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Response to reviewer #2:
General comments

In this manuscript, the authors report their results of an extensive measurement and analysis effort
to assess the contribution of fossil sources to a fraction of particulate organic carbon, i.e., more
volatile organic carbon (mvOC), which they define as the fraction of organic carbon desorbing at
200 °C in a helium stream. The combination of numerous analytical techniques, including "“C
analysis and "C determination with statistical analysis is intriguing. The authors also discuss
several aspects of data uncertainty, including e.g. positive sampling artifacts due to the adsorption
of volatile organic compounds onto the quartz filters used for sampling and recoveries of mvOC
during filter aliquot desorption. They also outline the influence of nuclear bomb tests in the 1960s
and 1970s on the measured "*C/'2C ratios. Further positive points are the detailed presentation of
assumptions and estimations going into the calculations, and the extensive supporting information.
The scientific methods and assumptions are presented clearly and appear to be valid. In my
opinion, the presented, well-written manuscript meets all requirements for publication in ACP.

Response: We thank the reviewer for the nice summary of our manuscript and the positive
evaluation of our work. We have carefully addressed the reviewer’s comments. Below are point-
to-point responses.

Specific comments

However, I am not that familiar with the term ‘more volatile’ organic carbon and thus I do not
know how common it really is and if the title is self-explanatory in its current state.

Response: In this manuscript, mvOC is operationally defined as more volatile fraction of total
organic carbon (OC) aerosol that evaporates in helium at 200 °C. The term “more volatile” OC
refers to the more volatile OC fraction compared to the total OC. This is clarified several times in
the Introduction section, for example:

“In some recent studies, a thermal desorption approach has been used for analysis of
filter samples at lower and higher temperatures as an indicator of volatility (Holzinger
et al., 2013; Lopez-Hilfiker et al., 2014, 2015; Timkovsky et al., 2015; Masalaite et al.,
2017, 2018). Even though the desorption temperature is not a direct measure of the
particle volatility, OC desorbed from the filter at lower temperature tends to be more
volatile, whereas the less volatile (i.e., more refractory) OC tends to be desorbed at
higher temperatures.” (page 3, line 16-20)

“In addition, we operationally define a more volatile OC fraction (mvOC) as the carbon
fraction desorbed from the filter samples at 200 °C in helium (He), and investigate

sources of mvOC.” (page 4, line 11-12)

In the literature, the term “more volatile” (or “less refractory”) and “less volatile” (or “more
refractory”) are usually used, when thermal desorption is used for separation of different fractions
of organic aerosol (e.g., Masalaite et al., 2017, 2018; Meusinger et al., 2017), or thermodenuder



(TD) is used for determination of volatility of organic aerosols (e.g., Huffman et al., 2008, 2009;
Zhang et al., 2011).

Following the reviewer’s concern about the title, we change the title to better reflect the content
of the manuscript and to be more specific (changes are underlined):

“High contributions of fossil sources to more volatile organic aerosol”
Technical comments

1) Please check the manuscript again for the proper introduction of abbreviations before they are
used for the first time.

Response: Thank you for this comment. We have checked the abbreviations accordingly and
defined abbreviations when first used. The following abbreviations are defined in the revised
manuscript:

“mvOC is isolated by desorbing organic carbon from the filter samples in helium (He
at 200 °C” (page 1, line 15)

“Secondary OC (SOC) concentrations and sources are modelled based on the C-
apportioned OC and EC” (page 1, line 22)

“In this study, wintertime fine particulate matter (PM>s, particles with aerodynamic

diameter < 2.5 um) samples from 6 Chinese megacities are studied.” (page 4, line 8-9)

“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 (European Supersites for Atmospheric Aerosol

Research; Cavalli et al., 2010).” (page 4, line 29 to page 5, line 1)

“Different from EUSAAR 2 protocol, IMPROVE A (Interagency Monitoring of
Protected Visual Environments) protocol defines OC fractions at stepwise temperature
of 140 °C, 280 °C, 480 °C, and 580 °C in He.” (page 5, line 8-10)

“we selected the samples carefully to cover periods of low and high total carbon (TC,

the sum of OC and EC) and PM,;s concentrations to get samples representative of

various pollution conditions that did occur in each city.” (page 5, line 14-15)
2) Page 6, Line 12: You have diluted the CO, with He, thus it should read "CO,/He"
mixture, not "CO»/H," mixture
Response: Thank you for your carefully reading. Done. Now it reads:

“The CO»/He mixture is directly fed into the Cs sputter ion sources of...” (page 6, line
30)
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Response to reviewer #3:
General comments

The manuscript describes a novel approach of radiocarbon source apportionment, which
investigates the contributions of fossil vs. non-fossil emissions to the more volatile organic
carbon (mvOC) fraction that evaporates in helium at 200°C. This approach shows for particulate
matter samples from different cities in China that the fossil impact on mvOC is larger than for
total OC and secondary OC. This new insight has implications on a better understanding of
sources of carbonaceous aerosols, which is currently a hot topic in atmospheric chemistry and
physics. Therefore, I recommend accepting the manuscript after minor revisions.

Response: Thank you, Sonke Szidat, for the helpful comments and providing us the opportunity
to strengthen our research. We try to address all of them carefully and this is really a big help to
improve the manuscript.

Specific comments
Main comments:

1) P4, L1-2, P12, L18-19, P18, L10-11: In previous work (Agrios et al., 2016;
https://doi.org/10.1017/RDC.2016.88), we established a continuous-flow coupling of the Sunset
OC/EC analyzer with the MICADAS and measured '*C online for low temperature OC steps and
even monitored the change of the '*C signal during the temperature ramp. We also found a more
fossil signal for the 200°C step than for the following OC steps using higher temperature. We
furthermore observed that even a shift from fossil to non-fossil emissions occurred within the
200°C peak for some samples, which indicates that the fossil character of mvOC would probably
have been even more pronounced, if Ni et al. had chosen a temperature lower than 200°C.

Response: We regret that we were not aware of the work by Agrios et al. (2016), and thank you
for pointing this out. We read Agrios et al. (2016) very carefully and find that the low
temperature OC steps including 200°C step were conducted in O,. However, in this study mvOC
is desorbed at 200°C in helium (He). OC extracted in O, and He even at the same temperature can
be very different in the extracted carbon mass and therefore F'*C values. Thus, OC extracted at
200°C in O, by Agrios et al. (2016) can not be compared directly to mvOC defined in this study.
But Angrios et al. (2016) and this study have the qualitatively similar finding that OC extracted at
200°C is more fossil than that extracted at higher temperature, no matter the extraction occurs in
O, or He.

However, we do not know if we can extrapolate this conclusion to a temperature lower than
200 °C. Agrios et al. (2016) observed a shift from fossil to non-fossil emissions occurred within
the 200°C peak for some samples extracted in O, indicating OC extracted at temperature lower
than 200°C is more fossil than OC at 200°C. In contrast to Agrios et al. (2016), we extracted
mvOC in He and observed higher F'C (i.e., less fossil) for samples with mvOC recovery <1,
which probably resulted from lower desorption temperature than 200°C, as discussed in the
second paragraph of Sect. 3.1 and shown in Fig. 1b.



We think this citation is very helpful for readers to understand the fossil character of OC
extracted at lower temperature, and we add the citation in the revised text.

“Agrios et al. (2016) had the qualitatively similar finding that F**C of OC extracted in
0, at 200°C was smaller than F'*C of OC extracted in O, at higher temperature for
samples collected from an urban and rural site in the Switzerland and from the Los
Angeles Basin, USA.” (page 13, line 10-12)

Furthermore, we avoid using the expression “the first time that the source contribution to more
volatile fraction of OC” or “the first "*C measurement of the more volatile fraction of OC”. The
revised text shows (changes are underlined):

“In addition, we operationally define a more volatile OC fraction (mvOC) as the carbon
fraction desorbed from the filter samples at 200 °C in helium (He), and investigate
sources of mvOC. The source contribution to mvOC is measured unambiguously by
“C.” (page 4, line 11-14)

“We can unambiguously conclude from "*C measurements of mvOC and OC that

mvOC is more fossil than OC in six Chinese cites.” (page 13, line 13-14)

“Radiocarbon measurements are conducted for EC and OC of PM,s samples collected
in six Chinese megacities at wintertime. In addition, the sources of mvOC are measured

unambiguously using 'C.” (page 19, line 4-6)

2) P10, L22-24: Fig. 1b reveals that low recoveries are associated with a bias in F"*Cgmoc).
Therefore, the correction of sample winter-L should address this bias accordingly by subtraction.
A simple increase of the uncertainty is not appropriate.

