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A B S T R A C T   

This study investigates the sources and atmospheric processes of size-resolved carbonaceous aerosols in winter 
2018 in urban Beijing, based on analysis of dual-carbon isotopes (i.e., radiocarbon and the stable isotope 13C). 
We found a size dependence of fossil source contributions to elemental carbon (EC), but no clear size dependence 
for organic carbon (OC). Comparable fossil source contributions to water-insoluble OC (WIOC; 55 ± 3%) and to 
water-soluble OC (WSOC; 54 ± 4%) highlight the importance of secondary aerosol formation, considering that 
fossil sources emit only small amounts of primary WSOC. OC concentrations increased during high PM2.5 
pollution events, with increased fossil and non-fossil WSOC concentrating at larger particles (0.44–2.5 µm) than 
WIOC (0.25–2.5 µm), highlighting the aqueous-phase chemistry as an important pathway for OC production. The 
ratio of 13C/12C (expressed as δ13C) of total carbon (− 27.0‰ to − 23.3‰) fell in the range of anthropogenic 
aerosol, reflecting small biogenic influence. δ13C of OC increased with desorption temperature steps (200 ◦C, 350 
◦C and 650 ◦C). The strongly enriched δ13COC,650 (− 26.9‰ to − 20.3‰) and large mass fraction of OC650◦C in 
total desorbed OC, both increasing with the increase of particle sizes, were caused by photochemical aging, 
especially during low and moderate PM2.5 pollution events, when regional, aged aerosol played an important 
role. During low pollution events, higher δ13COC,650 and WSOC/OC ratios reflect a larger contribution and more 
extensive chemical processing of aged aerosol. In contrast, relatively low δ13COC,200 (− 27.2‰ to − 25.7‰) 
suggests the influence of secondary OC formation on the more volatile OC desorbed at 200 ◦C. δ13COC,200 was 
similar for all particle sizes and for different pollution events, pointing to an internal mixture of local and aged 
regional OC. Our results show that the organic aerosol in Beijing arises from a mixture of various sources and 
complex formation processes, spanning local to regional scales. Particle sizes < 250 nm show strong contribution 
from local secondary OC formation, whereas refractory OC in particles around 1 µm shows strong evidence for 
regional aging processes. In summary, primary emission, secondary and aqueous-phase formation, and (photo-) 
chemical aging all need to be considered to understand organic aerosol in this region and their importance varies 
with particle size.   

1. Introduction 

Fine particulate air pollution (PM2.5, i.e., particulate matter with 
aerodynamic diameter ≤ 2.5 µm) in China is a serious environmental 
problem that is influencing air quality and human health as well as 
regional and global climate (Huang et al., 2014; Wang et al., 2014; Song 

et al., 2017; An et al., 2019). To effectively mitigate PM2.5 pollution in 
China, considerable attention has been paid to investigating sources and 
atmospheric processes of carbonaceous aerosol, which constitutes the 
majority of PM2.5 mass (Tao et al., 2017; Wu et al., 2018). Carbonaceous 
aerosol is usually quantified as total carbon (TC), which can be sub- 
divided into elemental carbon (EC) and organic carbon (OC) fractions. 
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EC and OC have distinct differences in thermochemical properties and 
atmospheric sources. EC is thermally refractory and inert in the atmo-
sphere, while OC includes a large variety of organic species with different 
volatilities and is chemically reactive. EC originates mainly from 
incomplete combustion of fossil fuel and biomass. OC is directly emitted 
as primary OC (POC) from both combustion and non-combustion sources 
(i.e., biogenic OC) and is formed by gas-to-particle conversion in the 
atmosphere as secondary OC (SOC) (Pöschl, 2005; Hallquist et al., 2009; 
Zhang et al., 2015a). In addition, OC can be separated into water-soluble 
OC (WSOC) and water-insoluble OC (WIOC), and into more volatile and 
more refractory OC according to the thermal stability of OC. Recently 
emitted POC and newly formed SOC are usually more volatile than OC 
that is modified by photochemical processing in the atmosphere (Keller 
and Burtscher, 2017; Meusinger et al., 2017; Masalaite et al., 2020). Due 
to the complex composition and sources of carbonaceous aerosols, it is 
still challenging to quantify their sources. 

The application of dual-carbon isotopes (i.e., radiocarbon 14C and 
the stable isotope 13C) to different carbon fractions in carbonaceous 
aerosols has proven to be a valuable tool to constrain sources and for-
mation of carbonaceous aerosols (Ceburnis et al., 2011; Kirillova et al., 
2013; Andersson et al., 2020; Ni et al., 2020; Zimnoch et al., 2020). 14C 
analysis allows the direct quantification of the relative contributions 
from fossil (14C-free) sources (i.e., coal combustion, vehicular emissions) 
versus non-fossil sources (e.g., biomass burning, biogenic emissions, 
cooking), based on the fact that carbonaceous aerosol of fossil origin 
does not contain 14C. For example, Zhang et al. (2015b) found that 
during a severe winter haze, fossil sources contributed more strongly to 
OC in Beijing (~60%) than in Guangzhou (~40%), even though fossil 
sources contributed roughly equally to EC in both cities (~80%). Our 
recent studies in six Chinese megacities also found comparable fossil 
source contributions to EC in Beijing, Xi’an, Shanghai and Guangzhou 
(70–77%) during polluted days in winter, but large differences in fossil 
source contributions to EC in Chongqing (62%) and in Taiyuan (90%) 
(Ni et al., 2019a, 2019b). The stable carbon isotope ratio 13C/12C (re-
ported as δ13C, see Eq. (1)) can shed light on both sources and atmo-
spheric processing. δ13C helps to further differentiate between types of 
fossil sources (e.g., coal combustion, vehicular emissions) or biomass 
burning (e.g., C3, C4 plant), because they have distinct 13C source sig-
natures (Mkoma et al., 2014; Andersson et al., 2015). In addition, δ13C is 
also influenced by atmospheric processes via kinetic isotope effects. 
Previous studies have demonstrated that photochemical aging can lead 
to enriched δ13C in the remaining organic aerosols (OA) due to a faster 
loss of isotopically lighter carbon (Kirillova et al., 2013; Pavuluri and 
Kawamura, 2016; Vodička et al., 2019). For example, δ13C of WSOC 
arriving at an Indian Ocean receptor site was enriched by 3–4‰ 
compared to WSOC in the source regions due to aging processes during 
long-range transport (Kirillova et al., 2013). On the other hand, aerosol 
carbon originating from secondary OA (SOA) formation has a net 
depleted δ13C relative to the precursors, if they are only partially 
oxidized (Fisseha et al., 2009; Iannone et al., 2010). 

