondary formation leads to depletion.
However, as our results suggest, the final Δδ13C value can result in a
similar average difference between the gas and aerosol phases in bulk
aerosol. This is regardless of the different compositions of bulk aerosol
at the molecular level. Although bulk aerosol particles are composed
of a myriad of different carbonaceous compounds, mutual isotope
WSOC and TCgas. All values are reported before and after correction by the blank/backup
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fractionation is similar or negligible; on average, the resulting Δδ13C
values are similar. Moreover, there are usually different substances in
gaseous TC and aerosol TC, and only a minor part of carbonaceous com-
pounds, most typically SVOCs (Donahue et al., 2009), will be substan-
tially present in both phases together. However, these conclusions
should be further verified by chamber experiments or by ambient aero-
sol measurements at different locations.

3.5. Notes on the events

During the measurement campaign, we collected two samples dur-
ing the BoW events and two other samples during smog events
(Fig. 1A). In the area of the Czech Republic, the BoW event is connected
with burning thousands of fires during the evening and night of the last
day in April. It thus represents significant anthropogenic emissions to
the atmosphere, mainly from wood burning, which is visible every
year in air pollution records with increased PM concentrations (depen-
dent on meteorological conditions) compared with normal conditions.
However, even if we can see a significant increase in absolute concen-
trations (Fig. 1A), neither the proportion of OC, EC nor WSOC in TC
(Fig. 1B) nor δ13C (Figs. 3 and 6) changed significantly during BoW
events. TC was slightly enriched in 13C during the BoW event in 2016
(higher PM concentrations than in 2017), but in general, the δ13C
changes caused by fresh aerosols during BoWevents were not as signif-
icant as those in other spring samples.

In contrast,we observed two of the threemost 13C-enriched samples
during winter smog events (Figs. 3 and 6), when the OC, EC and WSOC
mass concentrations were also highest (Fig. 1A). However, the isotopic
enrichment in 13C during the smog events was not sudden; instead,
the changes (increases) in the isotopic composition of carbon took
place gradually (Fig. 6).With the onset of the heating season in autumn,
the proportion of biogenic carbonaceous aerosols in the atmosphere de-
creases, while the proportions of carbonaceous aerosols from the com-
bustion of biomass and fossil fuels increase. The gradual increase in
δ13C during smog events is probably caused by processes associated
with the gradual accumulation and aging of aerosols, removal of the
aged aerosols and the supply of aerosols from new sources leading to
a gradual (episodic) replacement of TC with the δ13C fingerprint of bio-
genic aerosols. Removal of aged aerosols from the atmosphere with an
effect on δ13C is possible, e.g., by precipitation (Lin et al., 2020). Thus,
high δ13C values during smog events represent emissions from combus-
tion when the contributions of the δ13C of TC from other sources are
negligible in comparison with a massive increase in emissions from
the main source.

At the same time, short-term events, during which carbonaceous
aerosols are emitted, may be difficult to distinguish based only on the
δ13C of TC. Because TCprovidesmixed signals, one short event can easily
overlap with the δ13C of different sources from the rest of the atmo-
sphere. This study suggests that δ13CTC analyses by themselves are
more suitable for the monitoring of long-term changes in the atmo-
sphere; however, in combination with other parameters (meteorology,
concentration, or multi-isotope analysis), they can still be very useful.

4. Summary and conclusions

The chemical properties of carbonaceous aerosols were studied
using the stable isotope approach for the measurements of the δ13C of
TC and WSOC as well as the δ13C of TC in the gas phase carried out by
analysis of backup filters. Different values of δ13C, especially between
the summer and winter seasons, indicate a different chemical composi-
tion of carbonaceous aerosols or rather the origin of their sources during
the year. We observed pronounced seasonal patterns in δ13C of TC,
WSOC and TCgas, with the highest values in winter and the lowest
values in summer. Based on comparisons with previous studies, winter
δ13C values are associated with emissions from coal and biomass burn-
ing. We found that summer δ13C values are associated with biogenic
11
emissions originating from C3 plants and the formation of SOAs from
biogenic VOCs. Furthermore, the different correlations of δ13C with the
OC and EC fractions suggest different sources of these fractions. This is
especially true for fractions EC1 and EC2 (including a majority of PC),
which we confirmed are of a different origin than EC3 and EC4 and
therefore can be successfully used in source apportionment studies.
Fluctuations in δ13C during individual seasons are also influenced by
the accumulation and aging of aerosols in a stagnant atmosphere,
which supports equilibrium isotope fractionation between phases and
the subsequent cleansing of the atmosphere, e.g., due to higher wind
speeds.

However, despite the different chemical origins of TC, the differ-
ences in the isotope compositions between the gas and aerosol
phases during the year are similar. This shows that the fractionation
of stable carbon isotopes is predominantly a physical process in
which the chemical composition of individual compounds in bulk
aerosols does not play a major role. Our results suggest that the iso-
tope fractionation (or final difference) of δ13C between the gas and
particulate phases in bulk fine aerosols can be approximated, for
example, by an annual average value.
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