Response: Fig. 1b shows that for sample winter-H and winter M, low recoveries of mvOC lead to
biased high F"*Cgmoc) values But we are not sure if we can generalize this conclusion to other
samples. In addition, Agrios et al. (2016) found that for some samples a shift from fossil to non-
fossil emissions occurred within the 200°C peak, which indicates that opposite to Fig. 1b, low
recovery of mvOC could in principle also result in biased low F**Cmoc). The findings in Agrios
et al. (2016) and Fig. 1b of this study suggest that low recovery of mvOC can lead to either biased
higher or lower F"*C¢moc) values.

In this study, the mvOC recovery of sample winter-L is low (0.51), and we could not repeat it due
to due to the limited filter material. Instead, we take the measured F"*C(moc) for sample winter-L
but assign a bigger absolute uncertainty of 0.05, due to its low mvOC recovery. This is based on
the difference in F'*Cmvoc) for winter-H and winter-M with low and high mvOC recoveries which
is roughly 0.05 (Fig. 1b), as explained in the Sect. 3.1. The larger uncertainty is assigned for the
measured F'*Cmoc) for sample winter-L so that possible effects of its low mvOC recovery are
taken into consideration and could be either positive or negative

3) P11, L1-2 and P12, L8-11: In order to identify reasons for differences between cities and
individual samples, meteorological data should be shown in the Supplement.



Response: Meteorological data including wind speed, temperature and relative humidity (RH) are
added in Supplemental Table S1. There was no precipitation in all cities during all sampling dates,
since we only included samples collected on dry days in this study, to eliminate this variable as a
potential confounding factor.

TC concentrations in Chongqing were higher than the other southern Chinese cities (Shanghai
and Guangzhou) (P11, L1-2 in the original manuscript). Beside high anthropogenic emissions,
higher TC concentrations in Chongqing were associate with unfavorable meteorological
conditions characterized by high RH and low wind speed, which enhanced both the accumulation
of pollutants and the formation of secondary aerosol (Zheng et al., 2015; Tie et al., 2017).

For samples collected in the same city, we found that compared to samples representing low (L)
TC concentrations, samples representing high (H) TC concentrations were collected under more
stagnant conditions indicated by lower wind speed (Table S1 in the revised manuscript).

4) P13, L16-18: The fact that the correlation between for(mvOC) and f,{OC) is better than the
correlation between fo{mvOC) and fi,(EC) is mainly caused by the comparison of different
fractions of the carbonaceous aerosol: in the former case, two OC fractions are compared (i.c.
mvOC and OC), whereas in the latter case, OC and EC are compared. ECp, may be transferred
into POCys (see Eq. 8), but one has to take into account that the large variability of 7y, contributes
to the 7% value of the correlation between fo{mvOC) and fin(EC) in Fig. 5. (The uncertainty of 7u»
was estimated to be 25%; see P8, L12.) Therefore, the suggestion of the importance of secondary
formation of mvOC and/or other non-fossil contribution to mvOC besides primary biomass
burning is not valid. This sentence should be removed. Consequently, the corresponding sentence
P18, L30 to P19, L2 should also be deleted.

Response: We agree with the reviewer that correlation between fu{ mvOC) and f,(OC) is better
than the correlation between f,(mvOC) and fon(EC) is mainly caused by comparison of two OC
fractions in the former case. In addition, as the reviewer explained, the very variable ry (i.e.,
POC,w/ECppratio) and the unknown mvOC/EC ratio from primary biomass burning can contribute
to better correlation between fo(mvOC) and f,{OC) than that between f,{ mvOC) and fu,(EC).

Consequently, we have deleted the following sentence (a strikethrough is used to indicated the
deletion of text) as the reviewer suggested:




5) P15, L1-14: The authors try to draw conclusions from different /* values of correlations
between mvOC,swith POCy, and with SOCy¢ (Fig. 7b). However, the statistical difference of both
#* values was not proven by a proper test (e.g. an F-test). Furthermore, the high uncertainties of
POCu (see my comment to P13, L16-18) and SOC,s(which are indicated in Fig. 6) are also not
considered for this discussion. As these important factors were not taken into account, the whole
passage (P15, L1-14) should be removed.

Response: To statistically compare the 7 values of correlations between mvOC,swith POCy, and
with SOC,¢, we compute their bootstrap > values and then evaluate overlap of the corresponding
95% confidence intervals. The bootstrapped 95% confidence intervals for > of correlations
between mvOC,rwith POCyp, and with SOCprare (0.21, 0.94) and (0.60, 0.99), respectively. Their
95% confidence intervals are clearly overlapped, therefore there is no significant difference in 7
values of correlations between mvOC,s with POCy, and with SOC,.r. We chose the bootstrap
method as opposed to a parametric method, due to the few data points in the regression, which
made it difficult to determine, if the residuals have a normal distribution, i.e. if a parametric test is
applicable.

Furthermore, we agree with the reviewer that the high uncertainties of POCyp, and SOC,y that
resulted from the uncertain r, should be considered for this discussion. Consequently, we rewrite
the passage (page 15, line 27 to page 16, line 9):

“Good correlation was found between mvOCi¢ and SOCy¢(7*= 0.87, bootstrapped 95%
confidence interval: (0.21, 0.94); Fig. 7), which is not significantly different from the
correlation between mvOC,s and POCy (* = 0.71, bootstrapped 95% confidence
interval: (0.60, 0.99)). SOC, is estimated by subtracting primary OC from biomass
burning (POCyy) from OC,s, where POCyy is estimated by multiplying ECy, with the
OC/EC ratio of fresh biomass burning plumes () (Eq. 7). Due to the large uncertainty

in_ru, separation between POCy, and SOC,s is rather uncertain, and the /* for a

correlation of mvOC,s and SOCy is therefore affected by 7. For example, with lower
rob of 3 (mean), the correlation between SOC,t and mvOC, is stronger (+* = 0.92) than
for our best estimate of 7y (4) (+* = 0.87). For ryb of 5, it is slightly weaker (+*= 0.76,
Fig S8). OCyy, the sum of POCy, and SOC,s, is well-constrained by F'"“Coc and not
affected by 7. mvOChyy correlates strongly with OCye (72 = 0.91), suggesting strong

impacts on the variability of mvOC,¢ from non-fossil emissions including the secondary
formation from non-fossil sources and primary biomass burning emissions.”

Consequently, the corresponding sentences in the Conclusion section are also revised:

“Good correlation is found between mvOC,s and OCy(7*= 0.91). This indicates strong

impacts on the variability of mvOC,s from non-fossil emissions, including the

secondary formation of OC from non-fossil sources and primary biomass burning.”
(page 20, line 6-9)




Technical comments:
6) P1, L20: Better use the following phrasing: (range: 7 %—25 %)
Response: Thank you for pointing this out. Done. The revised abstract shows:

“The average difference in the fossil fractions between mvOC and OC is 13 % (range:
7 %25 %),” (page 1, line 21)

There are also several occasions in the Results/Conclusion sections, and the revised text
shows:

“mvOC and OC concentrations averaged 3.3 + 2.2 pug m> (range: 0.7-7.4 ug m>)
and...” (page 11, line 19)

“The relative contribution of fossil sources to mvOC is on average 59 % (range: 45 %—
78 %),” (page 20, line 5)

7) P2, L4-7: The focus of this sentence should be changed, because a) PAHs are only a minor
fraction of OC and b) EC is carcinogenic as well. I suggest characterizing OC and EC very
broadly without mentioning health effects or special substance classes.

Response: Thank you for this comment. The revised manuscript shows:

“Aerosol particles are of importance for atmospheric chemistry and physics, and exert a
crucial effect on the climate system, air quality and human health (Fuzzi et al., 2015).
The carbonaceous fraction of aerosol comprises a large fraction of the fine aerosol mass
(20 %80 %) (Cao et al., 2007; Tao et al., 2017). Carbonaceous aerosols are often
operationally subdivided into organic carbon (OC) and elemental carbon (EC). OC

consists of a large variety of organic species that cover a great range of volatilities and

are not or weakly light absorbing, while EC is non-volatile, resistant to chemical

transformation and strongly light absorbing (Pdschl, 2005).” (page 2, line 2-10)

8) P2, L32: A comma is missing before “can”
Response: The revised manuscript shows:

“the wvolatility of different OA components, such as hydrocarbon-like OA (HOA),
biomass burning OA (BBOA) and OOA, can be estimated for ambient aerosols.” (page
3, line 2-4)

9) P3, L1-3: Examples of high-volatility BBOA components should be given, as these may be
relevant for the mvOC fraction.

Response: Following the reviewer’s suggestion, we do the literature search of high-volatility
BBOA components. To the best of our knowledge, studies on the volatility of BBOA components
are very limited. When BBOA is identified and quantified using acrosol mass spectrometry (AMS)
technique in combination with positive matrix factorization (PMF), the detection and
identification of specific molecular tracers is not possible. This is because the AMS technique



utilizes electron impact ionization resulting in extensive fragmentation. However, the volatility
distribution for BBOA components can be estimated using the volatility basis set. For example,
Paciga et al. (2016) found that the BBOA in an urban background site in Paris contained 50%
semi-volatile organic components (SVOCs with effective saturation concentrations C* of 1-100
ug m> range) and 30% low volatility organic compounds (LVOCs with C* of 10°-0.1 pg m™).