OC fractions desorbed at different temperature steps in helium 
roughly correspond to different OC volatilities, such that OC desorbed at 
lower temperature tends to be more volatile (i.e., less refractory) than 
OC desorbed at higher temperature. In a recent study, mass and δ13C of 
more volatile OC and of more refractory (i.e., less volatile) OC were 
investigated in urban Lithuania (Masalaite et al., 2020). This study 
found that the mass fraction of more refractory OC was higher in sum-
mer than in winter due to active photochemical processing, and that in 
summer δ13C of more volatile OC was more depleted relative to the more 
refractory OC, probably due to SOA formation. Moreover, Masalaite 
et al. (2018) found that vehicular emissions were a predominant source 
of the more volatile OC in the smallest particles (< 0.18 µm), whereas 
biomass burning was the most important source of more refractory OC in 
the large size range (0.32–1 µm). 

Particle size changes with sources and transformations in the atmo-
sphere, and it is an essential parameter determining health and climate 

effects of aerosol. Combustion sources typically emit primary ultrafine 
particles as well as gases that can promote ultrafine secondary particle 
formation. These small particles grow by condensation and coagulation 
during their residence time in the atmosphere to become larger accu-
mulation mode particles, which have a low sedimentation rate and can be 
transported over long distance. Therefore, ultrafine particles are mainly 
of local origin and accumulation mode particles more of regional origin. 
However, the majority of studies on particulate matter in the urban 
environment focus on total PM2.5. Very few studies focus on the sources 
of size-resolved aerosols, especially studies applying 14C or 13C analysis. 

The aim of this study is therefore to analyze size-resolved aerosols 
during high, moderate and low PM2.5 pollution events in Beijing, China. 
We aim to elucidate the sources and atmospheric processes of carbo-
naceous aerosols using the carbon isotopes 14C and 13C in different size 
ranges as well as in different carbon fractions of ambient aerosols for the 
first time. Comparing fossil source contributions to different carbon 
fractions (EC, OC, WIOC and WSOC) between larger accumulation mode 
and smaller particles can give important new insights into local vs. 
regional contribution to pollution events. Furthermore, δ13C of size- 
resolved TC as well as different volatility OC fractions is used to 
reveal the role of secondary formation and aging in the atmospheric 
evolution of OC. 

2. Methodology 

2.1. Sampling 

Size-resolved aerosol samples were collected at an urban background 
site in Beijing (see Table S1 of Supplementary Material for details), using 
a 5-stage high flow cascade impactor (flow rate = 100 L min− 1; Model 
130, Copley Scientific). The cut-off sizes of the impactor were 2.5, 1.4, 
0.77, 0.44, and 0.25 µm aerodynamic diameter (Dp). The particles with 
Dp < 0.25 µm were collected on a back-up filter. During the sampling, 
the impactor was located outside, so that particle size selection occurred 
at ambient temperature and RH. The 24 h samples were collected on pre- 
combusted quartz filters (90 mm diameter for back-up filters, 75 mm for 
stages of cut-off sizes 0.25 µm and higher; QM-A, Whatman Inc., Clifton, 
NJ, USA) from 10:00 to 10:00 the next day (local standard time, LST) 
from 29 December 2017 to 12 March 2018. After collection, filter 
samples were immediately removed from the sampler, packed in pre- 
combusted aluminum foils (450 ◦C for 3 h), sealed in polyethylene 
bags and stored in a − 18 ◦C freezer. 

2.2. Thermal-optical analysis of OC and EC 

For back-up filters that uniformly collected particles with Dp < 0.25 
µm, OC and EC mass concentrations were measured using a Sunset 
carbon analyzer (Model 5L, Sunset Laboratory, Inc., Portland, OR, USA) 
following the EUSAAR_2 thermal-optical transmittance protocol (Cavalli 
et al., 2010). During the analysis, the laser transmittance signal through 
the filter was monitored continuously for determination of the OC/EC 
split. The reproducibility determined by duplicate analyses of the back- 
up filters was within 5% for OC, 10% for EC. For the impactor stages 
with cut-off sizes 0.25 µm and higher, it is not possible to determine the 
OC/EC split point using the laser transmittance signal, because the 
impactor deposits on the filter are non-uniform. Therefore, only TC 
(=OC + EC) mass was measured with the Sunset analyzer, and OC and 
EC concentrations were estimated from the OC and EC extracted for 14C 
analysis (see Text S1 for detailed explanation). 

2.3. Analysis of carbon isotopes 

For the analysis of carbon isotopes, six sets of impactor samples were 
selected to represent high, moderate, and low pollution events in Beijing 
(Fig. S1, Table S1): two 24 h samples collected during periods charac-
terized by high PM2.5 mass concentrations (175 µg m− 3 and 142 µg m− 3, 
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respectively), one 24 h sample representing periods with moderate 
PM2.5 mass concentrations (77 µg m− 3), and one composite sample with 
relatively low PM2.5 mass (~50 µg m− 3). The composite sample con-
sisted of three 24 h impactor samples collected during time periods with 
similar PM2.5 mass concentrations (difference within 15%) and similar 
back trajectories (Figs. S1 and S2). All selected samples had daily PM2.5 
concentrations higher than the median concentrations (33 µg m− 3) in 
the winter 2017/2018. 

2.3.1. Stable carbon isotope analysis 
The stable carbon isotope composition (δ13C; Eq. 1) was analyzed by 

coupling a Sunset carbon analyzer with an isotope ratio mass spectrom-
eter (IRMS; 652 Optima, VG, Isoprime) via a custom-made interface to 
collect, purify and focus the sample (Dusek et al., 2013; Zenker et al., 
2020). In brief, filter samples were placed in the front oven of the carbon 
analyzer, where the oven temperature was changed according to different 
temperature protocol settings. The manganese dioxide catalyst in the back 
oven of the carbon analyzer guaranteed the full oxidization of combustion 
products to CO2. Then, the CO2 sample from the carbon analyzer was 
dried with hygroscopic P2O5, purified and focused on two consecutive 
liquid nitrogen traps, further purified on the gas chromatography column 
(Varian CP7351, at room temperature), and entered the IRMS via a 
custom-made open split inlet. 

