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Abstract. To investigate the sources and formation mechanisms of carbonaceous aerosols, a major contributor to severe
particulate air pollution, radiocarbon (**C) measurements were conducted on aerosols sampled from November 2015 to
November 2016 in Xi’an, China. Based on the *C content in elemental carbon (EC), organic carbon (OC) and water-
insoluble OC (WIOC), contributions of major sources to carbonaceous aerosols are estimated over a whole seasonal cycle:
primary and secondary fossil sources, primary biomass burning, and other non-fossil carbon formed mainly from secondary
processes. Primary fossil sources of EC were further sub-divided into coal and liquid fossil fuel combustion by

complementing *4C data with stable carbon isotopic signatures.

The dominant EC source was liquid fossil fuel combustion (i.e., vehicle emissions), accounting for 64% (median; 45-74%,
interquartile range) of EC in autumn, 60% (41-72%) in summer, 53% (33-69%) in spring and 46% (29-59%) in winter,
respectively. An increased contribution from biomass burning to EC was observed in winter (~28%) compared to other
seasons (warm period; ~15%). In winter, coal combustion (~25%) and biomass burning equally contributed to EC, whereas
in the warm period, coal combustion accounted for a larger fraction of EC than biomass burning. The relative contribution of
fossil sources to OC was consistently lower than that to EC, with an annual average of 47 £4%. Non-fossil OC of secondary
origin was an important contributor to total OC (35 *4%) and accounted for more than half of non-fossil OC (67 +6%)
throughout the year. Secondary fossil OC (SOCrssi) concentrations were higher than primary fossil OC (POCrossit)

concentrations in winter, but lower than POCrossii in the warm period.

Fossil WIOC and water-souble OC (WSOC) have been widely used as proxies for POCrossit and SOCrossit, respectively. This
assumption was evaluated by (1) comparing their mass concentrations with POCrossit and SOCrossit, and (2) comparing ratios
of fossil WIOC to fossil EC to typical primary OC to EC ratios from fossil sources including both coal combustion and
vehicle emissions. The results suggest that fossil WIOC and fossil WSOC are probably a better approximation for primary

and secondary fossil OC, respectively, than POCrossit and SOCrossit €Stimated using the EC tracer method.
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1. Introduction

Carbonaceous aerosols are an important component of PM; s (particles with aerodynamic diameter <2.5 pm), constituting
typically 20-50% of PM_smass in many urban areas in China (Cao et al., 2012; R. J. Huang et al., 2014; Tao et al., 2017).
The total carbon content of carbonaceous aerosols (TC) is operationally classified into elemental carbon (EC) and organic
carbon (OC) (P&schl, 2005). EC is emitted as primary aerosols from incomplete combustion of biomass (e.g., wood, crop
residues, and grass) and fossil fuels (e.g., coal, gasoline and diesel). In addition to these combustion sources, OC has other
non-combustion sources, for example, biogenic emissions, cooking, etc. Unlike EC that is exclusively emitted as primary
aerosols, OC includes both primary and secondary OC (POC and SOC, respectively), where SOC is formed in the
atmosphere by chemical reaction and gas-to-particle conversion of volatile organic compounds (VOCs) from non-fossil (e.g.,
biomass burning, biogenic emissions, and cooking) and fossil sources (Jacobson et al., 2000; Kanakidou et al., 2005;
Hallquist et al., 2009). Moreover, OC can be separated into water-soluble OC (WSOC) and water-insoluble OC (WIOC),

aaccording to water solubility of OC.

High concentrations of carbonaceous aerosols have been observed during severe air pollution events in China (R. J. Huang et
al., 2014; Elser et al., 2016; Liu et al., 2016a, 2016b). Knowledge and understanding of the sources and formation processes
of carbonaceous aerosols, which remain unclear due to the complicated chemical composition, are highly needed to improve
air quality. Clear-cut separation between fossil and non-fossil sources of carbonaceous aerosols can be successfully achieved
by radiocarbon measurement (Gustafsson et al., 2009; Szidat et al., 2009; Dusek et al., 2013). Radiocarbon (*C) source
apportionment exploits the fact that carbonaceous aerosol emitted from fossil sources (e.g., coal combustion, vehicle
emissions) does not contain *4C, whereas carbonaceous aerosol released from non-fossil (or “contemporary”) sources has a
typical contemporary '“C signature. Radiocarbon studies show that a sizeable fraction of carbonaceous aerosols is from non-
fossil origins, even for aerosols collected in urban areas (Heal, 2014; Cao et al., 2017). For example, Zhang et al. (2015b)
found that 48 +9% total carbonaceous aerosols were contributed by non-fossil sources in urban areas of 4 large Chinese
cities in winter of 2013. *C measurements conducted in early winter in 10 Chinese cities show that on average 65 7% total
carbonaceous aerosols were derived from non-fossil sources (Liu et al., 2017). When *C analysis is conducted for OC and
EC separately, contributions from biomass burning and other non-fossil sources to carbonaceous aerosols can be separated

for a more comprehensive source apportionment.

14C measurements on either WIOC or WSOC can help to separate primary from secondary OC from fossil sources. Fossil
sources tend to mainly produce WIOC in primary emissions (Weber et al., 2007; Dai et al., 2015; Yan et al., 2017).
Therefore, fossil WIOC (WIOCxssit) can be used as a proxy of fossil POC (POCrssit). WSOC can be directly emitted as
primary aerosols mainly from biomass burning or produced as SOC. There is evidence that SOC produced through the
oxidation of VOCs followed by gas-to-particle conversion contains more polar compounds and thus may be an important
source of WSOC (Miyazaki et al., 2006; Sannigrahi et al., 2006; Kondo et al., 2007; Weber et al., 2007). Fossil WSOC
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(WSOCrossil) therefore is thought to be a good proxy of fossil SOC (SOCrossi)). *C analysis of WIOC and WSOC can
therefore provide new insights into sources and formation processes of primary and secondary OC, respectively, and has
been applied in several source apportionment studies (e.g., Liu et al., 2016a, 2016b; Dusek et al., 2017; Liu et al., 2017). For
example, using this approach, Y. L. Zhang et al. (2014) found that secondary fossil OC dominates total fossil OC in a
background site in southern China. Measurements in 4 Chinese megacities highlight the importance of secondary formation
to both fossil and non-fossil WSOC in severe winter haze episodes, by combining **C measurements of WSOC with positive

matrix factorization of aerosol mass spectrometer data (Zhang et al., 2018).

14C measurements on EC allow direct separation of fossil and biomass burning source contributions. In addition, analysis of
the stable carbon isotopic composition (namely the 3C/*2C ratio, expressed as §**C in Eq. 1) of EC can be used to separate
fossil sources into coal and liquid fossil fuel combustion (i.e., vehicle emissions), because EC from coal combustion is on
average more enriched in the stable carbon isotope ‘3C compared to liquid fossil fuel combustion (Andersson et al., 2015;
Winiger et al., 2015, 2016; Fang et al., 2018). The interpretation of the stable carbon isotope signature for OC source
apportionment is more difficult, because OC is chemically reactive and 6*3C signatures of OC are not only determined by the
source signatures but also influenced by chemical reactions of the organic compounds in the atmosphere (lIrei et al., 2011,

Pavuluri and Kawamura, 2016).

In this study, one-year PMys samples collected from Xi’an, China are investigated. Xi’an is the largest city in northwest
China and is also one of the most polluted cities in the world. We present, to our best knowledge, the first 4C measurements
covering all four seasons that distinguish fossil and non-fossil contributions to various carbon fractions, including EC, OC,
WIOC and WSOC in Xi’an. Fossil sources of EC are further divided into coal and liquid fossil fuel combustion by
complementing radiocarbon with the stable carbon isotopic signature. Concentrations of POCrossii and SOCrossii are modeled
based on the *C-apportioned OC and EC and compared with their widely used proxies, i.e., **C-apportioned WIOCrossit and

WSOCrossil, respectively.