Recently, high-resolution-time-of-flight chemical ionization mass spectrometer (HRTOF-CIMS)
coupled to a Filter Inlet for Gases and AEROsols (FIGAERO) is developed (Lopez-Hilfiker et al.,
2014) and used for measurements of ambient biomass burning aerosol (e.g., Gaston et al., 2016).
This technique allows the detection and quantification of oxygenated and nitrogen-containing
compounds on the molecular level and provides information on volatility by detecting gas-and
particle-phase compounds simultaneously. Gaston et al. (2016) applied this technique to BBOA
in the northwestern US. They found that levoglucosan (i.e., the biomass burning tracer) is semi-
volatile and has the potential to form low volatility products during the chemical aging of ambient
biomass burning aerosol.

Regarding the high-volatility BBOA components, the following underlined sentences have been
added in the Introduction section:

“Source and ambient studies indicate that BBOA and HOA are generally more volatile
than OOA. Meanwhile, the volatility of BBOA can be quite variable, depending on type
of biomass and the combustion conditions, and either higher or lower than that of HOA
(e.g., Grieshop et al. 2009c; Huffman et al. 2009a; Paciga et al. 2016; Cao et al., 2018).
For example, Huffman et al. (2009b) measured the volatility of primary OA from

biomass burning and found that the more volatile BBOA was generally dominated by

smoldering combustion, while the less volatile BBOA was more influenced by flaming
combustion. Paciga et al. (2016) found that the BBOA was more volatile than HOA in a

urban background site in Paris, with 50% semi-volatile organic components (SVOCs

with effective saturation concentrations C* of 1-100 pug m~ range) and 30% low
volatility organic compounds (LVOCs with C* of 10°-0.1 ug m™). Gaston et al. (2016)
found that levoglucosan (i.e., the biomass burning tracer) was semi-volatile and had the

potential to form low volatility products during the chemical aging of ambient biomass
burning aerosol, applying high-resolution-time-of-flight chemical ionization mass
spectrometer (HRTOF-CIMS) coupled to a Filter Inlet for Gases and AEROsols
(FIGAERO) to aerosol in the northwestern US. ™ (page 3, line 4-15)

10) P4, L10-11: pre-baked
Response: Corrected. The revised manuscript shows:

“PM, s samples were collected on pre-baked (780 °C for 3 h) quartz fiber filter...” (page
4, line 22)

11) PS5, L29-30: Even though the blank is small compared to the sample amount, a blank
correction has to be performed for both mvOC concentrations and their F'*C values. If a direct



analysis of the F'*C of the blank hasn’t been performed, a value of 0.50 + 0.29 should be applied
to cover the full F™*C range from 0 to 1 based on the assumption that a continuous uniform
distribution (i.e. a rectangular distribution) is valid.

Response: Thank you for pointing this out.
(1) blank corrections for mvOC concentrations

The contamination introduced by the combustion processes yields 0.52 + 0.31 pgC mvOC, which
was determined by following exactly the same mvOC isolating procedures with either empty
filter boat or with blank filters. Blank corrections for mvOC mass from the isolation procedure
were performed in the original manuscript, but we did not state this clearly. In the revised
manuscript, we add:

“The contamination introduced by the combustion process yields 0.72 + 0.44 ugC EC,
0.85 + 0.49 pgC OC, 0.52 £ 0.31 pgC mvOC per extraction, respectively. Compared
with our sample size of 30-391 pgC EC, 30445 nugC OC, and 15-121 pgC mvOC, the
blanks are <7 % of the mvOC sample amount and < 3% of OC and EC sample amount,
therefore relatively small compared to our sample sizes. The mvOC concentrations

reported in this study are corrected for contamination by subtraction.” (page 6, line 7-11)

(2) blank corrections for F**Cuvoc)

The 'C values of carbon fractions (i.e., mvOC, OC and EC) can be blank corrected according to

the mass balance equation:

F14C,, x M,,, — F1*Cy, X M,
Mm - Mb

Fl4Cg = (4
where F'“Cs is F'*C of the aerosol carbon collected on the filter, which is blank corrected, F'*Cy,
and My, are the measured F'*C and the measured mass of the respective carbon fraction (mvOC,

OC or EC), and F"“Cy, and M, the fraction modern and the mass of the respective carbon fraction
of blanks.

Since the directly determined system blank (i.e. the amount of CO, measured, when no sample is
introduced into the aerosol combustion system) is 0.52 + 0.31 ugC mvOC per extraction (i.e., My
for mvOC), it is much too small to be analyzed for F'*C;, of mvOC. Therefore, the F"*Cimoc)
values in the manuscript were not blank corrected.

To do blank corrections for mvOC, we need to estimate its F'*C,. We assume that F'*Cy for
mvOC ranges from 0 to 1 with a continuous uniform distribution as the reviewer suggested. To
propagate uncertainties, a Monte Carlo simulation with 10,000 individual calculations of F'*Cs
for mvOC was conducted according to Eq. (S4). For calculation inputs, F'*Cy, of mvOC. was
randomly chosen from a continuous uniform distribution between 0 and 1. F"*C,, for mvOC was
randomly chosen from a normal distribution symmetric around the measured values with
uncertainties as standard deviation (Table S4). The random values for Mm and M, were taken
from a triangular distribution, which has its maximum at the central value and 0 at the upper and



lower limits. Then 10,000 different estimations of F'*Cs for mvOC were calculated. The derived
average represents the best estimate, and the standard deviation represents the combined
uncertainties.

Figure S9 shows the F'“C of mvOC before and after blank corrections (F'*Ci and F"Ci,
repectively) for the contamination introduced by the isolation procedure.
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Figure S9. Fraction modern (F'“C) of mvOC before and after blank corrections (F'*Cy and F'™C;,
respectively) for the contamination introduced by the isolation procedure. Detailed method to do the blank
corrections is described in Supplement S3.

As shown in Fig. S9, the differences in F'*C values of mvOC before and after blank corrections
are really small, with the biggest absolute difference of 0.009 for sample Taiyuan-L. The small
correction of F'*C for mvOC will not affect any conclusion from this study. If possible, we think
it probably acceptable to show the F'*C of mvOC before corrections as it was in the original
manuscript. Otherwise, we need to recalculated everything, and change nearly all figures and
tables. This will not change any conclusion but will lead to inconsistence between the discussion
paper and the final one.

For OC and EC, the contamination introduced by the isolation procedure yields 0.72 £+ 0.44 ngC
EC and 0.85 + 0.49 pgC OC per extraction, respectively, which are the directly determined
system blank (i.e. the amount of CO, measured, when no sample is introduced into the aerosol
combustion system). The blanks are less than 3% of the sample amount and thus can be neglected,
compared with our sample size of 30-391 pgC EC per extraction and 30-445 pgC OC per
extraction. Therefore, the blank correction will not introduce large uncertainties to the data. In
this study, the contamination is assessed but not used for further data correction for F'*C of OC
and EC.



To make this clear, we add the detailed calculation of blank correction for F'*C of mvOC, OC and
EC in supplemental material (Supplement S3). Figure S9 is also added in the revised Supplement.
Furthermore, the revised manuscript adds:

“Compared with our sample size of 30-391 pgC EC, 30-445 pgC OC, and 15-121 pgC
mvOC, the blanks are <7 % of the mvOC sample amount and < 3% of OC and EC
sample amount, therefore relatively small compared to our sample sizes. The mvOC

concentrations reported in this study are corrected for contamination by subtraction. OC
and EC concentrations are measured following thermal-optical protocols using carbon
analyzers (Sect. 2.2), thus are not affect by the isolation procedure using the ACS. For
'C values (Eq. 1), the contamination is assessed but not used for further "“C data
correction for mvOC, OC and EC, because the corrections for the small blanks will not
introduce large uncertainties to the data, as explained in Supplement S3.” (page 6, line

9-15)
12) P6, L7-8: Here, the same applies as for P5, L29-30.

Response: OC and EC concentrations were determined following thermal-optical protocols using
carbon analyzers (Sect. 2.2, page 4), which are corrected by the system blank and thus were not
affected by the isolation procedure of OC and EC using aerosol combustion system (ACS). To
make this clear, we add:

“OC and EC concentrations are measured following thermal-optical protocols using
carbon analyzers (Sect. 2.2), thus are not affect by the isolation procedure using the
ACS.” (page 6, line 11-13).