TC was combusted from the filter samples following the EUSAAR_2 
protocol (Cavalli et al., 2010). OC was thermally desorbed from the filter 
samples in a constant stream of helium, at three consecutive tempera-
ture steps of 200 ◦C, 350 ◦C and 650 ◦C (Zenker et al., 2020). A series of 
standards was measured every working day using one temperature step 
of 650 ◦C in helium, including the international reference material LVal 
(L-Valine, δ13C = − 24.03‰ ± 0.04‰; Schimmelmann et al., 2016) and 
two in-house standards CAF (caffeine, δ13C = − 38.2‰ ± 0.10‰) and 
CAN (caffeine, δ13C = 0.61‰ ± 0.10‰). 

δ13C values are expressed in the delta notation as relative deviation 
from the international primary standard Vienna Pee Dee Belemnite 
(VPDB), and are usually reported in per mil (‰): 

δ13C =

( 13C
/12C

)

sample
( 13C

/12C
)

VPDB

− 1. (1) 

The δ13C values were further corrected by a two-point linear 
correction, based on all measured CAN and CAF values throughout a 
measurement week. LVal was used as a quality control standard. 
Repeated measurements of LVal showed good reproducibility (<0.3‰) 
and accuracy, and δ13C was found to be nearly independent of the car-
bon mass. 

2.3.2. Radiocarbon 
OC, WIOC and EC were converted to CO2 using our custom-built 

aerosol combustion system (ACS) following the isolation protocol 
summarized in Fig. S3. The ACS system and the isolation protocol have 
been detailed in Dusek et al. (2014) and evaluated in two intercom-
parison studies (Szidat et al., 2013; Zenker et al., 2017). Interfering 
gases (e.g., NOx, halogens and water vapor) were separated from CO2 in 
a reduction oven filled with copper grains and silver as well as two water 
traps (a dry ice-ethanol bath and a flask filled with P2O5). 

For 14C measurement, the purified CO2 was subsequently introduced 
into a gas ion source of the Mini Carbon Dating System (MICADAS) 
accelerator mass spectrometer by a gas inlet system at CIO (Dee et al., 
2019; Aerts-Bijma et al., 2020). 14C data are reported using fraction 
modern (F14C; Reimer et al., 2004): 

F14C =

( 14C
/ 12C

)

sample,[− 25]

0.7459 ×
( 14C

/ 12C
)

OXII,[− 25]

, (2)  

where the 14C/12C ratio of the oxalic acid standard (OXII) is related to the 
unperturbed atmosphere in the reference year of 1950 by multiplying it 

with a factor of 0.7459; the 14C/12C ratios of both the sample and OXII 
are normalized to δ13C = − 25‰. The F14C values are corrected for 
memory effect and for instrument background, which are determined 
from the measured F14C of standards (OXII with nominal F14C of 1.3407 
and Rommenhöller with F14C of 0), followed by normalization to the 
average value of (memory and background corrected) OXII standards 
(Wacker et al., 2010). The reliability of the data correction was further 
verified by measuring a secondary standard (IAEA-C7) in the same 
measurement series (Aerts-Bijma et al., 2020). The measured values of 
IAEA-C7 (0.494 ± 0.010) agreed with its consensus value (0.4953 ±
0.0012) within uncertainties. 

2.4. 14C-based source apportionment 

The F14C of EC, OC and WIOC were directly measured. F14C of WSOC 
was calculated from mass and F14C of OC and WIOC (Text S2, Table S2). 
F14C values were converted to the fraction of non-fossil carbon in EC, 
OC, WIOC and WSOC (fbb(EC), fnf(OC), fnf(WIOC) and fnf(WSOC)) by 
dividing their corresponding F14C values by F14C of non-fossil sources 
(F14Cnf). F14Cnf is slightly larger than 1 due to the excess 14C from nu-
clear bomb tests in the 1960s. F14Cnf was estimated as 1.09 ± 0.05 for 
OC fractions and 1.10 ± 0.05 for EC (see details in Ni et al., 2019b) from 
a tree growth model and the contemporary atmospheric 14CO2 over the 
past years (Lewis et al., 2004; Mohn et al., 2008; Levin et al., 2010), with 
the assumption that biomass burning and biogenic emissions contribute 
to 85% and 15% of total OC, respectively. Knowing the fraction of non- 
fossil carbon, carbon concentrations were apportioned into carbon from 
non-fossil sources (ECbb, OCnf, WIOCnf, WSOCnf) and fossil sources 
(ECfossil, OCfossil, WIOCfossil, WSOCfossil) (Eqs. S8–S15 in Table S3). The 
final uncertainties of the source apportionment results were propagated 
from uncertainties in mass, F14C and F14Cnf of different carbon fractions. 
The results of the 14C source apportionment are presented in Tables S4 
and S5. 

3. Results and discussion 

3.1. Size-resolved concentrations of carbonaceous aerosol 

The size-resolved TC concentrations over the fine particle range (i.e., 
impactor stages with cut sizes 2.5 µm and below) were investigated with 
measurements during high, moderate and low PM2.5 pollution events. 
The TC concentrations in PM2.5 were low (9 µg m− 3) during the low 
pollution events (LPE), when the air mass originated from the northwest 
with low RH (35%) and high wind speed (Figs. S1 and S2). Elevated TC 
concentrations were observed during the moderate pollution event 
(MPE; 14 µg m− 3) and during the high pollution events (HPE; 33 µg m− 3 

for HPE-December and 25 µg m− 3 for HPE-March). During high and 
moderate pollution events, air masses were mainly from the west (Fig. 
S2), transporting relatively clean air to Beijing (An et al., 2019 and 
references therein). At ambient RH, highest TC concentrations were 
found in the size range of 0.77–1.4 µm for the two high pollution events, 
and in the size range of Dp < 0.25 µm for moderate and low pollution 
events (Fig. S1b). The two high pollution events had similar TC size 
distribution (Fig. 1a), with a geometric mean diameter (GMD) near 0.83 
µm and a geometric standard deviation (GSD) of 1.46. TC size distri-
butions for moderate and low pollution events shifted to smaller sizes 
with GMDs both near 0.70 µm and GSDs of 1.64 and 1.58, respectively, 
showing broader distribution (i.e., larger GSD) than for high pollution 
events. The different carbon mass size distributions for different pollu-
tion events are related to changes in local and regional sources, atmo-
spheric processes, and meteorological conditions. 