2. Methods
2.1 Sampling

Sampling was conducted in Xi’an, China from 30 November 2015 to 17 November 2016. PM. s samples were collected on
the rooftop (~10 m) of a two-floor building located at the Institute of Earth Environment, Chinese Academy of Sciences
(34.2°N, 108.9°E). This site is a typical urban background site surrounded by residential and education areas. The 24 h
integrated PM, s samples were collected from 10:00 to 10:00 the next day (local standard time, LST). PM2s samples were
collected on pre-baked (780 <C for 3 h) quartz fiber filter (QM/A, Whatman Inc., Clifton, NJ, USA, 20.3 cm % 25.4 cm)
using a high-volume sampler (TE-6070 MFC, Tisch Inc., Cleveland, OH, USA) at a flow rate of 1.0 m® min. Field blank
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filters were treated exactly like the sample filters, except that no air was drawn through the filter. After collection, the filters
were immediately removed from the sampler, packed in pre-baked aluminum foils (450 <C for 3 h), sealed in polyethylene

bags and stored in a freezer at -18 <C until analysis.

2.2 Thermal/optical organic carbon (OC) and elemental carbon (EC) analysis

Filter pieces of 1.5 cm? were taken for OC and EC analysis using a carbon analyzer (Model 5L, Sunset Laboratory, Inc.,
Portland, OR, USA) following the thermal-optical transmittance protocol EUSAAR_2 (Cavalli et al., 2010). In the
EUSAAR_2 protocol the filter sample is heated stepwise in an inert helium (He) atmosphere up to 650 <C to thermally
desorb organic compounds. After a rapid cooling to 500 <T the sample is heated again stepwise up to 850 <C in an oxidizing
98% He/2% O, atmosphere to oxidize EC. All carbon gases are converted to CO; and detected with a non-dispersive infrared
(NDIR) detector. During heating in the inert He atmosphere, a fraction of OC pyrolyzes (chars) to light-absorbing EC, as
demonstrated by decreasing transmission signal. When the charred OC and original EC are released in the He/O, atmosphere,
transmission signal increases again. The split between OC and EC is set when the transmission signal reaches their pre-

pyrolysis value. The sum of OC and EC is total carbon (TC).

At the beginning of each work day, the instrument is calibrated using a sucrose standard solution. The instrument blank,
representing the background contamination of the instrument during the analysis, is measured every day and negligible (TC
< 0.2 ug cm?) compared to the TC loading of the samples (13-246 pg cm; range). The reproducibility determined by
duplicate analysis of the filter samples was within 6% for OC and 5% for EC. The average field blank of OC was 0.9 +0.2
ug cm? (N=6, equivalent to ~ 0.23 £0.05 pg m™®), which was subtracted from the sample OC concentrations. EC on field
blanks was in most cases below the detection level. Details of the OC/EC measurement can also be found in Zenker et al.
(2017).

2.3 Stable carbon isotopic composition of EC

The stable carbon isotopic composition of EC was measured at the Stable Isotope Laboratory at the Institute of Earth
Environment, Chinese Academy of Sciences. To remove OC, filter pieces were heated at 375 <C for 3 h in a vacuum-sealed
quartz tube in the presence of CuO catalyst grains. Extraction of EC was done by heating the carbon that remained on the
filters at 850 <C for 5 h in another vacuum-sealed quartz tube. The resulting CO, from EC was isolated by a series of cold
traps and quantified manometrically. The stable carbon isotopic composition of the purified CO, was determined as §3C
(8%3Cec for EC) by offline analysis with a Finnigan MAT-251 mass spectrometer (Bremen, Germany). §*3C values are
expressed in the delta notation as per mil (%o) deviation from the international standard Vienna Pee Dee Belemnite (V-
PDB):

(13C/12C)
813C (%0) = [ 53mPle _ 1] % 1000. 1
( 00) [(13C/12C)V—PDB ( )

4
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A routine laboratory working standard with a known 3*3C value was measured every day. The analytical precision of §°C
was better than +0.3 %o based on duplicate analyses. Details of stable carbon isotope measurements are described in our
previous studies (Cao et al., 2011, 2013; Ni et al., 2018).

Pyrolyzed OC can be formed through charring during the OC removal procedure and is released at the high temperature of
EC step. To assess the potential effect of pyrolyzed OC on the measured §**Cec, we conducted a sensitivity analysis based on
isotope mass balance (See details in the Supplemental S1). This analysis shows that even for high contribution from
pyrolyzed OC to the isolated EC of 20%, the expected difference in §'*C between measured EC and true EC is <1%o.

2.4 Radiocarbon (**C) measurements of OC, WIOC and EC
2.4.1 Sample selection for C analysis

For 14C analysis of OC, WIOC and EC, 3 composite samples per season were selected to represent high (H), medium (M)
and low (L) concentrations of total carbon (TC = OC + EC), to cover various pollution conditions in each season. Each
composite sample consists of 2 to 4 24 h filter pieces with similar TC loadings and air mass backward trajectories (Fig. S1,
Table S1). In total, 36 radiocarbon data were measured, including 12 OC, 12 WIOC and 12 EC. '*C values of WSOC are
calculated from '“C values of OC and WIOC according to the isotope mass balance (Eqg. 4).

2.4.2 Extraction of OC, WIOC and EC

OC, WIOC and EC extractions were conducted on our custom-built aerosol combustion system (ACS). The ACS has been
described in detail by Dusek et al. (2014) and evaluated in two intercomparison studies (Szidat et al., 2013; Zenker et al.,
2017). In brief, the ACS consists of a reaction tube and a CO; purification line. In the reaction tube aerosol filter samples are
inserted into a filter holder and heated at different temperatures in pure O,. Combustion products are fully oxidized using a
platinum catalyst. The resulting CO; is separated from other gases (e.g., NOy, water vapor) in the purification line. Here, NOy
and liberated halogens are first removed by a heated oven (650 <C) filled with copper grains and silver, water is then
removed by a U-type tube cooled with dry ice-ethanol mixture (around -70 <C) and a flask containing phosphorus pentoxide
(P20s). The amount of purified CO is determined manometrically in a calibrated volume and CO; is subsequently stored in

flame-sealed glass ampoules.

OC is combusted by heating filter pieces at 375 <C for 10 min. WIOC and EC are combusted from water-extracted filter
pieces. By water-extraction, water-soluble OC (WSOC) is removed from filter pieces (Zhang et al., 2012; Bernardoni et al.,
2013; Dusek et al., 2014). For WIOC, a water-extracted filter piece is heated at 375 <C for 10 minutes. Subsequently, the
oven temperature is increased to 450 <C for 3 min to remove the most refractory OC that left on the filter. However, during
this step some less refractory EC might be lost. After this step, OC has been completely removed from the filter pieces.

Finally, the remaining EC is combusted by heating the filter at 650 <C in O, for 5 min (Dusek et al., 2017; Zenker et al.,

5
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2017). EC recovery after the intermediate 450 <C step was approximately 70%, estimated by comparing to the EC quantified
by EUSAAR_2 protocol.

Contamination during the extraction procedure is determined by following the same extraction procedures with either empty
filter boat or pre-heated filters (at 650 <C in O, for 10 min). The contamination yields on average 0.85 pgC OC, 0.73 pgC
WIOC and 0.72 ugC EC per extraction, respectively. Compared with our sample size of 45-210 pgC OC, 45-328 pgC
WIOC and 15-184 pgC EC, the contamination is relatively small (<5 % of the sample amount).

2.4.3 *C measurements by accelerator mass spectrometer (AMS)

14C measurements were conducted using the the Mini Carbon Dating System (MICADAS) AMS at the Centre for Isotope
Research at the University of Groningen. The extracted CO- is released from the glass ampules and captured by a zeolite trap
within a gas inlet system (Ruff et al., 2007), where the sample is diluted using He to 5% CO, (Salazar et al., 2015). The
COgy/He mixture is directly introduced into the Cs sputter ion sources of the MICADAS at a constant rate (Synal et al., 2007).

The C/*2C ratio of an aerosol sample is usually normalized to the “C/*2C ratio of an oxalic acid standard (OXII) and
expressed as fraction modern (F*C). Following the definition of fraction modern (Mook and van der Plicht, 1999; Reimer et
al., 2004), the C/*2C ratio of OXII is related to the unperturbed atmosphere in the reference year of 1950 by multiplying it
with a factor of 0.7459:

(14—C/12C)

14, _ sample,[-25]

0.7459 x (1C/'2C)

(2
OXII,[-25]

where the C/*2C ratio of the sample and OXII are both corrected for machine background and normalized to 3*3C = -25 %o
with respect to V-PDB to correct for isotope fractionation. 63C = -25 %, is the postulated mean value of terrestrial wood
(Stuiver and Polach, 1977).