(2) blank corrections for F'*C of OC and EC

The calculation of of blank correction for F'*C of OC and EC is given in response of question 11
and in the Supplement S3. In question 11, the contamination is the directly determined system
blank (i.e. the amount of CO, measured, when no sample is introduced into the aerosol
combustion system). We have explained in the response of question 11 why the contamination is
assessed but not further used for F'*C data correction. Here, the contamination is determined
indirectly by combusting small amounts of standard material, with known F'*C values, i.e., the
OXII standard (F**C =1.3406) and *C free standard (F'*C = 0). If contamination is introduced
into the combustion, the measured F'*C values of the standards will deviate from the nominal
values and from this deviation the contamination can be estimated. The contamination inferred in
this indirect way is below 1.5 pgC per extraction, and this is an estimate for TC blank (TC = OC+
EC). It is also relatively small compared to the size of OC (30-445 pgC) and EC samples (30—
391 pgC) in this study and thus will not lead to large uncertainties to the F'*C data. The F'*C of
the contamination can also be indirectly inferred from the standard measurements and varied
between 0.2 and 0.6 for standards measured on the system with the last two years. This is broadly
within the range of our samples and implies that a correction for F**C will even be considerably
smaller than 3%.

The revised text shows:



“The contamination inferred in this indirect way is below 1.5 ngC per extraction, which
is slightly higher than the directly measured contamination of OC and EC separately but
in the range of a TC contamination. It is also relatively small compared to the size of
OC (30-445 pgC) and EC samples (30-391 pgC) in this study and thus can be
neglected (Supplement S3). The F*C (Eq. 1) of the contamination can also be indirectly
inferred and varied between 0.2 and 0.6 for standards measured on the ACS with the

last two vyears. This is broadly within the range of our samples and implies that a

correction for F**C will even be considerably smaller than 3%.” (page 6, line 21-26)

13) P6, L22: “and 1970s” should be deleted.
Response: Done. The revised text shows that:

“the F''C values of contemporary carbon are higher than 1 due to the nuclear bomb
tests that nearly doubled the '“CO; in the atmosphere in the 1960s” (page 7, line 8-9)

14) P7-9, Chapter 2.4: In the explanation of the calculation “can be” should be substituted by
“was” several times.

Response: We correct them all in Chapter 2.4. (page 7-9)

15) P7, L26-27: A reference should be shown for the statement that the contributions from plant
detritus, bioaerosols and spores to PM, s are likely small.

Response: We add Song et al. (2006), Hu et al. (2010) and Guo et al. (2012). (page 8, line 14)
The new citations are included in the revised reference list:

Guo, S., Hu, M., Guo, Q., Zhang, X., Zheng, M., Zheng, J., Chang, C. C., Schauer, J. J., and
Zhang, R.: Primary sources and secondary formation of organic aerosols in Beijing, China,
Environ. Sci. Technol., 46, 9846-9853, 2012.

Hu, D., Bian, Q., Lau, A. K. H., and Yu, J. Z.: Source apportioning of primary and secondary
organic carbon in summer PM:sin Hong Kong using positive matrix factorization of secondary
and primary organic tracer data, J. Geophys. Res.-Atmos., 115, 10.1029/2009jd012498, 2010.

Song, Y., Zhang, Y., Xie, S., Zeng, L., Zheng, M., Salmon, L. G., Shao, M., and Slanina, S.:
Source apportionment of PM» s in Beijing by positive matrix factorization, Atmos. Environ., 40,
1526-1537, https://doi.org/10.1016/j.atmosenv.2005.10.039, 2006.

16) P10, L14: “the” was erroneously repeated at the beginning of the line.
Response: Corrected. (page 11, line 6)

17) P10, L20: “Taken together” should be removed.

Response: Done. (page 11, line 12)

18) P13, L7: I suggest to begin the sentence with “As fnf(mvOC) is smaller”



Response: Done. (page 14, line 2)

19) P13, L14: The citation “(Fig. 4b)” should be moved to the end of the sentence in L10.
Response: Done. (page 14, line 5)

20) P15, L19: we conclude (remove “can”)

Response: Done. (page 16, line 14)

21) P15, L20-21: In Fig. 7c there are two outlier data points from sample

Response: Done. The revised text shows

“In Fig. 7c there are two outlier data points from sample....” (page 16, line 16)

22) P15, L30: In other words

Response: We have replaced “In another word” by “In other words” (page 16, line 25)

23) P18, L3: Consequently, our conclusion

Response: We have replaced “That is” with “Consequently”. The revised manuscript shows:

“Consequently, our conclusion that mvOC is more fossil than OC and SOC is still
valid...” (page 18, line 28)

24) P18, L30: References to the literature (Masalaite et al., 2017, 2018) and figures (Fig. 5) from
the paper should be removed from the Conclusions.

Response: Done. (page 19, line 26)

25) Fig. 2: An uncertainty of the average F'*Cmvoc) should be given in line 6 using the standard
deviation of the three replicates.

Response: Done, the revised caption of Fig. 2 shows:

“The dashed line in dark green indicates the expected mvOC loading and the horizontal
in solid green the F"*Cmoc) for the combined winter-M (weighted mean + standard
deviation; 0.524 £ 0.028).” (page 29, line 5-6)

26) Fig. 3: The following sentence should be added to the caption: “For details see Tab. S4.”
Response: Done. (page 30, line 5)

27) Supplement PS4, second to last line: OCasoec (instead of OCasooec)

Response: Corrected. The revised Supplement shows:

“The desorption temperature for mvOC is 200 °C, falling within the 140 °C for OCi4pc
and 280 °C for OCssocc. We thus estimated the particulate fraction for mvOC will fall
within the Xji for OCi40:c and Xp2 for OCasgoec.” (page S6 in the Supplement)




28) Fig. S5, last line of the caption: The panels (a) and (b) have

Response: Corrected. Now it reads “The panel (a) and (b) have the same x-axis.” (page S11 in

the Supplement)

29) Table S4: Uncertainties are missing for §"°Cgc (last column)

Response: The uncertainties of 6'°Crc have been added in Table S4. (page S19 in the Supplement)
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Abstract. Sources of particulate organic carbon (OC) with different volatility have rarely been investigated despite the
significant importance for better understanding of the atmospheric processes of organic aerosols. In this study we develop a
radiocarbon (*C) based approach for source apportionment of more volatile OC (mvOC) and apply to ambient aerosol
samples collected in winter in six Chinese megacities. mvOC is isolated by desorbing organic carbon from the filter samples
in helium (He) at 200 °C in a custom-made aerosol combustion system for '*C analysis. Evaluation of this new isolation
method shows that the isolated mvOC amount agrees very well with the OC1 fraction (also desorbed at 200 °C in He)
measured by a thermal optical analyzer using the EUSAAR 2 protocol. The mvOC, OC and elemental carbon (EC) of
thirteen combined PM, s samples in six Chinese cities are analyzed for '“C to investigate their sources and formation
mechanisms. The relative contribution of fossil sources to mvOC is 59 + 11 %, consistently larger than the contribution to
OC (48 £ 16 %) and smaller than that to EC (73 £ 9 %), despite large differences in fossil contributions in different cities.
The average difference in the fossil fractions between mvOC and OC is 13 % (range: 7 %-25 %:—+anee), similar to that

between mvOC and EC (13 %; 4 %25 %). Secondary OC (SOC) concentrations and sources are modelled based on the 'C-

apportioned OC and EC, and compared with concentrations and sources of mvOC. SOC concentrations (15.4 £ 9.0 ug m™)
are consistently higher than those of mvOC (3.3 + 2.2 ug m™), indicating that only a fraction of SOC is accounted for by the
more volatile carbon fraction desorbed at 200 °C. The fossil fraction in SOC is 43 % (10 %—70 %), lower than that in mvOC
(59 %; 45 %78 %). Correlation between mvOC and SOC from non-fossil sources (mvOCys vs. SOCys) and from fossil

sources (MvOCrossil VS. SOCrssit) are examined to further explore sources and formation processes of mvOC and SOC.
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1 Introduction

Acrosol particles are of importance for atmospheric chemistry and physics, and exert a crucial effect on the climate system,
air quality and human health (Fuzzi et al., 2015). The Carbenaeeouscarbonaceous fraction of aerosols; eonsisting-of-erganie
carben{OC)and-elemental-earbon{EC)-comprises a large fraction of the fine aerosol mass (20 %—80 %) (Cao et al., 2007;

Tao et al., 2017)._Carbonaceous aerosols are often operationally subdivided into organic carbon (OC) and elemental carbon

(EC). OC eentains—consists of a large variety of organic species_that cover a great range of volatilities and are not or weakly

light absorbing, while EC is non-volatile, resistant to chemical transformation and strongly light absorbing —such—as

s-(Poschl, 2005). It should be noted that since no clear distinction between OC
and EC exists, OC and EC are operationally defined based on the measurement techniques (Petzold et al., 2013). When a
thermo-optical method is used to separate and determine OC and EC, EC is described as a thermally refractory carbon

continuum and OC is weakly refractory (Poschl, 2003, 2005; Petzold et al., 2013).