Both moderate and low pollution events were characterized by lower 
RH (~35%) compared to high pollution events (76% for HPE-December 
and 55% for HPE-March). However, the hygroscopic growth of particles 
at higher RH cannot fully explain the increased particle size during high 
pollution events. Converting the GMD at ambient RH to the GMD at dry 
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condition using the hygroscopic growth factors reported in previous 
studies for Beijing (Wang et al., 2018; Ding et al., 2019), the GMD of TC 
mass at dry condition would be 0.75–0.81 µm for high pollution events, 
still larger than those for moderate and low pollution events (~0.70 
µm). The increased GMD is probably caused by increased SOA formation 
and condensation on the pre-existing particles and/or aging of carbo-
naceous aerosols leading to the increase of particle size (Fuzzi et al., 
2015; Shrivastava et al., 2017). Size distributions of EC, OC, WIOC and 
WSOC were very similar to that of TC and high pollution events had a 
larger GMD and smaller GSD compared to moderate and low pollution 
events (Fig. S4). At elevated RH during high pollution events, a similar 
size increase of EC and OC suggests that EC and OC were internally 
mixed. 

3.2. Fossil and non-fossil carbon fractions as a function of particle size 

Radiocarbon analysis allows us to unambiguously apportion fossil 
versus non-fossil source contribution to aerosol carbon, because F14C is 
not affected by atmospheric processing. Fig. 2 shows the fraction of fossil 
carbon in EC and OC (ffossil(EC), ffossil(OC)) in Beijing as a function of 
particle size. The source contributions to EC showed a distinct size 
dependence, with the highest fossil contribution to particles in the 
smallest size range (<0.25 µm) and in the largest size range (1.4–2.5 µm) 
and the highest biomass burning contribution (i.e., lowest ffossil(EC)) in 
one of the two size ranges of 0.44–0.77 µm and 0.77–1.4 µm. This size 
dependence was more pronounced during the high pollution events. 
ffossil(EC) varied from 68% to 84% for HPE-December, and from 62% to 

Fig. 1. TC mass size distribution (a) and meteorological parameters (b) including temperature and relative humidity (RH) during high pollution events (HPE- 
December and HPE-March), moderate and low pollution events (MPE and LPE, respectively) at an urban site of Beijing. In panel a, the back-up filter is included as a 
size channel from 0.05 µm to 0.25 µm (Text S3). For details of each sample, also see Section 2.3 and Table S1. 

Fig. 2. Fraction of fossil carbon in size-resolved (a) EC, (b) OC, (c) WIOC and (d) WSOC as well as size-resolved ratios of (c) (WSOC/OC)nf and (d) (WSOC/OC)fossil 
for high, moderate and low pollution events (HPE, MPE and LPE, respectively) during December 2017–March 2018 in urban Beijing. In panel a, some stages of the 
MPE had to be combined to have enough material for 14C analysis of EC, for these stages, same values are reported and shown as green horizontal bars. In panels e 
and f, error bars indicate the interquartile range of the median (WSOC/OC)nf and (WSOC/OC)fossil. The horizontal dashed area in panel f indicates typical WSOC/OC 
ratios for primary fossil emissions from vehicular traffic in tunnel studies (Ruellan and Cachier, 2001; Cheung et al., 2009) and residential coal combustion (Yan 
et al., 2017). 
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74% for HPE-March. ffossil(EC) values for the low pollution events 
changed less strongly with particle size, varying from 64% to 71%, a 
difference of 7%. In contrast to EC, the contribution of fossil sources to 
OC, WSOC and WIOC did not show a strong size dependence. If OC was 
dominated by primary sources, ffossil(OC) should show a similar trend as 
ffossil(EC). This was not the case, indicating that primary sources prob-
ably played a minor role and OC was dominated by SOA. 

Fossil source contributions to EC were on average 69% (weighted 
average; range: 62–84%), consistently larger than contributions to OC 
(55%; 43–60%). Compared with literature 14C data, it is found that our 
ffossil(EC) values in winter 2018 in urban Beijing were comparable with 
ffossil(EC) in December 2014 in urban Lhasa (68–76%; Li et al., 2020), and 
consistently larger than ffossil(EC) in May 2012 in suburb Shanghai 
(46–58%; Wang et al., 2013) over all particle size ranges. ffossil(OC) values 
in this study were much larger than those in Lhasa and in Shanghai 
(28–38%), showing larger fossil contributions to OC in Beijing than in 
Lhasa and Shanghai. In this study, ffossil(EC) did not differ strongly between 
high, moderate and low pollution events. However, comparison between 
the two high pollution events found a moderate difference with higher 
ffossil(EC) for HPE-December (72%; 68–84%) than for HPE-March (65%; 
62–74%), especially in the size ranges of < 0.25 µm and 0.25–0.44 µm. 
Given that HPE-December had lower average temperatures (− 1◦C) than 
HPE-March (6 ◦C; Fig. 1b), the higher ffossil(EC) for HPE-December could be 
due to an increased influence of coal combustion for heating in December. 
Similar to EC, the fossil source contribution to OC was also slightly larger 
for HPE-December (57%; 56–60%) than for HPE-March (52%; 50–56%). 
The low pollution events had lower ffossil(OC) (50%; 43–52%) than high 
and moderate pollution events in all size ranges (Fig. 2b). 

The fossil fraction in WSOC during the low pollution events (48%) 
was slightly lower than that during the other events, which varied 
between 52% and 57%, averaged over the size ranges. In contrast, 
ffossil(WIOC) (51% to 58%) was similar for all pollution events. In other 
words, WSOC (but not WIOC) was more strongly influenced by non- 
fossil sources during the low pollution events, and this mainly 
accounted for the lower ffossil(OC) during the low pollution events. 
During the low pollution events, ffossil(EC) did not decrease, thus the 
lower ffossil(WSOC) cannot be explained by an increased contribution 
of primary biomass-burning OC. Cooking OC is mainly water-insoluble 
(containing e.g., fatty acids and cholesterol; Subramanian et al., 2007), 
and previous studies showed that in Beijing the biogenic contribution 
to carbonaceous aerosol is usually low during winter and spring 
(Zhang et al., 2017). Consequently, lower ffossil(WSOC) during the low 
pollution events was most likely due to increased contribution of 
biomass-burning SOA. This conclusion is consistent with the higher 
(WSOC/OC)nf during the low pollution events compared with the other 
pollution events in all size ranges (Fig. 2e), associated with the hy-
drophilic properties of SOA from non-fossil sources (mainly from 
biomass burning) (Kanakidou et al., 2005; Dusek et al., 2017). 