The F“C values are corrected for memory effect (Wacker et al., 2010) using alternate measurements of OXII and *4C-free
material as gaseous standards. Correction for instrument background (Salazar et al., 2015) is done by subtracting the memory
corrected F!*C values of the C-free standard. Finally, the values are normalized to the average value of the (memory and
background corrected) OXII standards. A set of secondary standards is used to assess the robustness and reliability of the
data. This includes IAEA-C7 with a consensus value of F¥*C = 0.4953 +0.0012 and sample masses of 76 pg and 80 pg and
IAEA-C8 with a consensus value of F**C = 0.1503 = 0.0017 and sample masses of 63 pg and 100 pg. All standards
including OXII and **C-free material used for data correction and IAEA-C7 and IAEA-C8 for quality control of AMS
measurements are measured on the same day as the samples. F“C values of secondary standards undergo the same data

correction as the samples. Results of IAEA-C7 and C8 agree within uncertainties (Table S2).
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F!4C of carbon from fossil sources is 0, and carbon from non-fossil sources (or “contemporary” sources) should have F1C of
1. But the extensive release of **C from nuclear bomb tests in the late 1950s and early 1960s and 4C-free CO, from fossil
fuel combustion has perturbed the atmospheric F*“C values significantly. The former increased the F*C in the atmosphere
by up to a factor of 2 in the northern hemisphere in the 1960s. The nuclear tests have been banned in the atmosphere, outer
space and under water since 1963. Since then, the atmospheric FC has been slowly decreasing, as **C is mainly taken up by
the oceans and terrestrial biosphere and diluted by “C-free CO, (Hua and Barbetti, 2004; Levin et al., 2010).In 2010, the
FC of the atmospheric CO; is approximately 1.04 (Levin et al., 2008, 2010), whereas in 2014 it decreased to 1.02 (Vlachou
etal., 2018).

2.5 Estimation of source contributions to different carbon fractions

F4C of EC, OC and WIOC (i.e., F¥*Cec), F*C(oc) and F¥*Cwioc), respectively) are directly measured. Mass concentrations
(Mwsoc) and F**C of WSOC (F*“Cwsoc)) can be calculated as

Mwsoc = Moc — Mwioc 3)

FMC(oc) X Mo¢ — F14C(WIOC) X Mwioc

(4

F14C WS0C) =
¢ ) Moc — Mwioc

where Moc and Mwioc are mass concentrations of OC and WIOC, respectively. Moc is measured by the thermal-optical

method as described in Sect. 2.2.

To estimate Mwioc, we assume two extreme cases following the method of Dusek et al. (2017). (1) WIOC is completely
recovered. That is, the recovery of WIOC is 100%, where the recovery is estimated by dividing the WIOC mass extracted
using ACS (Mwioc,e) with the WIOC mass in the aerosol samples. But the WIOC combustion temperature of 375 <C in the
ACS is highly likely not high enough to recover 100 % of WIOC. Thus, this estimation is an underestimate of Mwioc
(M1wioc). (2) We assume that WIOC has the same recovery as OC. The Mwioc can be calculated by dividing Mwioce by the
OC recovery. Due to the fact that usually less WIOC than OC is lost to charring, this probably is an overestimate of Mwioc
(M2wioc). Mwioc is assumed to vary from Mlwioc 10 M2wioc. The most likely value of Mwioc is chosen at
M1wioc+2/3{M2wioc—M1wioc), because it is more likely that WIOC has a similar recovery as OC rather than 100 %
recovery. Once Mwioc is estimated, the F*Cuwsoc) can be calculated following the Eq. (4). The best estimate and ranges of
FCwsoc) is presented in Fig. S2 and Table S1. F¥*Cwsoc) is only slightly sensitive to Mwioc. If we shift the Mwioc from

MZ1wioc to M2wiac, the average values of F¥4Cwsoc) only change by less than 0.03 (absolute differences).

FCcy can be converted to the relative contribution of biomass burning to EC (fs(EC)) by dividing with F14C of biomass
burning (F*Cpp = 1.10 =0.05; Lewis et al., 2004; Mohn et al., 2008; Palstra and Meijer, 2014), to eliminate the effect from

nuclear bomb tests in the 1960s. F“Cyy, represents F**C of biomass burning including wood burning and crop residue
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burning. This is because that biomass burning in Xi'an mainly includes household usage of wood and crop residues as well
as open burning of crop residues. F**C for burning of annual crop has a similar value of current atmospheric CO,. F**C of
wood burning is higher than that and varies with the age of tree. Estimates of F*4C for wood burning are based on tree-
growth models (e.g., Lewis et al., 2004; Mohn et al., 2008) and found to range from 1.08 to 1.30 relating to wood age and
fell date (Heal, 2014, and references therein). The lower limit of F**Cyy, corresponds to burning of young wood (5-10 years
old tree harvested between 2010 and 2015) and crop residues as main sources of EC, and the upper end of F*Cyp

corresponds to older wood (30-60 years old tree) combustion as the main source of EC.

Analogously, the relative contribution of non-fossil sources to OC, WIOC and WSOC (i.e., fx(OC), fus(WIOC) and
faf(WSOC), respectively) can be estimated from their corresponding F*C values and F**Cy. F¥Cy¢ is F**C of non-fossil
sources include both biomass burning and biogenic emissions. F“C of biogenic sources can be estimated from long-term
14C0O, measurements at the Schauinsland background station (Levin and Hammer, 2013; Levin et al., 2010). In Xi’an,
biogenic OC is probably not very important, as could be expected from high concentrations of carbonaceous aerosols and
strong anthropogenic sources. F*Cnis thus estimated as 1 .09 +0.05 (Lewis et al., 2004; Levin et al., 2010; Y. L. Zhang et
al., 2014). The central value of 1.09 corresponds to 15% contribution of biogenic OC to OC.

EC is primarily produced from biomass burning (ECyp) and fossil fuel combustion (ECr.ssit), and absolute EC concentrations

from each source can be estimated as:
ECpp = Mgc X fupb(EC) 5)
ECfossit = Mgc X (1 — fip(EC)) = Mgc X frossit (EC) (6)

where frossit(EC) is the relative contribution of fossil sources to EC, Mgc are mass concentrations of EC. Analogously, mass
concentrations of OC, WIOC and WSOC from non-fossil sources (OCns, WIOC,: and WSOCy, respectively) and fossil
sources (OCrossil, WIOCrossit and WSOCrossil, respectively) can be determined.

More detailed source apportionment of OC can be achieved by combining 4C-apportioned OC and EC with characteristic
primary OC/EC ratios for each source (i.e., using EC as a tracer of primary emissions; EC tracer method). Biomass burning
usually has higher primary OC/EC ratios (ry, = 3-10) than those for coal combustion (reea = 1.6-3) and vehicle exhausts
(rvenicte = 0.5-1.3) (Ni et al. (2017) and references therein). Best estimate of ry, (4 +1; average £SD), rcoa (2.38 £0.44), and
rvenicte (0.85 +0.16) is done through a literature search as described in Ni et al. (2018) and comparable to values used in ealier
14C source apportionment in China (Y. L. Zhang et al., 2014, 2015a).

Primary biomass burning OC (POCyp) can be estimated by multiplying ECyp With ryp:

POCbb = ECbb X Tvb (7)
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Other non-fossil OC excluding POCpp, (OCo ) can be estimated as:
OConf = OCys — POCpy, (8)

where OC, nincludes OC from all non-fossil sources other than primary biomass burning, thus mainly consists of secondary
OC from biomass burning (SOCyb), primary and secondary biogenic OC, as well as cooking emissions. In most cases,

contributions of primary biogenic OC to PM_sare likely small (Gelencsé& et al., 2007; Guo et al., 2012).

OCiossit includes both primary and secondary OC from fossil sources (POCrossit and SOCrossil, respectively):
OCfossit = POCsossit + SOCtossil, 9
where POCrossil can be estimated from ECrossii and primary OC/EC ratio of fossil fuel combustion (rfossit):
POCfossit = ECrossil X Tfossil- (10)
Fossil sources in China are almost exclusively from coal combustion and vehicle emissions, thus rrossii can be estimated as
Trossil = Tcoal X P + Tvehicle X (1 —P), (11)

where p is the relative contribution of coal combustion to fossil EC. That is, p = ECcoal/ECrossil, Where estimation of ECcoq iS
achieved by combining F“Cc) and *3Cec with the Bayesian calculations as described in details in the Sect. 2.6 and
Supplement S2.