EC is exclusively 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). OC can be of both primary and secondary origin. Primary OC (POC) is
emitted directly from non-fossil (e.g., biomass burning, biogenic emissions, and cooking) and fossil sources. Secondary OC
(SOC) is formed in the atmosphere via atmospheric oxidation of volatile organic compounds (VOCs) (Jacobson et al., 2000;
Hallquist et al., 2009; Bond et al., 2013). High concentrations of aerosol particles have been observed in many cities,
especially in China, where carbonaceous aerosols dominate particle mass concentrations, with SOC responsible for a large
fraction of OC (Guo et al., 2014; Huang et al., 2014; Fang et al., 2017). Thus, understanding the sources, formation and

transformation of EC, OC and SOC is important for better understanding of air pollution.

For aerosol source apportionment, radiocarbon (*C) analysis of OC and EC has been used to quantify their fossil and non-
fossil fractions, based on the fact that emissions from fossil sources are '“C-free due to long-time decay, whereas non-fossil
emissions contain the contemporary '“C content (e.g., Szidat et al., 2004, 2006; Dusek et al., 2013, 2017). Earlier '*C
measurements of OC and EC found that fossil sources contribute more to EC than OC (Heal, 2014 and references therein).
However, direct '*C measurements on SOC are not possible yet, due to the technical and conceptual difficulties in isolating
the SOC fraction from filter samples. In positive matrix factorization (PMF) based source apportionment of aerosol mass
spectrometer (Jayne et al., 2000) dataset, oxidized organic aerosols (OOA, also referred to as secondary organic aerosol,
SOA) can be separated into semi-volatile OOA (SV-OOA) and low-volatility OOA (LV-OOA) based on their volatility (e.g.,
Huffman et al., 2009a; Wang et al., 2017). Volatility is an important physical property as it determines the partitioning
between gas and particulate phases of organic species (Donahue et al., 2006, 2009). Direct measurement of OA volatility is

challenging because OA is a mixture of thousands of individual organics spanning a wide range of volatilities (Donahue et

2
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al., 2011). Different approaches have been used to estimate the OA volatility. For example, using thermodenuder (TD)
coupled with an aerosol mass spectrometer (Burtscher et al., 2001; Wehner et al., 2002), the volatility of different OA
components, {such as hydrocarbon-like OA (HOA), biomass burning OA (BBOA) ei-and OOAj}-, can be estimated for

ambient aerosols. Source and ambient studies indicate that BBOA and HOA are generally more volatile than OOA.
Meanwhile, the volatility of BBOA can be quite variable, depending on type of biomass and the combustion conditions, and
either higher or lower than that of HOA (e.g., Grieshop et al. 2009c; Huffman et al. 2009a; Paciga et al. 2016; Cao et al.,

2018).For example, Huffman et al. (2009b) measured the volatility of primary OA from biomass burning and found that the

more volatile BBOA was generally dominated by smoldering combustion, while the less volatile BBOA was more

influenced by flaming combustion. Paciga et al. (2016) found that the BBOA was more volatile than HOA in an urban

background site in Paris, with 50% semi-volatile organic components (SVOCs with effective saturation concentrations C* of

1-100 pg m? range) and 30% low volatility organic compounds (LVOCs with C* of 103-0.1 pg m>). Gaston et al. (2016)

found that levoglucosan (i.e., the biomass burning tracer) was semi-volatile and had the potential to form low volatility

products during the chemical aging of ambient biomass burning aerosol, applying high-resolution-time-of-flight chemical

ionization mass spectrometer (HRTOF-CIMS) coupled to a Filter Inlet for Gases and AEROsols (FIGAERO) to aerosol in

the northwestern US.

In some recent studies, a thermal desorption approach has been used for analysis of filter samples at lower and higher
temperatures as an indicator of volatility (Holzinger et al., 2013; Lopez-Hilfiker et al., 2014, 2015; Timkovsky et al., 2015;
Masalaite et al., 2017, 2018). Even though the desorption temperature is not a direct measure of the particle volatility, OC
desorbed from the filter at lower temperature tends to be more volatile, whereas the less volatile (i.e., more refractory) OC
tends to be desorbed at higher temperatures. Vodicka et al. (2015) and Masalaite et al. (2017) found that OC in urban
samples was desorbed at lower temperatures compared to costal, forest, and rural background samples in Eastern Europe.
Both studies suggest that OC is more volatile in urban area close to the emission sources. Keller and Burtscher (2017) found
that after aging of biomass burning emissions less OC desorbed at lower temperatures. The reduction in volatility after aging
agrees with previous TD aerosol mass spectrometer studies (Grieshop et al., 2009b). Even though the thermal desorption and
TD measurements are different methods, results of both methods are usually in qualitative agreement and show similar
trends. Earlier studies (e.g., Grieshop et al., 2009¢c; Chen et al., 2007) show similar trends qualitatively. Ma et al. (2016)
made first efforts to link the OC fractions desorbed at different temperatures from filter samples on a thermal-optical
analyzer to the volatility basis set, showing that OC fractions desorbed at lower temperatures (e.g., 140 °C, 280 °C) are semi-

volatile.

Both POC and SOC can contribute to the OC fraction desorbed at lower temperatures. A number of previous studies have
found that at least a part of POC from various sources is semi-volatile, including wood burning, gasoline and diesel vehicle

exhausts and cooking (Lipsky and Robinson, 2006; Shrivastava et al., 2006; Robinson et al., 2007; Grieshop et al., 2009b,
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2009c; May et al., 2013a, 2013b). Moreover, a significant part of freshly formed SOC is semi-volatile and will contribute to
the more volatile OC fraction desorbed at lower temperatures (Holzinger et al., 2010; Salo et al., 2011; Meusinger et al.,
2017; Gkatzelis et al., 2018). The relative contributions from fossil and non-fossil sources to OC can be dependent on the
volatility. For example, recent studies in wintertime of Lithuania have shown that vehicular sources are associated with OC
fractions desorbed at lower temperatures while biomass burning (as a non-fossil source) contributes more strongly to less

volatile OC fractions desorbed at higher temperatures (Masalaite et al., 2017, 2018).

Although an increasing number of studies has shown that OC from different emission sources and/or at different aging status
may have different volatility, a quantitative study of the sources of OC with different volatility is scarce. In this study,

wintertime fine particulate matter (PMy s, particles with aerodynamic diameter < 2.5 pum) samples from 6 Chinese megacities

are studied. Sources of carbonaceous aerosols including different carbon fractions such as OC, EC and SOC are estimated by
radiocarbon ('4C) source apportionment. In addition, we operationally define a more volatile OC fraction (mvOC) as the
carbon fraction desorbed from the filter samples at 200 °C in helium (He), and investigate sources of mvOC. Fe-eurbest
15— 1 i The source contribution to the-mere—veolatilefraction o OCmMvOC is measured

o™

unambiguously by “C..

2 Methods
2.1 Sampling

Simultaneous sampling was made during winter 2013/2014 in two northern (Beijing and Taiyuan) and three southern
(Chongqing, Guangzhou and Shanghai) Chinese cities (Fig. S1). The samples from Xi’an in northern China were collected
during winter 2015/2016. These sites were selected to represent urban-scale concentration and located in the university or
research center campus, >100 m from local sources such as main roadways (Table S1). The 24 h integrated PM; s samples
were collected from 10:00 to 10:00 the next day (local standard time, LST). Filter samplers were deployed on roof-tops
about 6 to 20 m above ground level. In Xi’an, Beijing, Guangzhou and Shanghai, PM, s samples were collected on pre-baked
pre-baeked-(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". In Taiyuan and Chonggqing,
samples were collected on pre-baked 47-mm Whatman quartz microfiber filters (QM/A) using mini-volume samplers at a
flow rate of 5 L min! (Airmetrics, Oregon, USA). After sampling, all filters were packed in a 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 Determination of carbon fractions by thermal-optical analysis

For the PM, s samples collected in Xi’an, 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

4
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(European Supersites for Atmospheric Aerosol Research; Cavalli et al., 2010). The EUSAAR_2 protocol defines OC1 as the

carbon fraction that desorbs in helium (He) at 200 °C for 2 min. OC1 is compared with more volatile OC (mvOC) extracted
also in He at 200 °C but for 5 min using our aerosol combustion system (ACS) (Dusek et al., 2014). No charred OC is
observed by the transmittance signal in the OC1 stage during the thermo-optical analysis. For PM» s samples collected in
Beijing, Taiyuan, Chongqing, Guangzhou and Shanghai, filter pieces of 0.5 cm? were used to measure OC and EC using a
Desert Research Institute (DRI) Model 2001 Thermal/Optical Carbon Analyzer (Atmoslytic Inc., Calabasas, CA, USA)
following the IMPROVE_A thermal/optical reflectance (TOR) protocol (Chow et al., 2007). OC fractions of EUSAAR 2
protocol are desorbed in He at 200 °C (OC1), 300 °C (OC2), 450 °C (OC3), and 650 °C (OC4) in He. Different from
EUSAAR 2 protocol, IMPROVE_ A (Interagency Monitoring of Protected Visual Environments) protocol defines OC

fractions at stepwise temperature of 140 °C, 280 °C, 480 °C, and 580 °C in He. Details of the carbon fraction measurements

were described in our previous work (Cao et al., 2013; Zenker et al., 2017).