Overall, the fossil source contributions to WIOC (55% with a range of 
44–59%) and to WSOC were very similar (54%; 43–62%) (Fig. 2; Table 
S4). Considering that fossil fuel sources emit only small amounts of 
primary WSOC (Miyazaki et al., 2006; Weber et al., 2007; Yan et al., 
2017), this highlights the importance of secondary aerosol formation 
from fossil sources in Beijing. This is in line with the consistently larger 
(WSOC/OC)fossil ratios than WSOC/OC ratios of primary fossil emissions 
(Fig. 2f), such as emissions from vehicular traffic in tunnel studies (e.g., 
0.12 ± 0.05 by Ruellan and Cachier, 2001, 0.06–0.19 by Cheung et al., 
2009) and residential coal combustion (0.13 ± 0.10; Yan et al., 2017). 
The fossil OC was more water-soluble during the low and moderate 
pollution than during high pollution events, with higher (WSOC/ 
OC)fossil ratios (Fig. 2f). This suggests an enhanced contribution of fossil 
SOA, likely of regional origin, in addition to the enhanced non-fossil 
SOA found above. The lower TC concentrations during low and mod-
erate pollution events were likely to contain a larger regional contri-
bution, with enhanced secondary sources (and thus increased WSOC/OC 
ratios) due to long-range transport. During high pollution events, air 

masses were mainly from the west (Fig. S2), not from the south where 
the high polluted regions are (An et al., 2019 and references therein). 

The ratios of (WSOC/OC)nf and (WSOC/OC)fossil did not vary strongly 
with particle size for the low and moderate pollution events, as well as 
HPE-December. Only HPE-March had a large spread in (WSOC/OC)nf and 
(WSOC/OC)fossil with highest values in the smallest particle size range 
(Dp < 0.25 µm). For HPE-March the highest WSOC/OC ratios at Dp <

0.25 µm suggests that the atmospheric conditions (e.g., higher temper-
ature, RH, and solar radiation) during HPE-March may favor the accu-
mulation of organic compounds with higher water-solubility in smaller 
particle sizes, which might suggest that a predominant aging mechanism 
is through evaporation, gas-phase oxidation and re-condensation of pri-
mary organic compounds. 

During high pollution events, fossil and non-fossil OC and EC peaked 
at the size range of 0.77–1.4 µm, with GMDs of 0.81–0.87 µm (Fig. S5), 
indicating that OC and EC were internally mixed. Both fossil and non- 
fossil OC and EC concentrations did not increase in the smallest size 
range (Dp < 0.25 µm) during high pollution events, but their mass con-
centrations in the higher size ranges increased strongly (Fig. S5). Since 
primary sources mainly emit particles in the < 0.25 µm size range, this 
shows that local primary emissions were not enhanced, but that sec-
ondary formation contributed strongly to the particle growth. Both fossil 
and non-fossil WIOC mass concentrations were enhanced from the sec-
ond size range (0.25–0.44 µm) compared to the low and moderate 
pollution events (Fig. 3). However, WSOC concentrations were still 
comparable in the second size range for all pollution events and enhanced 
in high pollution events only from the third size range (0.44–0.77 µm) 
onwards. This clearly shows that production of WSOC was associated 
with larger particles than WIOC during high pollution events. It has been 
shown that aqueous-phase chemistry is an important growth mechanism 
for particles during haze events (Wang et al., 2021). The association of 
WSOC with larger particle sizes therefore highlights the aqueous-phase 
chemistry as a possible pathway for production of both fossil and non- 
fossil OC, especially since photochemical aging would tend to enrich 
WSOC at smaller particle sizes. During the two high pollution events, 
non-fossil EC and OC had similar mass size distributions, while mass 
concentrations of fossil EC and OC during HPE-December were higher 

Fig. 3. Size distributions of (a) non-fossil WIOC, (b) fossil WIOC, (c) non-fossil 
WSOC and (d) fossil WSOC during high pollution events (HPE-December and 
HPE-March), moderate and low pollution events (MPE and LPE, respectively). 
The back-up filter is included as a size channel from 0.05 µm to 0.25 µm (Text 
S3). Particle sizes are aerodynamic diameters (Dp). 
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than those during HPE-March especially in the accumulation mode (Fig. 
S5). This shows that higher TC concentration during HPE-December 
(Fig. 1) were mainly caused by increased fossil source contributions. 
When comparing fossil concentrations in the largest size range (1.4–2.5 
µm) for HPE-December and HPE-March, fossil EC was similar. However, 
significantly higher fossil OC concentrations were observed for HPE- 
December, mainly caused by enhanced fossil WSOC rather than fossil 
WIOC. Increased fossil WSOC within this size range was likely a result of 
enhanced aqueous-phase production of fossil OC that accumulated in the 
large particle size at higher RH during HPE-December. 

In summary, radiocarbon analysis suggests some changes in primary 
source contributions among different particle sizes and pollution events, 
as evidenced by differences in ffossil(EC) between particle size ranges and 
the various pollution events. Secondary sources and chemical processing 
seemed to dominate OC, resulting in constant ffossil(OC) with particle 
size and fossil OC that was much more water-soluble than that of pri-
mary sources. Both fossil and non-fossil OC and EC concentrations in the 
smallest size range did not increase during high pollution events, but 
their mass concentrations in the higher size ranges increased strongly, 
indicating that OC and EC were internally mixed and that secondary 
formation / aqueous-phase chemistry processes contributed strongly to 
the particle growth. Compared with low and moderate pollution events, 
enhanced WSOC mass during high pollution events was on average 
associated with larger particles than WIOC, highlighting the aqueous- 
phase chemistry as an important pathway for production of both fossil 
and non-fossil OC. 