To propagate uncertainties, a Monte Carlo simulation with 10000 individual calculations was conducted. For each individual
calculation, F**Cc), F**C(oc), F¥*Cwioc) and concentrations of EC, OC and WIOC are randomly chosen from a normal
distribution symmetric around the measured values with the experimental uncertainties as standard deviation (SD). For
FY¥Cob, F¥Chf, I'ob, Fcoat and ryenicie random values are chosen from a triangular frequency distribution with its maximum at the
central value and is 0 at the lower limit and upper limit. For p values, random values from the respective probability density
function (PDF) of p were used (Supplement S1). In this way 10000 random sets of variables can be generated. For fy(EC),
faf(OC), faf(WIOC), fur(WSOC), ECub, ECrossit, OCns, OCrossit, WIOChns, WIO Crossit, WSOChns, WSOCrossii, POCp, and OConr, the
derived average represents the best estimate, and the SD represents the combined uncertainties (Tables 1, S4). For POCrossil
and SOCxqssil, the median value is considered as the best estimates and the interquartile range (25th—75th percentile) are used
as uncertainties, because the PDFs of POCirossit and SOCrossit are asymmetric (Fig. S3b, Table S4).

2.6 Source apportionment of EC using Bayesian statistics

Using FC and 8%C signatures of EC (F*Cec), 8**Cec) and assuming isotope mass balance in combination with a Bayesian
Markov chain Monte Carlo (MCMC) scheme, it is possible to differentiate the 3 main sources of EC: biomass burning,

liquid fossil fuel combustion (i.e., vehicle emissions) and coal combustion (Andersson et al., 2015; Li et al., 2016; Winiger et



10

15

20

25

al., 2016; Fang et al., 2018). EC from fossil sources can be first separated from biomass burning by F*Cc). Further, §*3Cec

allows separation of fossil sources into coal and liquid fossil fuel burning:

F*Cge, F¥Cpy  F*Cligfossit  F*Ceoal fob
83Chc | = | 813Chp  8Ciiqrossit 8% Ceoa || fiiafossi (12)
1 1 1 1 feoal

where the last row ensures the mass balance; fob, fiigfossit and feoar are the relative contribution from biomass burning, liquid
fossil fuel combustion and coal combustion to EC, respectively; F*Cyy, is the F1*C of biomass burning (1.10 +0.05), as
mentioned in Sect. 2.5. F*Ciigfossit and FCcoa are zero due to the long-time decay. §**Cpp, 8**Ciig fossit and §*Ceoal are the §1°C
signature of EC emitted from biomass burning, liquid fossil fuel combustion and coal combustion, respectively. The means
and the standard deviations for §*3Cpy (-26.7 £ 1.8 %o for C3 plants, and -16.4 = 1.4 %o for corn stalk), 8*3Ciig fossit (-25.5 =%
1.3 %o), and 8'3Ccoal (-23.4 £ 1.3 %o) are compiled and established by literature studies in previous publications (Andersson et
al. (2015) and references therein; Ni et al., 2018). The source endmembers for §:°C are less well-constrained than for F1“C,
as 8'°C varies with fuel types and burning conditions. For example, the range of possible §'3Ciiqfssii OVerlaps to a small
extent with the range of 83Cca, although liquid fossil fuels are usually more depleted than coal. The MCMC technique
takes into account the variability in the source signatures of F*C and §'3C (Parnell et al., 2010, 2013), where 5'*C introduces
a larger uncertainty than F*C. Uncertainties of 5*Cupb, 5*Ciig.fossil, 8°Cecoat and F*4Cyp as well as the measured ambient §°*Cec
and F¥Cec, are propagated. The results of the MCMC calculations are the posterior PDFs for fup, fii fossit and feoar . The PDFs
of fiig.fossit and feoar are skewed. By contrast, the PDFs of fy, is symmetric as it is well-constrained by F*C (Fig. 6). In this
study, the median is used to represent the best estimate of the fup, fiigfossii and feoar. Uncertainties of this best estimate are
expressed as an interquartile range (25th-75th percentile) of the corresponding PDFs. The MCMC-derived fy, (calculated by
Eq. 12) is very similar to that obtained directly from radiocarbon data (fao(EC), Eq. 5) as both of them are well constrained
by F“C. In this study, fy, and fy(EC) are therefore used interchangeably. Details on the MCMC-driven Bayesian approach
have been described in our earlier study (Ni et al., 2018).

3 Results
3.1 ¥C-based source apportionment of EC and OC

EC is derived mainly from fossil sources, regardless of differences in EC concentrations and seasonal variations. The relative
contribution of fossil fuel combustion to EC (fressi(EC)) ranges from 69% to 89%, with an annual average of 82 +6% (Fig.
1a). The relative contribution of fossil sources to OC (frossil(OC) is consistently smaller than frssil(EC) (Fig. 1b). The values
of frossit(OC) range from 41% to 51%, with an annual average of 47 *£4%. The absolute difference in the fossil fractions
between OC and EC is on average 35% (28%-42%; range). The main reason for this difference is that biomass burning
emits more OC relative to EC compared to the fossil sources (Streets et al., 2003; Akagi et al., 2011; Zhou et al., 2017). Thus,
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even if biomass burning contributes a small fraction to EC, it will have a much higher contribution to primary OC.
Additionally other non-fossil sources, such as secondary biomass burning emissions, primary and secondary biogenic

emissions as well as cooking contribute to OC, but not to EC.

The annual average frossit(EC) and frossit(OC) reported here is consistent with the results reported at an urban site of the same
Chinese city in 2008/2009 (frossil(EC) = 83 £5%, frossii(OC) = 46 £8%; Ni et al., 2018), an urban site of Beijing, China in
2013/2014 (frossil(EC) = 82 £7%, frossii(OC) = 48 £12%; Zhang et al., 2017) and 2010/2011 (frssi(EC) = 79 £6%; Zhang et
al., 2015b) and a background receptor site of Ningbo, China (frssil(EC) = 77 £15%; Liu et al., 2013). Much lower fssil(EC)
and frossii(OC) was found at a regional background site in South China in 2005/2006 (frossit(EC) = 38 £11% and frossit(OC) =
19 £10% for Hainan; Y. L. Zhang et al., 2014), regional receptor sites in South Asia in 2008/2009 (frssil(EC) = 27 £6% and
frossil(OC) = 31 5% for Hanimaadhoo, Maldives and frossil(EC) = 41 5% and frossii(OC) = 36 5% for Sinhagad, India;
Sheesley et al., 2012), where regional/local biomass burning contributes much more to carbonaceous aerosols than fossil fuel
combustion and the *C levels can change significantly with the origin of air masses.

The frssit(EC) and frossit(OC) follow the same seasonal trends: the values are lower in winter and higher in the rest of the
seasons (i.e., warm period). Within the warm period, both are slightly higher in spring (frossil(EC) = 86 £3%, frossit(OC)= 50
+1%) than in summer and autumn (frossit(EC)= 84 £2%, frossil(OC)= 47 £3%) in general and also to be slightly lower under
the cleanest periods (i.e., in spring, summer and autumn, frssil(EC) and frossit(OC) in polluted days (“H” and “M” samples)
were higher than in clean days (“L” samples); Fig. 1, Tables 1, S5). The low frssii(EC) in winter is due to the substantially
increased contribution from biomass burning (mainly wood burning) for heating in winter, which gradually stops in spring
but in summer and early autumn, open biomass burning (mainly crop residues) occurs in Xi’an and its surrounding areas.
Some biomass burning for cooking is probably present all year round (Huang et al., 2012; T. Zhang et al., 2014). The
seasonality in biomass burning activity is consistent with the variations of fo(EC). fon(EC) is higher in winter (28 +4%)
than that in other seasons (i.e., warm period, on average 15 2 %). This is in line with our previous study in Xi’an, China in
2008/2009 (Ni et al., 2018). By comparison with literature data for Beijing, Beijing shows a very different seasonal trend,
where fo(EC) was lowest in summer (~7%) and increased to ~20% during the rest of the year (Zhang et al., 2017). The
distinct different values and seasonality of fy,(EC) in Xi’an and Beijing indicate that biomass burning emissions are
seasonally dependent and their influences vary spatially in different Chinese cities. The seasonal trends of frossii(OC) were
different in Beijing as well, with higher frossii(OC) in winter than in other seasons (Yan et al., 2017; Zhang et al., 2017). This
is in line with previous source apportionment results that during wintertime biomass burning is a major source of OC in

Xi’an and coal combustion is a dominant source for OC in Beijing (R. J. Huang et al., 2014; Elser et al., 2016).