2.3 Radiocarbon (1*C) measurements of mvOC, OC and EC
2.3.1 Sample selection for *C analysis

For C analysis, we selected the samples carefully to cover periods of low and high total carbonTC (TC, the sum of= OC +

and EC) and PM 5 concentrations to get samples representative of various pollution conditions that did occur in each city.
Two or three composite samples from each city representing high (H), medium (M) and low (L) TC concentrations arewere
selected for '*C analysis of EC, OC and mvOC (Fig. S2). Each composite sample consists of 2 to 4 24 h filter pieces with

similar TC loadings and air mass backward trajectories (Fig. S2, Table S1).

2.3.2 Extraction of mvOC, OC, EC

Three separate extractions were performed for mvOC, OC and EC on our aerosol combustion system (ACS) (Dusek et al.,
2014). The ACS consists of a combustion tube and a purification line. Aerosol filter pieces placed on the filter boat are
heated at different temperatures in pure He or O, and oxidized through the platinum catalyst in the combustion tube. The
resulting CO; is isolated and separated from other gases (e.g., NO;, water vapor) in the purification line. The purification line
is equipped with an oven filled with copper grains and silver wire heated at 650 °C to remove NOy and liberated halogen, a
U-type tube cooled with a dry ice-ethanol mixture for water removal and a flask containing phosphorous pentoxide (P,Os)
for removal of any trace water. The amount of purified CO, is manometrically quantified and subsequently stored in flame-

sealed glass ampoules.

mvOC is desorbed by heating the filter pieces at 200 °C in He for 5 min. After introducing the filter, the ovens are flushed
with He for 10 min. Pilot tests show that the flushing time (10 min, 15 min or 60 min) before heating the filter pieces does
not affect the desorbed amount of mvOC (Table S2). OC is combusted by heating filter pieces at 375 °C in pure O for 10

min. EC is extracted from a separate filter piece after removing OC completely. First water-soluble OC is removed from the

5
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filter through water extraction (Dusek et al., 2014) to minimize the charring of organic materials (Yu et al., 2002; Zhang et
al., 2012). Then, by heating the filter pieces at 375 °C in O, for 10 minutes, most water-insoluble OC can be removed.
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. Finally, the remaining EC is combusted by heating at

650 °C in O; for 5 min (Dusek et al., 2014, 2017; Zenker et al., 2017).

Contamination introduced by the isolation procedure is determined by following exactly the same isolating procedures with
either empty filter boat or with pre-heated filters (at 650 °C in O, for 10 min). The contamination introduced by the
combustion process yields 0.72 £ 0.44 pugC EC, 0.85 + 0.49 pgC OC, 0.52 = 0.31 pgC mvOC per extraction, respectively.
Compared with our sample size of 30-391 pgC EC, 30445 pgC OC, and 15-121 pgC mvOC, the blanks are <7 % of the

mvOC sample amount and < 3% of OC and EC sample amount, anéd-therefore relatively small compared to our sample sizes.

The mvOC concentrations reported in this study are corrected for contamination by subtraction. OC and EC concentrations

are measured following thermal-optical protocols using carbon analyzers (Sect. 2.2), thus are not affect by the isolation

procedure using the ACS. For '“C values (Eg. 1), the contamination is assessed but not used for further '“C data correction

for mvOC, OC and EC, because the corrections for the small blanks will not introduce large uncertainties to the data, as

explained in Supplement S3.

Two standards with known *C/!2C ratios are combusted using the ACS as quality control for the combustion process: an
oxalic acid standard and anthracite. Small amounts of solid standard materials are directly put on the filter boat of the
combustion tube and heated in O at 650 °C for 10 min. In the further *C analysis, the CO, derived from combustion of the
standards is treated exactly like the samples. Therefore, the contamination introduced by the combustion process can be
estimated from the deviation of measured values from the nominal values of the standards (Table S3) (Dusek et al., 2014).
The contamination inferred in this indirect way is below 1.5 pgC per extraction, which is slightly higher than the directly
measured contamination of OC and EC separately but in the range of a TC contamination. It is also relatively small

compared to the size of OC (30—445 pgC) and EC samples (30-391 pgC) in this study_and thus can be neglected

(Supplement S3). The F*C (Eq. 1) of the contamination can also be indirectly inferred and varied between 0.2 and 0.6 for

standards measured on the ACS with the last two years. This is broadly within the range of our samples and implies that a

correction for F'*C will even be considerably smaller than 3%.

2.3.3 “C measurements by accelerator mass spectrometer (AMS)

AMS measurements were conducted at the Centre for Isotope Research (CIO) at the University of Groningen. The extracted
CO; is released from the glass ampules and directed to a gas inlet system (Ruff et al., 2007), where the sample is diluted with
He to 5 % CO» (Salazar et al., 2015). The CO»/H.-He mixture is directly fed into the Cs sputter ion sources of the Mini
Carbon Dating System (MICADAS) AMS at a constant rate (Synal et al., 2007).
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The '“C/'2C ratio of an aerosol sample is usually reported relative to an oxalic acid standard (OXII) and expressed as fraction
modern (F'*C). The C/!?C ratio of the standard is related to the unperturbed atmosphere in the reference year of 1950 by
multiplying it with a factor of 0.7459 (Mook and Van Der Plicht, 1999; Reimer et al., 2004):

F14’ _ (14C/12C)sample,[—25] (1)

0.7459><(14c/12C)OXII [_25]’

where the '*C/'?C ratio of the sample and standard are both corrected for machine background and normalized to 6'°C = -
25 %o. Aerosol carbon from fossil sources has F*C = 0 due to the extinction of *C after long-time decay. Aerosol carbon
from contemporary (or non-fossil) sources should have F'*C ~1 in an atmosphere undisturbed by human influences.
However, the F'*C values of contemporary carbon are higher than 1 due to the nuclear bomb tests that nearly doubled the
14CO; in the atmosphere in the 1960s-and-1970s. The 'CO, produced by the nuclear bomb tests has been taken up by oceans
and the biosphere and diluted by the *C-free CO, emitted by the fossil fuel burning. Currently, F'*C of the atmosphere CO»
is ~1.04 (Levin et al., 2010).

The F!“C values are corrected for cross contamination (also known as memory effect) (Wacker et al., 2010) using alternate
measurements of HOXII and '“C-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) HOxXII standards. All standards used for the corrections are

measured on the same day as the samples.

2.4 Estimation of source contributions to different carbon fractions

F"C of EC, OC and mvOC (i.e., F*Cc), F**Cioc) and F**Cmvoc), respectively) are-were directly measured. We define ‘more
refractory organic carbon’ (mrOC) as the difference between OC and mvOC. F*C of mrOC (F"“¥Croc)) can—be-was

calculated by isotope mass balance:

FC(0c)X0C—F*C(myoc)xmvOC
0C-mvOC ’

2

F*Cimrocy =

F'“Cgc) ean-bewas converted to the fraction of biomass burning (f;(EC)) by dividing with an F'*C value representative of
typical biomass burning emissions (F'“Cywb). Analogously, the fraction of non-fossil OC, mvOC and mrOC (i.e., fu(OC),
Ja(mvOC) and fo(mrOC), respectivly) can-bewere estimated from their corresponding F'*C values and F'“C of non-fossil
sources (F'“Cyr). F'¥Cyp and F'“Cy¢are estimated as 1.10 £ 0.05 and 1.09 £+ 0.05 (Lewis et al., 2004; Mohn et al., 2008;
Palstra and Meijer, 2014), respectively, based on tree-growth models and the assumption that wood burning dominates
biomass burning. F'“Cy for EC is slightly bigger than F'*Cys for OC, because besides biomass burning, biogenic emissions
also contribute to OC, but have a smaller F'*C than that of biomass burning. The estimation of F'*Cp, and F'*Cyrhas been

reported in our previous study (Ni et al., 2018).
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Then, foo(EC) ean—bewas used to determine EC mass concentrations from non-fossil biomass (ECy,) and fossil fuel

combustion (ECrssil):
ECpp = EC X fi,p(EC), (3)
ECfossit = EC — ECpp. 4)

Analogously, mass concentrations of OC, mvOC and mrOC from non-fossil sources (OCpn, mvOCys and mrOCy,

respectively) and fossil sources (OCrossii, MVOCirossit and mrO Crogsit, respectively) ean-bewere determined.