3.3. Stable carbon isotope composition as a function of particle size and 
thermal refractiveness 

In contrast to F14C, the δ13C values are influenced by source sig-
natures as well as by atmospheric processes (i.e., photochemical 
oxidation and secondary formation) via kinetic isotope effects. As 
shown in Fig. 4, all the reported δ13CTC values (− 27.0‰ to − 23.3‰) 
fell in the range of aerosol from liquid fossil fuel combustion (δ13Cliq. 

fossil = − 25.5‰ ± 1.3‰; mean ± SD), coal combustion (δ13Ccoal =

− 23.4‰ ± 1.3‰) and C3 plant burning (δ13CC3 = − 26.7‰ ± 1.8‰; 
Andersson et al., 2015 and references therein), showing the domi-
nance of anthropogenic sources. Even the most negative δ13CTC values 
were more enriched in 13C than δ13C of biogenic aerosols like α-pinene 
(− 28.4‰ to − 29.5‰), monoterpenes (− 27.6‰ to − 32.9‰; Haber-
stroh et al., 2019) and β-pinene (− 29.6‰ ± 0.2‰; Fisseha et al., 
2009), reflecting a minor contribution from biogenic sources to 
carbonaceous aerosols. This is in line with our expectations (see Sec-
tion 3.2) and earlier findings in winter and spring in Beijing (Zhang 
et al., 2017). On average, the most depleted δ13CTC values were 
observed for HPE-December (− 25.8‰, weighted average), followed 
by MPE (− 25.4‰), with the more enriched δ13CTC being observed for 

HPE-March (− 24.3‰) and LPE (− 24.6‰). δ13CTC increased with 
increasing particle size. Particles in the smallest size range have short 
life-times and are therefore mainly locally produced, whereas particles 
in the larger size range have life-times of days and are of more regional 
character. The increase in δ13CTC with particle size can most likely be 
attributed to sources and atmospheric processing of OC as explained 
below. 

The δ13C and mass of OC that desorbed at different temperature steps 
(200 ◦C, 350 ◦C and 650 ◦C) in helium are presented in Fig. 5. The 
different desorption temperatures roughly correspond to OC with 
different thermal stabilities, where more volatile OC tends to desorb at 
lower temperatures and less volatile OC at higher temperatures. It is 
usually recognized that photochemical or aqueous-phase processing 
(aging) results in more oxidized, less volatile OC. For example, Masalaite 
et al. (2020) showed that the mass fraction of less volatile OC was higher 
in summer than in winter due to active photochemical processing. 
Overall, OC desorbed at 650 ◦C (OC650◦C) accounted for the highest 
fraction of OC mass for all pollution events, and OC desorbed at 200 ◦C 
(OC200◦C) was the smallest fraction. OC desorbed at 350 ◦C (OC350◦C) 
constituted ~ 30% of total OC at all particle sizes for all pollution events. 
On the other hand, the mass fraction of OC650◦C increased with increasing 
particle size, indicating that larger particles are more aged. 

In terms of isotopic composition, recently formed SOA is considered to 
be depleted in 13C, whereas photochemical or aqueous-phase aging leads 
to OC enriched in 13C (Kirillova et al., 2013; Pavuluri and Kawamura, 
2016; Dasari et al., 2019). In our samples, OC650◦C had the most enriched 
δ13C values (δ13COC,650) of − 23.9‰ (weighted average; range: − 26.9‰ to 
− 20.3‰), compared to OC350◦C (δ13COC,350 = − 25.2‰; − 26.6‰ to 
− 23.1‰) and OC200◦C (δ13COC,200 = − 26.5‰; − 27.2‰ to − 25.7‰). In 
contrast, δ13C of OC for primary emissions does not change very strongly 
with increasing desorption temperature (i.e., varying within at most 2‰; 
Zenker et al., 2020). The most strongly enriched δ13COC,650 values cannot 
be explained by primary emissions, because even δ13C of coal combustion, 
the most enriched primary source (− 21‰ to − 25‰; Widory, 2006), is 
more depleted than the measured δ13COC,650 (up to − 20.3‰). Further-
more, the presence of carbonates (δ13C–0‰) in OC650◦C was excluded. 
Carbonates desorb only at temperature > 550 ◦C (Huang et al., 2006; 
Masalaite et al., 2020) and lowering the desorption temperature from 650 
◦C to 550 ◦C did not change the δ13C values within the measurement 
uncertainties (Fig. S6). The most likely explanation of the strongly 
enriched δ13COC,650 is therefore atmospheric aging processes. 

δ13COC,650 values were strongly size-dependent during all pollution 
events (Fig. 5a), with the most enriched values in the larger size ranges 
(0.77–2.5 µm), where particles are more regional in origin and, based on 
the higher mass fraction of OC650◦C, more aged. The smaller, more local 
particles contained less OC650◦C with lower δ13COC,650 values. Fig. 6 re-
lates δ13COC,650 to the mass fraction of OC650◦C for different particle sizes 
during different pollution events. During low and moderate pollution 
events (LPE and MPE), δ13COC,650 showed a strong linear correlation with 
the mass fraction of OC650◦C, both increasing with the increase of particle 
size (Fig. 6a). In Section 3.2, we conclude a probable regional influence on 
LPE and MPE aerosols. The linear relationship strongly supports the hy-
pothesis that atmospheric aging processes are responsible for the enriched 
δ13C values of OC650◦C. In addition, δ13COC,650 values were most enriched 
during LPE (range: − 24.4‰ to − 20.3‰), and most depleted during HPE- 
December (− 26.9‰ to − 24.0‰). More enriched δ13COC,650 values 
together with higher WSOC/OC ratios during LPE than during other 
events (Fig. 2) are both consistent with atmospheric aging of OC during 
long-rang transport (Aggarwal and Kawamura, 2008; Aggarwal et al., 
2013; Kirillova et al., 2013; Dasari et al., 2019; Zhang et al., 2019), which 
further corroborates a larger regional contribution and stronger aging of 
the LPE aerosol. In contrast, no similar trend was found during high 
pollution events (Fig. 6b), where regional, aged aerosols probably played 
a minor role. This is also supported by air mass back trajectories mainly 
from the west during high pollution events (Fig. S2), not from the south 
where high polluted regions are (An et al., 2019 and references therein). 