EC concentrations from fossil fuel combustion (ECrossil) Span a range from about 0.6 to 7 pg m and increase by roughly a
factor of 3 from summer to winter when separately comparing clean and polluted periods. The remaining EC is contributed

by biomass burning (EChyp), which varies in a wider range than ECrossit from about 0.1 to 3 ug m (Fig. 1a, Table S3). ECtossil
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values are on average 2-3 times higher than ECy, in winter and 5-8 times higher in other seasons. This implies that the
winter-summer differences in biomass burning emissions is larger than fossil fuel combustion emissions, regardless of the
fact that both biomass burning and coal combustion are expected to increase during wintertime for heating (T. Zhang et al.,
2014; Shen et al., 2017; Zhu et al., 2017). OC concentrations from fossil fuel combustion (OCrssit) range from about 1 to 20
ug m3, with an average of 6.8 ug m=, which is comparable to non-fossil OC concentrations (range: 2-28 ug m; mean: 8.2
ug m3). Clear seasonal variations were observed in both EC and OC from fossil and non-fossil sources, with maxima in
winter and minima in summer (Table S6). This is mainly because of an increase in coal burning and biomass burning for

heating as well as unfavorable meteorological conditions in winter.

3.2 1C- based source apportionment of water-soluble and water-insoluble OC

The fossil contribution to total WIOC (frssit(WIOC)) varied from 49 +1% in winter to 60 5% in summer, with an annual
average of 55 £5%. In winter the enhanced biomass burning is a source of non-fossil WIOC (Dusek et al., 2017). The
relative contributions of fossil sources to WSOC (frossil(WSOC) = 42 £6%) were smaller than that to WIOC for nearly all the
samples throughout the year. In winter both primary emission and secondary formation from biomass burning contribute to
WSOC and in the warm period additionally biogenic SOC, though the latter concentrations are probably relatively low. In
addition, primary fossil emissions are expected to contribute very little to WSOC, so the lower fossil fractions in WSOC are
in line with expectations. In this study, the largest differences between fossil fractions in WIOC and WSOC were found to
be 36% for sample Summer-L (e.g., low TC concentrations in summer). Summer-L had the lowest frssii(WSOC) of 28 £2%
(Fig. 2a), which was contrary to the stable frssii(EC) in the warm period (Fig. 1a) and therefore cannot be explained by an
increase in primary (or probably secondary) biomass burning OC. This indicates that the lowest fsossii(WSOC) for Summer-L

was probably due to the impact of biogenic OC in the clean period.

WSOC concentrations from non-fossil sources (WSOCys) are larger than WSOC from fossil sources (WSOC+ssii) at 95%
confidence level (paired t-test, P-value=0.016), with an average of 5.1 pg m (range of 1.5-16.7 pg m=) for WSOC¢ versus
an average of 3.6 pg m3(range of 0.6-9.4 ug m=) for WSOCrssit (Fig. 2). WIOC concentrations from non-fossil sources
(WIOC:) do not differ significantly from fossil sources (WIOCxssi) (paired t-test, P-value=0.113). WSOC:f, WSO Crossil,
WIOC;s and WIOCrssii show the same seasonal trends, with higher mass concentrations in winter and lower in the warm
period. WSOC is responsible for ~ 35% of the increased OC mass in winter, followed by WIOCs (~24%), WIOCrossit (~
22%) and WSOCx (~ 19%).

Figure 2b shows the fraction of WIOCf, WSOCyf, WIOCrossi and WSOCrossil in the total OC in different seasons. WSOC (the
sum of the blue areas) on yearly average accounted for 60 5% of OC (ranging from 53-70%), consistent with previous
measurements in Xi’an (Cheng et al., 2013; Zhang et al., 2018; Zhao et al., 2018). The remaining 40 +5% of OC is WIOC

(the sum of red areas). Throughout the year, WSOC. was the largest contributor to OC, which accounts for about one-third
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of the total OC, probably resulting from the mostly water-soluble biomass-burning POC and SOC as well as biogenic SOC
(e.g., Mayol-Bracero et al., 2002; Noziee et al., 2015; Dusek et al., 2017).The respective proportions of WSOCrossi,
WIOCrossit and WIOC,s in OC were 26 %, 21% and 17% on a yearly average in descending order, very likely related to
secondary fossil OC, primary fossil OC and primary biomass burning, respectively (Weber et al., 2007; Dai et al., 2015;
Dusek et al., 2017; Yan et al., 2017).

The majority (60-76%) of the non-fossil OC was water-soluble. This result is qualitatively consistent with findings reported
for an urban site of Xi’an (Zhang et al., 2018) and other places such as at an urban site of Beijing, China (Zhang et al., 2018),
an urban or rural site in Switzerland (Zhang et al., 2013), a remote site on Hainan Island, southern China (Y. L. Zhang et al.,
2014) and two rural sites in the eastern United States (Wozniak et al., 2012) and a regional background site in the
Netherlands (Dusek et al., 2017). Seasonal variations of (WSOC/OC).s ratios were also observed, with lower ratios in winter
(around 0.6) and higher ratios in summer and spring (around 0.7). This reflects the higher fraction of WIOCs in OCys during
wintertime, resulting from primary biomass burning emissions (Dusek et al., 2017). In summer and spring, concentrations of
WSOC¢ and OCys are both small and the contribution of biogenic SOC to WSOCs can be noticeable (Dusek et al., 2017).

The fossil OC is less water soluble in winter with somewhat lower (WSOC/OC)sssil ratios than in the rest of seasons (i.e.,
warm period). (WSOC/OC)sossil ratios in winter (0.50 £0.03, with a range of 0.48-0.53) fall into the lower end of the range
of (WSOC/OC)yossil ratios in warm period (0.57 £0.08, with a range of 0.42-0.70; Fig. 3). WSOCi.ssii can come mainly from
secondary formation and/or photochemical aging of primary organic aerosols, thus the higher (WSOC/OC)ossil ratios in the
warm period suggest an enhanced SOC formation from fossil VOCs from vehicle emissions and/or coal burning. In spring
and summer there is a clear increasing tend of (WSOC/OC)sssit in more polluted periods. Elevated (WSOC/OC)fsossil ratios in
polluted periods are very likely related to the formation of high pollutant concentrations in spring and summer. More
stagnant conditions in the polluted periods (indicated by lower wind speed, see Fig. 3) that allow for accumulation of
pollutants also provide more time for photochemical processes and SOC formation. As a consequence, formation of fossil
WSOC will increase in stagnant conditions. At the same time, (WIOC/EC)sossit ratios decline when pollution gets worse,
suggesting removal of WIOC, likely through photochemical reactions. This can shift the water-soluble vs. water-insoluble
distribution for fossil OC to WSOC (Szidat et al., 2009). As a consequence, the (WSOC/OC)sossi ratio is higher for Summer-
H (0.62) than for Summer-L (0.42).

3.3 Combustion sources apportioned by stable carbon isotopes

Along with radiocarbon data, the stable carbon isotopic ratio of EC (denoted by 5*Cec) provides additional insight into
source apportionment of EC, especially between different type of fossil sources (i.e., coal versus liquid fossil fuel
combustion). Figure 4 shows *C-based frossil(EC) against *3Cec in Xi’an in different seasons for 2015/2016 from this study
and in winter for 2008/2009 from Ni et al. (2018), together with the ranges of endmembers (i.e., isotopic signature) for the
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different EC sources of coal combustion, liquid fossil fuel combustion and biomass burning (C3 and C4 plants). frossi(EC) is
well constrained by FY“Cec), clearly separating fossil sources from biomass burning. In contrast to *C, the source
endmembers (i.e., isotopic signature) for 3*3C are less well constrained and §'°C values for liquid fossil fuel combustion
overlap with 8!3C values for both coal and C3 plant combustion. Regardless of the changes of §'3Cec in different seasons, all
the 5'Cec data points fall within the range of burning C3 plant, coal and liquid fossil fuel, indicating that C3 plant is the
dominating biomass type in Xi’an with little influence from C4 plant burning. In Xi’an, the dominant C4 plant is corn stalk,

which is burned for cooking and heating in the areas surrounding Xi’an (Sun et al., 2017; Zhu et al., 2017).