Secondary OC (SOC) includes SOC from fossil (SOCrossi) and non-fossil sources (SOChy):
SOC = SOCqygsii + SOCps- (5)

Fraction fossil in total SOC (ffssil(SOC)) ean-bewas formulated as:

SOCfossil

frossil(SOC) = 50Cfossi1+S0Cns

(6)

For the following calculations we assume that SOC,r can be approximated by OC from non-fossil sources excluding primary
biomass burning (OC,x¢:OC other non-fossil). In principle, OC, nrincludes SOCyr and non-fossil primary OC from vegetative
detritus, bioaerosols, resuspended soil organic matter, or cooking. But the contributions from plant detritus, bioaerosols and

spores to PM, s are likely small (Song et al., 2006; Hu et al., 2010; Guo et al., 2012). If cooking sources are significant then

this assumption results in an upper limit of SOCys.
SOCnf = OCO,nf = OCnf _ POCbb' (7)

where OC, nrean-bewas calculated by the difference between OC,r and primary OC from biomass burning (POCpp). POCyy is
was calculated by multiplying ECy, with the primary OC/EC ratio of biomass burning (7ub):

POCbb = ECbb X Thp- (8)

SOCrossit 1s-was calculated by subtracting primary fossil OC (POCrossit) from OCrossit. POCrossil 1s-was estimated by multiplying

ECrossit with primary OC/EC ratio of fossil fuel combustion (fossit):
SOCsossit = OCtossit = POCrossils 9
POCtossit = ECtossit X Trossil- (10)

Fossil sources in China are almost exclusively from coal combustion and vehicle emissions, thus 7.l €a-bewas estimated

as

Tfossil = Tcoal X P + Tyehicle X (1 — D), (11)
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where 7eoal and Fyenicte are the primary OC/EC ratio of coal combustion and vehicle emissions, respectively. The ryp, Feoat and
Ivehicle Varies with the fuel types and properties, combustion conditions, sampling and analysis methods etc. Best estimate of

rob (4 £ 1; average + standard deviationSPD), reoal (2.38 £ 0.44), and rvenicte (0.85 £ 0.16) is done through a literature search and

described in our earlier studies (Ni et al., 2018). p is the fraction of EC from coal combustion (ECcoal) in ECrossit.

We used two different methods to estimate p. (1) Since both coal combustion and vehicle emissions do not contain *C, they
can not be distinguished by *C measurements alone. Therefore, p is randomly chosen from 0-1, that is no constraint on p
values. (2) EC from coal combustion is on average more enriched in the stable carbon isotope '*C compared to vehicle
emissions. Therefore, complementing C results of EC with measurements of the '*C/'2C ratios of EC (expressed as §'*Cgc
in Eq. S1; Supplement S1) allows separation of ECrossit into ECcoal and EC from vehicle emissions (ECyehicle). Samples taken
from Beijing, Shanghai and Guangzhou using high-volume samplers had enough material for analysis of both F'*Cgc and
0BCec, thus ECcou, and ECyenicle are separated as described in detail in Supplement S2. In brief, the fraction of coal
combustion and vehicle emissions in EC ean-bewas calculated from measured F!*Cgc and §'*Cgc for ambient EC combined
with the source signatures. Bayesian Markov-Chain Monte Carlo (MCMC) calculations were used to account for the
uncertainties in the source signatures and the measurement uncertainties (Andersson, 2011; Andersson et al., 2015). The
results of the Bayesian calculations are the posterior probability density functions (PDFs) for the relative contributions of

each source to EC (feoal and fienicte; Fig. S3). The p eanbewas formulated as:

— fcoal — fcoal (12)
ffossil fcoal +fvehicle

p

The PDF of p is-was derived from the PDF of fcoal and fichicte, and shown in Fig. S4.

To propagate uncertainties, a Monte Carlo simulation with 10000 individual calculations was conducted. For each individual
calculation, F"*Crc), F'*Coc), F*Cvoc), concentrations of EC, OC and mvOC are-were randomly chosen from a normal
distribution symmetric around the measured values with the experimental uncertainties as standard deviation (SD; Table S4).
For F'*Cpp, F"¥Cus, 7ob, 7coal and ryenicle Tandom values are-were 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 ranging from 0 to 1 (no *C constraints), p is
was randomly chosen from a uniform distribution. For p constrained by F*C and 6*C using MCMC (hereafter *C-
constraint p), random values from the respective PDF of p were used (Fig. S4). In this way 10000 different estimation of
Joo(EC), fur(OC), far(mvOC), for(mrOC), ECub, ECtossit, OChrf, OCrossit, MVOChns, mVOCrogsit, MrOCrg, mrOCrossit, SOCrs, SO Crossil,
SOC and frsil(SOC) ean-bewere calculated (Tables S5, S6, S7, S8). The derived average represents the best estimate, and the

SD represents the combined uncertainties.
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3 Results
3.1 Method evaluation and quality control for mvOC extraction

The separation of OC and EC for '*C analysis using our aerosol combustion system (ACS) were thoroughly evaluated by
Dusek et al. (2014, 2017). It is thus necessary to validate the new extraction method for isolating mvOC. The reproducibility
of the extracted mvOC amount was tested for 2 independent test filters with mvOC loadings of 6 and 18 pg cm?,
respectively (Fig. S5). The coefficient of variation was determined as a measure of reproducibility. The reproducibility was

found to be ~5% (n=9).

Since carbon fractions (e.g., OC1) at different desorption temperatures have mostly been measured using the EUSAAR 2
protocol in many previous studies (e.g., Vodicka et al., 2015; Keller and Burtscher, 2017), our goal is to define the mvOC
fraction as representative of OC1. Therefore, the mvOC is desorbed at 200 °C, the same temperature as used for OC1 in the
EUSAAR 2 protocol. However, the extracted amounts on the ACS system might differ due to different heating rates and
length of the temperature step. The winter samples from Xi’an as well as the two test filters described above are used to
compare mvOC concentrations from the ACS system to OC1. For most samples, excellent agreement was found between
mvOC and OCI1 (Fig. 1a), and most data points fall close to the 1:1 line. However, there are 3 data points deviating largely
from the 1:1 line (red circle and square in Fig. 1). The two red squares represent the mvOC extraction for sample winter-H
and winter-M using larger filter pieces (i.e., more mvOC in ugC per extraction). With larger filter pieces, the mvOC
(ngC/cm? filter area) extracted by the ACS system is significantly lower than that measured by the Sunset analyzer. The
recoveries of these two outliers are 0.59 for sample winter-H and 0.74 for winter-M, calculated by dividing mvOC mass by
OCI1 mass. For winter-H, the low recovery is also repeatable with the same filter area (Fig. S5). The low recoveries for large
filter pieces may result from the lower temperature (< 200 °C) towards the ends of the filter boat. At the relatively low
temperature of 200 °C only a 3.5 cm long at the centre of a 12 cm combustion tube was maintained at 200 ° C and outside
the 3.5 cm the temperature is lower than 200 °C, e.g., ~170 © C at the end of the combustion tube measured by a
thermocouple. When filter pieces are large and placed outside the centred 3.5 cm, the desorption temperature for part of the
filter pieces will lower than 200 °C, leading to lower desorbed mvOC amount. Another possibility is saturations of the
catalyst (platinum, Pt) in the combustion line of ACS system. Pt works as catalyst by collecting oxygen atoms on the surface
as has been demonstrated by direct observation of an ultra-thin oxygen layer on the Pt surface by a microscope (Spronsen et
al., 2017). This is used to oxidize CO and hydrocarbons to CO; in a reducing atmosphere. Thus, for large sample amounts it
is possible that the oxygen on the catalyst could not be sufficient to oxidize all desorbed CO and hydrocarbons to CO,.
However, we observed recoveries near 100% for mvOC amounts up to 120 pg, which was higher than the total amount
desorbed for the winter-H sample. Therefore, limited catalyst capacity is not the likely explanation for the low recoveries.

For subsequent experiments we consequently placed the filter pieces carefully in the 3.5 cm long 200 °C section of the

10
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combustion tube and avoid stacking multiple filter pieces to ensure a desorption temperature of 200 °C and sufficient helium

supply.

To examine the effect of the low recoveries of mvOC on the F'*Cmvoc), we compare the F'*Cimvoc) of winter-M and winter-H
samples for both high and low mvOC recoveries. F**Camvoc) for low recoveries is roughly 0.05 (absolute value, Fig. 1b)
higher than for high recoveries, which is non-negligible compared to the measurement uncertainty. In addition, to validate
the the-measured F'¥C(mvoc) for the combined sample winter-M, we also extracted mvOC separately from those three filters
that were combined for the composite winter-M sample. Figure 2 shows the F*Cmvoc) of combined winter-M and those of
the 3 individual filter samples. From the F'*C(mvoc) and mvOC mass of the individual filters, we can estimate the expected
F"C(mvoc) of the combined winter-M sample using the isotope mass balance equation. The F'*Cmvocy of winter-M calculated
from individual filter pieces is 0.524, which is quite similar with the measured F*Cgmyoc) of 0.529 = 0.007 for the combined

winter-M with recovery close to 1.