Fig. 4. δ13C of size-resolved TC during high, moderate and low pollution events 
(HPE, MPE and LPE, respectively). The error bars indicate the measurement 
uncertainties of δ13C. The endmember ranges (mean ± SD; see Section 3.3 for 
details) for coal combustion (brown), liquid fossil fuel combustion (black) and 
C3 plant burning (green) are indicated as shaded rectangular bars on the right 
y-axis. 
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OC200◦C has a relatively high mass fraction in primary OA and 
recently formed SOA and a low mass fraction in aged OA (Vodička et al., 
2015; Keller and Burtscher, 2017; Meusinger et al., 2017; Ni et al., 
2019a), and is therefore representative of local emission and formation. 
In contrast to δ13COC,650, δ13COC,200 values were more depleted and were 
similar for all particle size ranges and for different pollution events (all 
δ13COC,200 values were within a range of 1.5‰, see Fig. 5a). Depleted 
δ13COC,200 values were also found for aerosols at urban, coastal and forest 
sites in Eastern Europe, and were explained by newly formed SOA 
(Masalaite et al., 2020) that is depleted with respect to the partially 
oxidized precursor gases (Irei et al., 2006). The constant δ13COC,200 
values for different pollution events point to local sources of OC200◦C and 
an internal mixture of this local OC and aged regional particles. Previous 
studies found that primary OA is more volatile than aged OA (Keller and 
Burtscher, 2017; Vodička et al., 2015). OC200◦C could therefore probably 
arise from small primary particles and end up in larger particles by 
coagulation. On the other hand, condensation of locally produced SOA on 
pre-existing particles could also lead to internally mixed OC200◦C. The 
decreasing mass fraction of OC200◦C with larger sizes (Fig. 5b) is consis-
tent with both hypotheses, but the relatively 13C-depleted OC200◦C points 

to a larger role of SOA. Comparison between the two high pollution 
events, OC for HPE-December was more volatile (i.e., larger fraction of 
OC200◦C in total desorbed OC) than OC for HPE-March. This could be 
caused by partitioning of semi-volatile OC to the particle phase due to the 
lower ambient temperature during HPE-December. In addition, photo-
chemical processing led to less volatile OC and was further enhanced for 
HPE-March when the ambient temperature was high. 

In summary, δ13C of OC increased with desorption temperature steps 
(200 ◦C, 350 ◦C and 650 ◦C). The less volatile OC that desorbed at 650 ◦C 
(OC650◦C) was the largest mass fraction in total desorbed OC. Both δ13C 
of OC650◦C (range: − 26.9‰ to − 20.3‰) and the large mass fraction of 
OC650◦C increased with the increase of particle size, due to photo-
chemical aging. This is especially evident during low and moderate 
PM2.5 pollution events, when regional, aged aerosol played an important 
role. In contrast, the relatively low δ13COC,200 (− 27.2‰ to − 25.7‰) 
suggests major contribution of SOA to the more volatile OC desorbed at 
200 ◦C (OC200◦C). OC200◦C showed similar depleted 13C signatures for all 
particle sizes and for all different pollution events, pointing to an in-
ternal mixture of local and aged regional OC. 

Fig. 5. (a) δ13C of size-resolved OC desorbed at 
different temperature steps (200 ◦C, 350 ◦C and 
650 ◦C) during high, moderate and low pollution 
events (HPE, MPE and LPE, respectively). The error 
bars indicate the measurement uncertainties of 
δ13C. The endmember ranges (mean ± SD; see 
Section 3.3 for details) for coal combustion 
(brown), liquid fossil fuel combustion (black) and 
C3 plant burning (green) are indicated as shaded 
rectangular bars on the right y-axis. (b) Mass per-
centage of OC desorbed at 200 ◦C, 350 ◦C and 650 
◦C (OC200◦C, OC350◦C and OC650◦C, respectively) in 
total desorbed OC for size-resolved aerosols.   

Fig. 6. δ13C of OC650◦C (‰) vs. mass percentage of OC650◦C in total desorbed OC (%) during (a) low and moderate pollution events (LPE and MPE, respectively) and 
(b) high pollution events (HPE; HPE-December and HPE-March). The symbol size is proportional to the particle size range (<0.25 µm, 0.25–0.44 µm, 0.44–0.77 µm, 
0.77–1.4 µm and 1.4–2.5 µm, respectively). 
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4. Conclusions 

This study presents the first detailed dual-carbon isotopic charac-
terization (i.e., radiocarbon 14C and the stable carbon isotope 13C) of 
size-resolved OC and EC during high, moderate and low PM2.5 pollution 
events in wintertime Beijing, to elucidate the sources and atmospheric 
processes of carbonaceous aerosol and therefore one of the important 
factors driving PM2.5 pollution in urban environment. Compared to low 
and moderate pollution events, fossil and non-fossil OC and EC con-
centrations during high pollution events did not increase in the smallest 
size range (Dp < 0.25 µm), but increased strongly in the higher size 
ranges. This shows that local primary emissions were not enhanced, but 
that secondary formation contributed strongly to the particle growth. 
The enhanced OC concentrations at higher relative humidity during 
high pollution events were attributed to both increased fossil and non- 
fossil WIOC and WSOC, with WSOC concentrating at larger particle 
sizes than WIOC, highlighting the aqueous-phase chemistry as an 
important pathway for production of both fossil and non-fossil OC. 

Fossil source contributions to EC (weighted average: 69%; range: 
62–84%) were consistently larger than contributions to OC (55%; 
43–60%), WIOC (55%; 44–59%) and WSOC (54%; 43–62%). The source 
contribution to EC showed strong size dependence, with the highest fossil 
contribution to EC in the smallest (<0.25 µm) and largest size range 
(1.4–2.5 µm), especially during the high pollution events, reflecting 
changes in primary source contributions among different particle sizes 
and pollution events. Unlike EC, fossil source contributions to OC, WIOC 
and WSOC did not show a strong size dependence, indicating that pri-
mary sources probably played a minor role and OC was dominated by 
secondary formation. Secondary OC was largely from fossil sources, 
evidenced by comparable fossil source contributions to WIOC and to 
WSOC as well as larger fossil WSOC/OC ratios than WSOC/OC ratios of 
primary fossil emissions. Larger non-fossil source contributions to OC and 
WSOC (but not WIOC) was observed during low pollution events, mainly 
associated with the hydrophilic properties of non-fossil secondary OC 
from biomass burning. 