The annually averaged 8°Cec is -24.9 + 0.4 %o (= SD). Moderate seasonal variation of §3Cec was observed, reflecting a
moderate shift in the relative contributions from combustion sources throughout the year. The §%Cgc in autumn (-25.3 +
0.2 %o) and summer (-25.0 = 0.3 %o) are most depleted and fall into the overlapped 63C range for liquid fossil fuel
combustion and C3 plant burning. Because the 1“C values in autumn and summer indicate that biomass burning contribution
to EC is relatively low (~16%), we can expect that liquid fossil fuel combustion dominates EC in autumn and summer.
313Cec signatures in winter (-24.8 & 0.2 %o) scatter into the range for C3 plant, liquid fossil fuel and coal combustion,
implying that EC is influenced by mixed sources. The 8*3Cec signatures in spring (-24.6 0.3 %o) overlaps with both liquid
fossil fuel combustion and coal combustion. Only the sample Spring-L is characterized by the most enriched §'*Cec value
among all the samples, even more enriched than wintertime 83Cec, when coal combustion for heating is expected to
influence EC strongly. At the same time, higher contributions from biomass burning (i.e., lower frssii(EC) ) were observed
for Spring-L. This suggests contributions from a *C-enriched biomass burning, that is, corn stalk burning (C4 plant). The

contribution of this regional source can become noticeable in the relatively clean air that characterizes Spring-L.

To estimate seasonal source contributions to EC, we combined all the data points from each season for the Bayesian Markov
chain Monte Carlo techniques (MCMC) calculations. The MCMC results (Figs. 5, 6) show that the dominant EC source is
liquid fossil fuel combustion (i.e., vehicle emissions). Liquid fossil fuel combustion accounts for 64 % (median; 45-74%,
interquartile range) of EC in autumn, 60% (41-72%) in summer, 53% (33-69%) in spring, and 46% (29-59%) in winter,
respectively, in descending order. Biomass burning EC is a small fraction of total EC throughout the year. However, the
relative contribution of biomass burning to EC increased in winter (28 %; 26-31%), and is comparable to the relative
contribution of coal combustion (25%; 13-41%). In the warm period, coal combustion for cooking accounts for a larger
fraction of EC than biomass burning. The interquartile ranges for fiiqfossit Overlap with those for fea in winter and spring
(Table S7). However, comparing the PDFs distribution for both cases give a more complete picture. As shown in Fig. 6,
there is fair amount of overlap between the PDFs distributions of fiiqfossit and foca. Though with some overlaps, in all seasons,
the distribution of fiig.fossit are skewed to the left, while fea is skewed to the right, with considerably higher median fiig.fossil

than median fcoal.
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EC concentrations from biomass burning (ECyp) increased by 9 times from summer (seasonal average of 0.2 ug m?) to
winter (1.8 pg m3; Fig. 5b, Table S8). EC from coal combustion (ECca) has a 5-fold increase from about 0.3 pg m=2 in
summer and autumn to 1.6 ug m in winter. EC from liquid fossil fuel (ECiig.fossil) Varies less strongly than ECp, and ECoal,
by 4-times from 0.7 pg m in summer and 2.9 ug m= in winter. Liquid fossil fuel combustion (i.e., vehicle emissions) should
be roughly constant throughout the year. The increased concentrations of ECiigfssii in winter are most likely due to
unfavorable meteorological conditions. An increase larger than a factor of 4 therefore suggests increasing emissions in
winter. Compared to the 4-times increase in ECjiqfossi from summer to winter, ECca 0nly increases by five times in winter,
reflecting the moderate seasonal variation of 5'3Cec (Fig. 4). Coal use for heating during wintertime has been decreasing
since the year 2008/2009 (Ni et al., 2018), suggested by the more depleted wintertime §'*Cec in 2015/2016 than that in
2008/2009 (Fig. 4). The decreasing contribution from coal combustion to EC is consistent with the changes in energy
consumption and the decreasing concentrations of coal combustion indicators (e.g., As and Pb) in Xi’an as found in pervious
studies (Xu et al., 2016; Ni et al., 2018). The poor separation of fossil sources of EC into coal combustion and liquid fossil
fuel combustion could be another reason, but it is difficult to quantify this effect due to our poor knowledge of §*3C source

endmembers.

3.4 Primary and secondary OC

Based on the EC tracer method, OC, s is representative of SOCyy, or can be considered an upper limit of SOCys if cooking
sources are significant. The fractions of primary OC (POCp, and POCrossit) and secondary OC (OConf, and SOCrossi) in total
OC are shown in Figure 7 and Table S4. On a yearly basis, the most important contributor to OC was OC, f (around 35%).
For all samples, OC, s concentrations were higher than POCyy, despite the wide range of total OC concentrations in different
seasons. POCyy contributed a relatively small fraction of OC (15-18%) in the warm period, which increased to 22% during
winter when Xi’an was impacted significantly by biomass burning for heating and cooking. Enhanced biomass burning
activities during wintertime in Xi’an have also been reported by measurements of markers for biomass burning such as
levoglucosan and K* (T. Zhang et al., 2014; Shen et al., 2017). In winter, SOCrossit Was generally more abundant than
POCrssil, suggesting that secondary formation rather than primary emissions was a more important contributor to total
OCrtossit. However, in the warm period, for fossil fuel derived OC (POCrossit and SOCrossit), primary emissions dominated over
secondary formation (Figs. 7b, 7¢). The SOCossil/OCrossil ratios indicate that SOCrossii contributes roughly 57% to OCrossit in
winter versus 37% in the warm period. However, the lower SOCrossit/ OCrossit ratios in the warm period (especially in summer)
than winter in this study is unexpected due to the favorable atmospheric conditions (e.g., higher temperature and stronger
solar radiation). Much higher contribution of SOCirossit t0 OCrossit (@n annual average of around 70%) was found in southern
China (Y. L. Zhang et al., 2014). The importance of fossil derived SOC formation to fossil OC during wintertime was also

found in other Chinese cities, including Beijing, Shanghai and Guangzhou (Zhang et al., 2015a).
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As for OC from secondary origin (i.e., SOCrossit and OConf), 65 4% is derived from non-fossil sources throughout of the
year, with decreased contribution during wintertime (~60%). Using multiple state-of-the-art analytical techniques (e.g., **C
measurements and aerosol mass spectrometry), R. J. Huang et al. (2014) found higher non-fossil contribution to SOC (65—
85%) in Xi’an and Guangzhou and lower non-fossil contribution to SOC (35-55%) in Beijing and Shanghai in winter 2013.
These findings underline the importance of the non-fossil contribution to SOC formation in Chinese megacities. The
considerable differences in SOC composition in different cities might be due to the significant difference in SOC precursors

from different emission sources and atmospheric processes.

3.5 Fossil WIOC vs. fossil EC

Figure 8a shows a scatter plot of WIOCxqssit and ECrossit concentrations. ECrossit is emitted by the combustion of fossil fuels,
mainly coal combustion and vehicle emissions in Xi’an. WIOCrossil increases concurrently with ECrossii Suggests that primary
emissions by fossil fuel combustion are an important source for WIOCrossit as well. However, a much higher slope of
WIOCrossit against ECrossit Was found in winter when compared with warm periods, implying that WIOCossii and ECrossil
originated from different fossil sources in winter and warm periods. In northern China, coal is used widely in winter for

heating, which has higher primary OC/EC ratios than vehicle emissions.