Taken-together,—we-We conclude that F'*Cmvoc) of samples with mvOC recoveries of ~1 are reliable and used in the
following discussion. The mvOC recovery of sample winter-L (red circle in Fig. 1) is also low (0.51), and we could not
repeat it due to the limited filter material. For sample winter-L, we take the OC1 concentrations as mvOC and the measured
F"Cmvoc) values but assign a bigger absolute uncertainty of 0.05, due to its low mvOC recoveries. This is based on the

difference in F*Cmyoc) for winter-H and winter-M with low and high mvOC recoveries which is roughly 0.05 (Fig. 1b).

3.2 mvOC, OC and EC concentrations

Figure 3 shows the concentrations of mvOC, OC and EC and the mvOC contributions to OC (%) for the selected samples in
the 6 Chinese megacities. mvOC and OC concentrations averaged 3.3 + 2.2 ug m (range: 0.7-7.4 ug m3;+ange) and 30.0 +
13.8 pg m™ (8.8-50.4 ug m>), respectively. EC concentrations ranged from 2.5 pg m™ to 14.8 ug m, with an average of 6.9
+ 3.6 ug m>. High TC concentrations were found in Taiyuan (60 ug m for sample Taiyuan-H), Chongging (59 ug m™ for
Chongging-H), Beijing (57 pg m™ for Beijing-H) and Xi’an (57 ug m™ for winter-H) in descending order. Of these cities,
Chongqing is located in southern China, where there is no official heating season using coal in winter. This study
nevertheless indicates severe pollution of carbonaceous aerosols in Chongqing. TC concentrations in the other southern

Chinese cities (Shanghai and Guangzhou) were much lower than that in Chongqing (Fig. 3).

The fraction of mvOC in total OC (mvOC/OC in Fig. 3) gives an indication of OC volatility. The mvOC contributed on
average 10.5 = 3.3 % to OC, ranging from 3 % to 15 %. The mvOC/OC varies between samples within the same city and
between cities, indicating complicate sources and atmospheric processing of OC. The variations might also be partially
attributed to the different protocols used for OC quantification. OC in Xi’an is measured with the EUSAAR 2 protocol (up
to 650 °C for desorbing OC), whereas the IMPROVE_A protocol (up to 580 °C for OC) was used for the other five cities.
However, Han et al. (2016) found that the absolute OC concentrations determined by EUSAAR 2 do not differ much from
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those determined by IMPROVE A (22.6 = 12.0 pg m3 vs. 19.7 + 10.7 ug m) for one-year PM, s samples in Xi’an during
2012/2013. Because of the small differences of OC between the two protocols, we think the comparison of OC
concentrations and mvOC/OC amongst the six cities is justified. The rest of OC (~90 %) was contributed to the mrOC.
mrOC concentrations averaged 26.8 £+ 12.0 pg m?>, ranging from 7.9 ug m for sample Guangzhou-L to 43.1 pg m™ for

Beijing-H.

Direct comparison of our results with previous works is somewhat difficult because different thermal/optical protocols were
used. The averaged mvOC concentration (3.3 + 2.2 pg m>) in winter for the six studied sites in China is higher than winter
concentrations at an urban background site (1.6 = 1.7 pg m™), a rural background site (0.7 = 0.6) in Prague (Vodicka et al.,
2015), where 200 °C in He was also applied to desorb this OC fraction using EUSAAR 2 protocol. The mvOC/OC ratio in
our study is smaller than that of ambient samples from various other locations and much smaller than that of fresh source
samples. For example, the urban background site in Prague had a mvOC/OC ratio of 28 % and the rural background site of
17 % (Vodicka et al., 2015). The contribution of OC1 to total OC was as high as ~60 % for primary biomass burning
measured by EUSAAR 2 thermal/optical protocol (Keller and Burtscher, 2017). For vehicle emissions, the OC fractions
desorbed at 140 °C and 280 °C are the major OC fractions measured by the IMPROVE_A protocol, contributing ~30 % and
~20 % to total OC in tunnels in Taiwan (Zhu et al., 2014; 2010). Using the same protocol for OC analysis, Tian et al. (2017)
found that OC fraction desorbed at 140 °C and 280 °C contributed ~13 % and ~20 % to primary OC from residential coal
combustion in China. The mvOC desorbed at 200 °C, fall between 140 °C and 280 °C, thus the mvOC fraction in total OC
should be higher than the faction of OC desorbed at 140 °C in total OC and lower than the fraction of OC desorbed up to
280 °C in total OC.

OC from different emission sources has different volatility, and the atmospheric processing can also alter its volatility. Keller
and Burtscher (2017) found that aging reduces the volatility of OC from biomass burning, i.e., the contribution of OCI
fraction to total OC decreases from 60 % to 25 % after aging. The photochemical processing of OA can lead to accumulation
of carbon in the more refractory organic fraction and also larger organic compounds (Masalaite et al., 2017). The mvOC
fraction in OC of our ambient samples is much smaller than that of the primary sources, suggesting that atmospheric aging of

OC plays an important role on modifying the volatility of OC.

3.3 Non-fossil and fossil fractions of different carbon fractions

Figure 4a shows the fraction of non-fossil carbon in mvOC, OC and EC (respective f,{mvOC), £, OC) and fyn(EC)). There
are no considerable changes in fi{mvOC), fur(OC) and fuu(EC) between polluted days (“H” samples) and clean days (“L”
samples) within each site (Fig. 4a), despite the very different concentrations of carbonaceous aerosols (Fig. 3). However,
fof(mvOC), fur(OC) and fin(EC) varied significantly among different sites: the lowest values are always found in Taiyuan, and
highest in Chongqing. This implies that different pollution patterns exist in individual Chinese cities. The smallest f,(mvOC),
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fo(OC) and fi(EC) in Taiyuan suggests that fossil sources are the main contributor to mvOC, OC and EC, whereas the
largest values in Chongqing shows that the non-fossil contributions to mvOC, OC and EC are evidently higher in Chongqing

than in other sites.

Ranging from 22 % to 55 %, fu(mvOC) (41 = 11 %) is consistently smaller than f,(OC) (52 + 16 %; 29 %—77 %) and larger
than fi(EC) (27 £ 9 %; 10 %—42 %), despite their variations among the cities. The absolute difference in the non-fossil
fractions between mvOC and OC is 13% (7 %25 %), similar to that between mvOC and EC (13%; 4 %25 %). Consistently
smaller f,{mvOC) than f,{OC) suggests that mvOC is more fossil (less non-fossil) than the total OC. Liu et al. (2017) also
found that F'*C of OC desorbed at lower temperature (up to 200 °C) in He was 0.389, smaller than F'“C of total OC
desorbed in the He phase of EUSAAR_2 protocol (F'*C = 0.495, up to 650 °C) for a single test sample collected in winter in

Xinjiang, China. Agrios et al. (2016) had the qualitatively similar finding that F'"*C of OC extracted in O, at 200°C was

smaller than F'*C of OC extracted in O at higher temperature for samples collected from an urban and rural site in the
Switzerland and from the Los Angeles Basin, USA. Fe-ourbestknowledge,these-arethe first Cmeasurements-of the more
volatile fraction-of OC-and-we-We can unambiguously conclude from “C measurements of mvOC and OC that mvOC is

more fossil than OC in six Chinese cites. The fraction of non-fossil carbon in mrOC (fu(mrOC)) is calculated by the
differences between OC and mvOC using the isotope mass balance. Since mvOC is only a small fraction of OC, f,{mrOC) is

very similar to f,(OC).

Primary OC from vehicular emissions is generally more volatile (i.e., less refractory) than OC from biomass burning, which
is in line with the ambient results presented. For example, Grieshop et al. (2009c) constrains the volatility distribution of
primary OA from a diesel engine and wood burning using measurements of TD coupled to aerosol mass spectrometer and
found that OA from wood burning is less volatile than from diesel exhaust. Chen et al. (2007) measured OC/EC from fresh
biomass burning emissions and found that high-temperature OC fractions (desorbed from 450 °C to 550 °C) is the major
fraction of OC, in contrast to gasoline and diesel exhausts where OC fractions desorbed at temperature lower than 250 °C are
more abundant (Watson et al., 1994; Chow et al., 2004). Zhu et al. (2010, 2014) also found that OC desorbed at 140 °C is the
major fraction of OC in fresh vehicle emissions in tunnel experiments. A more recent study 