δ13C of OC increased strongly with increased desorption tempera-
ture steps (200 ◦C, 350 ◦C and 650 ◦C), varying from − 26.5‰ to 
− 25.2‰ to –23.9‰ (weighted average). This is in contrast to primary 
emission for which δ13C of OC does not change very strongly with 
increasing desorption temperature. δ13COC,650 values (range: − 26.9‰ 
to − 20.3‰) were more enriched in larger particle size ranges, due to 
photochemical aging. δ13COC,650 changed with different pollution 
events. During low and moderate pollution events, δ13COC,650 was 
strongly correlated with the mass fraction of OC650◦C in total OC, both 
increasing with the increase of particle size, reflecting the important 
role of regional, aged aerosol. Especially for low pollution events, the 
more enriched δ13COC,650 and higher WSOC/OC ratios than for other 
events points to a larger regional contribution and more extensive 
processing of aged aerosol. In contrast to δ13COC,650, the relatively low 
δ13COC,200 values (− 27.2‰ to − 25.7‰) were similar for all particle 
size ranges and for different pollution events, pointing to internal 
mixture of local and aged regional OC200◦C. With decreased mass 
fraction of OC200◦C at larger particle sizes, the low δ13COC,200 values 
were probably due to the influence of secondary OC formation on the 
more volatile OC that desorbed at 200 ◦C. δ13CTC (− 27.0‰ to –23.3‰) 
fell in the range of anthropogenic aerosols, reflecting minor biogenic 
contribution to carbonaceous aerosols. Increasing with the increasing 
particle size, δ13CTC can most likely be attributed to sources and at-
mospheric processing of OC. 
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Hélie, J.-F., Herrero-Martín, S., Meijer, H.A.J., Sauer, P.E., Sessions, A.L., Werner, R. 
A., 2016. Organic reference materials for hydrogen, carbon, and nitrogen stable 
isotope-ratio measurements: caffeines, n-alkanes, fatty acid methyl esters, glycines, 
L-valines, polyethylenes, and oils. Anal. Chem. 88, 4294–4302. https://doi.org/ 
10.1021/acs.analchem.5b04392. 

Shrivastava, M., Cappa, C.D., Fan, J., Goldstein, A.H., Guenther, A.B., Jimenez, J.L., 
Kuang, C., Laskin, A., Martin, S.T., Ng, N.L., Petaja, T., Pierce, J.R., Rasch, P.J., 
Roldin, P., Seinfeld, J.H., Shilling, J., Smith, J.N., Thornton, J.A., Volkamer, R., 
Wang, J., Worsnop, D.R., Zaveri, R.A., Zelenyuk, A., Zhang, Q.i., 2017. Recent 
advances in understanding secondary organic aerosol: implications for global 
climate forcing. Rev. Geophys. 55 (2), 509–559. https://doi.org/10.1002/ 
2016RG000540. 

Song, C., He, J., Wu, L., Jin, T., Chen, X., Li, R., Ren, P., Zhang, L., Mao, H., 2017. Health 
burden attributable to ambient PM2.5 in China. Environ. Pollut. 223, 575–586. 
https://doi.org/10.1016/j.envpol.2017.01.060. 

Subramanian, R., Donahue, N.M., Bernardo-Bricker, A., Rogge, W.F., Robinson, A.L., 
2007. Insights into the primary–secondary and regional–local contributions to 
organic aerosol and PM2.5 mass in Pittsburgh. Pennsylvania. Atmos. Environ. 41 
(35), 7414–7433. https://doi.org/10.1016/j.atmosenv.2007.05.058. 

Szidat, S., Bench, G., Bernardoni, V., Calzolai, G., Czimczik, C.I., Derendorp, L., 
Dusek, U., Elder, K., Fedi, M.E., Genberg, J., Gustafsson, Ö., Kirillova, E., Kondo, M., 
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stable carbon and nitrogen isotopic composition in fine aerosols at a Central 
European rural background station. Atmos. Chem. Phys. 19 (6), 3463–3479. https:// 
doi.org/10.5194/acp-19-3463-2019. 

Wacker, L., Christl, M., Synal, H.-A., 2010. Bats: a new tool for AMS data reduction. Nucl. 
Instrum. Methods Phys. Res. B 268 (7-8), 976–979. https://doi.org/10.1016/j. 
nimb.2009.10.078. 

Wang, G., Yao, J., Zeng, Y., Huang, Y.u., Qian, Y., Liu, W., Li, Y., Yuan, N., Liu, S., 
Shan, J., 2013. Source apportionment of carbonaceous particulate matter in a 
Shanghai suburb based on carbon isotope composition. Aerosol Sci. Tech. 47 (3), 
239–248. https://doi.org/10.1080/02786826.2012.743959. 

Wang, J., Ye, J., Zhang, Q., Zhao, J., Wu, Y., Li, J., Liu, D., Li, W., Zhang, Y., Wu, C., 
Xie, C., Qin, Y., Lei, Y., Huang, X., Guo, J., Liu, P., Fu, P., Li, Y., Lee, H.C., Choi, H., 
Zhang, J., Liao, H., Chen, M., Sun, Y., Ge, X., Martin, S.T., Jacob, D.J., 2021. 
Aqueous production of secondary organic aerosol from fossil-fuel emissions in winter 
Beijing haze. Proc. Natl. Acad. Sci. U.S.A. 118, e2022179118. https://doi.org/ 
10.1073/pnas.2022179118. 

Wang, X., Shen, X.J., Sun, J.Y., Zhang, X.Y., Wang, Y.Q., Zhang, Y.M., Wang, P., Xia, C., 
Qi, X.F., Zhong, J.T., 2018. Size-resolved hygroscopic behavior of atmospheric 
aerosols during heavy aerosol pollution episodes in Beijing in December 2016. 
Atmos. Environ. 194, 188–197. https://doi.org/10.1016/j.atmosenv.2018.09.041. 

Wang, Y., Zhang, R., Saravanan, R., 2014. Asian pollution climatically modulates mid- 
latitude cyclones following hierarchical modelling and observational analysis. Nat. 
Commun. 5, 3098. https://doi.org/10.1038/ncomms4098. 

Weber, R.J., Sullivan, A.P., Peltier, R.E., Russell, A., Yan, B., Zheng, M., de Gouw, J., 
Warneke, C., Brock, C., Holloway, J.S., Atlas, E.L., Edgerton, E., 2007. A study of 
secondary organic aerosol formation in the anthropogenic-influenced southeastern 
United States. J. Geophys. Res. 112, D13302. https://doi.org/10.1029/ 
2007JD008408. 

Widory, D., 2006. Combustibles, fuels and their combustion products: a view through 
carbon isotopes. Combust. Theory Model. 10 (5), 831–841. https://doi.org/ 
10.1080/13647830600720264. 

Wu, X., Vu, T.V., Shi, Z., Harrison, R.M., Liu, D., Cen, K., 2018. Characterization and 
source apportionment of carbonaceous PM2.5 particles in China - A review. Atmos. 
Environ. 189, 187–212. https://doi.org/10.1016/j.atmosenv.2018.06.025. 

Yan, C., Zheng, M., Bosch, C., Andersson, A., Desyaterik, Y., Sullivan, A.P., Collett, J.L., 
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