The ratio of WIOCrossit 10 ECrossit ((WIOC/EC)1ossit) can give real world constraints on primary OC/EC ratios of an integrated
fossil source. In the warm period, individual (WIOC/EC)+ossii measured in this study ranged from 0.62 to 1.1 (averaged 0.85 %
0.14), falling into the range of typical primary OC/EC ratios for vehicle emissions in tunnel studies (Cheng et al., 2010; Dai
et al., 2015; Cui et al., 2016), excluding sample Summer-L with the highest (WIOC/EC)sossii ratio of 1.4 (Fig. 8b). The higher
(WIOC/EC)sossit for Summer-L is likely due to the less efficient removal of WIOC in cleaner periods in contrast to more
polluted periods during summertime. The more stagnant conditions in more polluted periods (Fig. 3) provide longer time for
photochemical processes and SOC formation contributing formation of WSOC and result in decreased (WIOC/EC)ossil ratios
as discussed in Sect. 3.2. The (WIOC/EC)sossii during wintertime averaged 1.6 0.1, which is closer to the primary OC/EC
ratios for coal combustion than that for vehicle emissions (Fig. 8b), suggesting coal combustion is an important fossil source
in winter besides vehicle emissions. Higher (WIOC/EC)ssit ratios in winter than in the warm period is also found in Beijing
in northern China, with (WIOC/EC)essii ratio of 1.6-2.4 in winter versus 0.7-1.2 in the warm period (Liu et al., 2018).
However, no strong seasonal trends of (WIOC/EC)sssil ratios was found in southern Chinese cities, such as Shanghai (range:
1.2-1.6; Liu et al., 2018), Guangzhou (range: 0.7-1.4; Liu et al., 2018) and Hainan (around 1; Y. L. Zhang et al., 2014).
Lower (WIOC/EC)ossi ratios were found in the Netherlands (0.6 +0.3; Dusek et al., 2017), Switzerland or Sweden (ranging
roughly from 0.5 to 1; Szidat et al., 2004, 2009). Those higher values in China than in Europe could be attributed to the
combined effects of less efficient combustion of fuel in older vehicles in China and higher primary OC/EC ratios from coal

combustion that is more common in China (especially in winter in northern China) than in Europe.
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In warm period, most of individual (WIOC/EC)sssii falls in the range of primary OC/EC ratio for vehicle emissions,
indicating that vehicle emission is the overwhelming fossil source with negligible contribution from coal combustion.
However, EC source apportionment by combining F**C and §'3C of EC in this study (Fig. 5) and previous studies in Xi’an
(Wang et al., 2015; Ni et al., 2018) indicates that even in the warm period, coal combustion is also an important source of
fine particles. Another inconsistency is that the considerable difference in (WIOC/EC)rossit between winter and warm period
suggests strong seasonal variation of coal combustion, whereas only moderate seasonal changes of §3Cgc were observed.

Possible causes of those contradictions will be explained in the following section.

3.6 Fossil OC: water-insoluble OC versus primary OC, water-soluble OC versus secondary OC

Fossil WIOC (WIOC;ossi) and WSOC (WSOCrossit) have been used widely as proxies of the fossil POC (POCiossit) and SOC
(SOCrossit), respectively (e.g., Liu et al., 2014; Y. L. Zhang et al., 2014), because primary OC from fossil sources are mainly
WIOC. Figure 9 compares the mass concentrations of WIOCrossi With POCrossit, as well as WSOCrossit With SOCrossii. The
wider uncertainty ranges of POCrossi and SOCrossii than *C-apportioned WIOCrossit and WSOCrossii are mainly propagated from

wide range of primary OC/EC ratios for fossil emissions (Sect. 2.5).

The same trend is observed for WIOCiessii and POCrossit throughout the year (Fig. 9a). In winter, the averaged WIOCrossil
concentrations of 7.1 ug m (range of 3.3-10.1 pg m3) matched the averaged POCrossit cOncentrations of 6.0 ug m (range of
2.7-9.2 g m3). However, in the warm period, the WIOCrssii concentrations (1.8 ug m=, with a range of 0.8-5.4 pg m®) do
not match the estimated POCrossit (2.7 pg m=3, with a range of 0.8-7.1 pg m?3) equally well. WIOCssi is still highly
correlated with POCxossii but deviates strongly from the 1:1 line of WIOCrossit against POCrossii, With a linear regression having
a slope of 1.31, and intercept of 0.32 and an R? of 0.92. The higher POCrossit than WIOCrossii is well outside the measurement
uncertainties, at least for most of samples representing high (H) and medium (M) TC concentrations (i.e., Spring-H, Spring-
M, Summer-H, Autumn-H and Autumn-M). Previous studies have found that a part of WIOC can also be secondary origin
from fossil sources in Egypt (Favez et al., 2008), France (Sciare et al., 2011) and Beijing, China (Zhang et al., 2018), but this
would cause the opposite trend (higher WIOCrossit than POCiossil). On the other hand, measurements of fresh emissions from
fossil sources show that only a small fraction (~ 10%) of primary fossil OC is water-soluble (Dai et al., 2015; Yan et al.,
2017). The differences between POCrossit and WIOCrossit (25-55%) are much larger than that and therefore the small fraction
of primary fossil WSOC can not explain the differences between POCsssii and WIOCqssii. The best explanation for the
differences in summer and spring during polluted periods is the loss of fossil WIOC, indicated by decreased (WIOC/EC)+ossil
when pollution gets worse. This is probably due to more stagnant conditions in polluted periods, which allows for
accumulation of pollutants and also more time for photochemical processing of WIOC and SOC formation, as discussed in
Sect. 3.2. Evaporation of WIOC is not a likely explanation for this trend as temperatures do not differ strongly between clean
and polluted periods and partitioning to the gas-phase should be stronger in clean conditions. However, this decreasing trend

of (WIOC/EC)sossit With increasing TC is not found in autumn, where WIOCxssii is lower than estimated POCiossii by a
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roughly constant factor. In the fall wind speed is generally low and not very variable, and photochemical processing would

be weaker than in the summer and spring.

Overall, the most likely explanation for the difference between WIOCrossii and POCrossil iS the overestimate of POCrossii by the
EC tracer method. POCrossii is calculated by multiplying ECrossii With primary OC/EC ratios for fossil sources (rrossit in Eq. 11).
Thus, an overestimate of POCrossit result has two causes. First, rissii might be overestimated (as ECrossit is Well constrained by
14C), which could result either from a too high estimated fraction of coal burning in the warm period, or through rapid
evaporation of POC at warmer temperatures. In the warm period, semi-volatile OC from fossil emission sources partitions
more readily to the gas-phase leading to lower primary OC/EC ratios compared to winter. This is supported by laboratory
studies and ambient observations, which find that the primary OC/EC ratio for vehicle emissions is lower in warm period
than in winter (Xie et al., 2017; X. H. H. Huang et al., 2014). Second, during longer residence time in the atmosphere POC
might not be chemically stable and rrossit decreases with aging time in the atmosphere. This is the only mechanism that can
explain the decreasing WIOCrossit/ ECrossit ratios with higher pollutant concentrations and it is in line with findings from our
earlier study that OC loss due to active photochemistry is more intense under high temperature and humidity in a warm

period than in a cold winter (Ni et al., 2018).

As a consequence, a good match between WSO Crossit and SOCrossit Was observed in winter. As shown in Fig. 9d, the 3 data
points fall close the 1:1 line of WSOCrHossit against SOCrossit. However, in the warm period, the data points fall below the 1:1
line of WSOCiHossii against SOCrossii, With a linear regression having a slope of 0.62, and intercept of 0.01 and an R? of 0.92.
Higher WSOCrossit than SOCrossit can be explained by either underestimated SOCrossit or overestimated WSOCossii, or both.
SOCtossil is calculated by subtracting POCrossit from OCrossii. Thus, underestimated SOCrossii in warm period can result directly

from overestimated POCrossii due to active OC loss.

The comparisons between WIOCrossit and POCrossit, WSOCrossit and SOCiossii SUggest that it is feasible to use WIOCrossii and
WSOCiossil as indicator of POCrossit and SOCrossit, respectively, with respect to trends and variations of POCiossii and SOCrossil.
However, the absolute concentrations of WIOCrossit and WSOCrossii are not equal to those of respective estimated POCrossil
and SOCrssil, especially in the warm period. If we consider photochemical loss as the primary reason of the differences
between WIOCrossii and POCrossit, WSOCrossit and SOCrossit, then 4C-based WIOCrossii and WSOCrossit are probably a better
approximation for primary and secondary fossil OC, respectively, than POCrossii and SOCrossit €stimated using the EC tracer
method (Sect. 2.5, Egs. 7-10).

4 Conclusions

This study presents the first source apportionment of various carbonaceous aerosol fractions, including EC, OC, WIOC and

WSOC in Xi’an, China based on radiocarbon (**C) measurement in four seasons for the year 2015/2016. *C analysis shows
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that non-fossil sources are an important contributor to OC fractions throughout the year, accounting for 58 6% WSOC, 53
+4% OC and 55 £5% WIOC, whereas fossil sources dominated EC, with non-fossil sources contributing 18 +6% EC on
the yearly average. An increased contribution of non-fossil sources to all carbon fractions were observed in winter, because
of enhanced non-fossil activities in winter, mainly biomass burning. Fossil sources of EC were further divided into liquid
fossil fuel combustion (i.e., vehicle emissions) and coal combustion by combining radiocarbon and stable carbon signatures
in a Bayesian Markov chain Monte Carlo (MCMC) approach. The MCMC results indicate that liquid fossil fuel combustion
dominated EC over the whole year, contributing more than half of EC in the warm period and ~46% of EC in winter, despite
the source changes in different seasons. The remaining fossil EC was contributed by coal combustion: in winter, coal
combustion (~25%) and biomass burning (~28%) equally affected EC, whereas in the warm period, coal combustion

contributed a larger fraction of EC than biomass burning did.

Concentrations of all carbon fractions were higher in winter than in the warm period. Non-fossil WSOC was responsible for
~35% of the increased OC mass in winter, followed by non-fossil WIOC (~24%), fossil WIOC (~ 22%; WIOCiossii) and
fossil WSOC (~ 19%; WSOCiossi). Fossil EC and biomass burning EC on average accounted for 62 % and 38 % increased
EC mass in winter. Fossil WIOC/EC ratios ((WIOC/EC)+ssit) in the warm period averaged 0.85 %0.14, well within the range
of typical primary OC/EC ratios for vehicle emissions in tunnel studies (Cheng et al., 2010; Dai et al., 2015; Cui et al., 2016).
Much higher (WIOC/EC)ossit Values were found in winter, with an average of 1.6 +0.11, which is closer to the primary
OC/EC ratios for coal combustion (2.38 +0.44; Sect. 2.5) than that for vehicle emissions, indicating additional contribution
from coal burning in winter. Higher (WIOC/EC)sossit in winter than in the warm period is also found in Beijing in northern
China (Liu et al., 2018). However, no strong seasonal trends of (WIOC/EC)sssii was found in southern China, such as
Shanghai (Liu et al., 2018), Guangzhou (Liu et al., 2018) and Hainan (Y. L. Zhang et al., 2014), where there is no official

heating season using coal.

The majority (60-76%) of the non-fossil OC was water-soluble in all seasons, probably resulting from the mostly water-
soluble biomass-burning POC and SOC and biogenic SOC. The fossil OC in winter is less water-soluble than warm period,
suggesting an enhanced SOC formation from fossil VOCs from vehicle emissions and/or coal burning in the warm period. In
spring and summer, there is a clear increasing trend of (WSOC/OC)sssit and decreasing trend of (WIOC/EC)sossii in more
polluted conditions. This suggests that the fossil WSOC formation as well as fossil WIOC removal increase under the
stagnant conditions that characterize polluted periods and allow for accumulation of pollutants and also photochemical
processing and secondary OC formation. WIOCx.ssit and WSOCressii have been used widely as proxies of the primary and
secondary fossil OC, respectively, since primary fossil sources tend to produce mainly WIOC. In winter, mass
concentrations of WIOCressii were comparable t0 POCrossit and WSOCrossit 10 SOCrossil, Where POCrossii and SOCrossii are
estimated using EC tracer method. However, the agreement was worse in the warm period, even though the respective

concentrations were highly correlated. In other words, variations in WIOCrssii and WSOCiossi follow similar trends as
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POCrossit and SOCrossil, respectively. However, the absolute concentrations of WIOCiossit and WSO Crossit are not equal to those
of estimated POCiossit and SOCrossit, especially in the warm period. The higher mass of POCirossii than WIOCrossii in the warm
period was probably due to overestimated POCrossii (thus underestimated SOCrossii) resulted from overestimated primary
fossil OC/EC ratios. In the warm period, at relatively high temperatures, semi-volatile OC from emission sources becomes
volatilized more quickly owing to higher temperatures, leading to lower primary OC/EC ratios than other seasons. This is in
line with the laboratory and ambient observations that the primary OC/EC ratio for vehicle emissions is lower in the warm
period than in winter (Xie et al., 2017; X. H. H. Huang et al., 2014), and the findings from our earlier study that in the warm
period, that photochemical OC loss is active and affect final OC concentrations (Ni et al., 2018). We suggest that WI1OCrossil
and WSOCxssii are probably a better approximation for primary and secondary fossil OC, respectively, than POCiossii and
SOCrossi €stimated using the EC tracer method.
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Figure 1. (a) Mass concentrations of EC from fossil and non-fossil sources (ECrossit and EChn, respectively), and fraction of fossil in EC
(frossit(EC)). (b) Mass concentrations of OC from fossil and non-fossil sources (OCrtossit and OCiry, respectively), and fraction of fossil in OC
5 (ffossil(OC)) .
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Figure 2. (a) Mass concentrations of WIOC and WSOC from fossil and non-fossil sources (WI1OCrossil, WIOCrt, WSOCrossit and WSOCr)
as well as fraction of fossil in WIOC and WSOC (ffossil(WIOC) and frossit(WSOC), respectively). (b) Averaged relative contribution to OC
(%) from WIOCnt, WSOChnt, WIOCrossil, and WSOCrossil in each season.
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Figure 3. (a) Wind speed for each composite sample. Each composite sample consists of 2—4 24h filter samples, and each filter sample is
shown as individual datapoint. The wind speed is recorded by the Meteorological Institute of Shaanxi Province, Xi‘an, China. (b) The
fraction of fossil WSOC in fossil OC ((WSOC/OC)sossil, dark blue circle), the fossil WIOC to fossil EC ratio ((WIOC/EC)rssit, black square)

over all the selected samples throughout the year.
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Figure 9. (a) Concentrations of WIOC and POC from fossil sources (WIOCrossit and POCrossil, respectively). Panel a has the same x axis
with panel b. (b) Concentrations of WSOC and SOC from fossil sources (WSOCrossit and SOCrossit, respectively). (c) A scatter plot of
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Table 1. Relative contributions of non-fossil sources to EC, OC, WIOC and WSOC (fob(EC), fnf(OC), faf(WIOC), fur(WSOC)), and relative fossil sources
contribution to EC, OC, WIOC and WSOC (frossil(EC), frossit(OC), frossit(WIOC), frossit(VWSOC)) for each sample.

Sample name  fu(EC) frossil(EC) fne(OC) frossit(OC) fn(WIOC) frossil(WIOC) faf(WSOC) frossil(WSOC)
Winter-H 0.310 +0.008 0.690 £0.008  0.587 +£0.014  0.413 +0.014 0.516 +0.012  0.484 +0.012 0.639 +0.014 0.361 +0.014
Winter-M 0.235 =0.006 0.765 +0.006 0.559 +0.012  0.441 +0.012 0.509 +0.012  0.491 +0.012 0.590 +0.012 0.410 =0.012
Winter-L 0.291 +0.007 0.709 +0.007 0.574 £0.012  0.426 +0.012 0.504 +0.011  0.496 +0.011 0.627 +0.013 0.373 +0.013
Spring-H 0.112 +0.004 0.888 +0.004 0.490 =0.011  0.510 =0.011 0.468 +£0.011  0.532 +0.011 0.495 +0.010 0.505 +0.010
Spring-M 0.132 +0.006 0.868 £0.006  0.487 +£0.011  0.513 +0.011 0.410 +0.010  0.590 #0.010 0.525 +0.011 0.475 +0.011
Spring-L 0.167 =0.005 0.833 +0.005 0.511 +0.011  0.489 +0.011 0.406 +0.010  0.594 +0.010 0.578 +=0.014 0.422 +=0.014
Summer-H 0.144 +0.005 0.856 £0.005  0.504 +£0.011  0.496 +0.011 0.399 +0.009  0.601 =0.009 0.550 +0.012 0.450 +0.012
Summer-M 0.173 +0.005 0.827 £0.005  0.544 £0.012  0.456 +0.012 0.454 +0.010  0.546 =+0.010 0.591 +0.013 0.409 +0.013
Summer-L 0.165 +0.006 0.835+0.006  0.585+0.012 0.415 +0.012 0.359 +0.009  0.641 +0.009 0.720 +£0.019 0.280 +0.019
Autumn-H 0.153 +0.005 0.847 £0.005  0.516 +£0.011  0.484 +0.011 0.470 =0.011  0.530 +0.011 0.545 +0.011 0.455 +0.011
Autumn-M 0.140 +0.004 0.860 £0.004  0.502 +£0.011  0.498 +0.011 0.448 +0.010  0.552 +0.010 0.534 £0.011 0.466 +0.011
Autumn-L 0.177 +=0.005 0.823 +0.005 0.544 £0.012  0.456 +0.012 0.472 =0.011 0.528 +0.011 0.578 +0.012 0.422 +=0.012
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