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Section S1: Source apportionments for OA datasets

Separate OA source apportionments were conducted in summer and winter individually.
According to the summer dataset, a range of solutions with three to five factors from
unconstrained runs were first examined. As shown in Fig. S1, POA factors mixed seriously with
SOA factors and identical source factors can’t be resolved by PMF. There was a COA factor
resolved in the 3-factor solution, while no clear HOA factor could be resolved and POA mixed
seriously with SOA in factor 2, which may both contain HOA and OOA sources. No HOA could be
resolved when increasing the factor numbers and the factor further split into non-meaningful
profiles. Meanwhile, clear peaks in m/z 53 and m/z 82 were found in PMF solutions, indicating
that there was likely have isoprene-derived sources mixed in POA or OOA factors, thus 4 factors
were selected for the reasonable PMF solution. In order to get better results, the ME-2 approach
was further applied to direct the apportionment towards an environmentally-meaningful
solution by introducing a priori information (profiles) for certain factors. We constrained the COA
and HOA using profiles from our previous study (Wang et al, 2017) and constrained ISOOA profile
from Budisulistiorini et al. (2013). To minimize the bias from non-local input profiles, the a value
approach was used which determines the extent to which the output profiles can differ from the
model inputs. It should be particularly noted that we used high a values of 0.3-0.6 to constrain the
ISOOA profile, allowing large variation of the ISOOA output profile. To further evaluate the
uncertainties of this factor, we performed ME-2 with each a value (0.3-0.6) for 20 times and
calculated the standard deviation of these solutions, which is shown as the error bar in final [SOOA
profile (Fig. S3). An uncertainty of ~20% was estimated for ISOOA in our measurement,
suggesting a large uncertainty in ISOOA source in urban environment.

Similarly, a range of solutions with two to eight factors from unconstrained runs were first
examined in winter. Fig. S2 showed the PMF results of 5-factor, 6-factor and 7-factor. POA factors
including HOA, COA, BBOA and CCOA could be resolved in PMF solutions, while there was serious
mixture between each other and POA with OOA. In order to get better results, the ME-2 approach
was further applied to direct the apportionment towards an environmentally-meaningful
solution by introducing a priori information (profiles) for certain factors. We constrained the HOA,
COA, CCOA and BBOA using profiles from our previous study (Wang et al, 2017). Also, to minimize
the effect from non-local input profiles (for all primary factors), the a value approach was used to
adjust the input profiles to a certain extent.

Finally, we tested ME-2 solutions and selected reasonable results based on the verification
of the rationality of unconstrained factors, distinct mass spectra and time series, interpretable
diurnal cycles and good correlations with external tracers for all factors both in summer and
winter. The final profiles and time series of individual factor were averaged from these
reasonable solutions and the standard deviations of intensities at each m/z was shown as error

bars in Fig. S3. Four OA factors including HOA, COA, ISOOA and OOA were resolved during summer,
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while six factors including HOA, COA, BBOA, CCOA, LO-00A and MO-00A were identified during

winter.

Section S2: OA sources

Primary OA

HOA was resolved in both summer and winter, which was dominated by typical hydrocarbon
ion series of ChH2n+1 and CyHan.1, particularly m/z 41, 43, 55, 57, 69 and 71 (Canagaratna et al,,
2004; Mohr et al., 2009; Ng etal., 2011). The time series of HOA in summer and winter were both
tightly correlated with that of BC (R2= 0.62 and 0.78 in summer and winter, respectively), which
is a primary emission tracer of incomplete combustion. The diurnal cycles of HOA were
characterized by high concentrations during nighttime (Fig. S4), likely due to increased diesel
fleets which are allowed in urban Beijing only at night (Elser et al, 2016; Sun et al., 2016).

COA was also resolved in both summer and winter. The spectra of COA in our study were
characterized by prominent ion peaks at m/z 55 and m/z 57 with higher m/z 55/57 ratio of 2.4
in summer and 2.1 in winter respectively, which have been shown to be robust markers for COA
(Mohretal, 2012; Crippa etal., 2013; Elser et al., 2016). Consistently, the time series of COA were
correlated well with that of m/z 55 with R2 = 0.72 and 0.66 during summer and winter
respectively. Both the diurnal cycles of COA during summer and winter showed distinct peaks at
lunch (12:00 LT) and dinner (20:00 LT) time.

BBOA and CCOA were only resolved in wintertime. The mass spectrum of BBOA showed
prominent signals at m/z 60 (C2H402*) and 73 (95% of which is C3Hs02*), which are well known
fragments of levoglucosan and mannosan produced from incomplete combustion and pyrolysis
of cellulose and hemicelluloses from biomass burning (Alfarra et al., 2007; Lanz et al.,, 2007; Mohr
etal., 2009). Consistently, the time series of BBOA correlated very well with that of m/z 60 (R2 =
0.87). BBOA showed a clear diurnal cycle with higher concentration during nighttime than that in
daytime. The mass spectrum of CCOA is characterized by prominent contributions of unsaturated
hydrocarbons, particularly PAH-related ion peaks (e.g., 77, 91, and 115) (Dall'Osto et al., 2013;
Hu et al., 2013). Strong correlation was found between the time series of CCOA and that of the
external combustion tracer chloride with R2 value of 0.73. Similar to BBOA, the mass
concentration of CCOA during nighttime was much higher than that during daytime with the mass
fraction increased from 10% in afternoon to 25% during night, further confirming the enhanced

coal combustion emissions from domestic heating in wintertime nights.

Secondary OA

During summertime, an OOA factor dominated by high peak at m/z 44 (CO.*) with a f44/fs3
value of 3.2 was identified, The diurnal cycle of OOA showed an obvious peak in afternoon
combined with the increasing mass fraction during the same period, and the time series of O0A
correlated well with that of sulfate (R2 = 0.6). Similar good correlations between O0A and sulfate
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were also observed in previous Beijing summer studies (Huang et al., 2010; Sun et al., 2010; Hu
etal, 2016).

In addition to OOA, an ISOOA derived from isoprene-oxidation was resolved in summer
Beijing. As shown in Fig.S3, the mass spectrum of ISOOA was characterized by distinct ion peaks
at m/z 53 (C4Hs*) and m/z 82 (CsHe0*), with correlation between the time series of ISOOA and
m/z 82 (R? = 0.46). This ISOOA profile was consistent with that resolved from ACSM organic
spectra based on field study during summertime in the southeastern US and demonstrated in lab
chamber (Budisulistiorini et al., 2013; Hu et al,, 2015; Xu et al., 2015). Meanwhile, the diurnal
cycle of ISOOA displayed minor peaks in afternoon, likely due to the gas-phase photochemical
processing during afternoon when temperature and photochemical activity are the highest in a
day. Such diurnal behaviors are consistent with the T-dependence on isoprene photochemistry
activities (Xu et al,, 2015; Zhang et al., 2017).

In comparison, there was no ISOOA resolved during winter due to low temperature and less
biogenic emission sources, whereas two secondary OA sources defined as LO-O0A and MO-00A
were identified. As shown in Fig. S3, LO-OOA and MO-00A both showed high ratios of intensity at
m/z 44 over that at m/z 43 in mass spectra (the f44/43 value of MO-O0A (8.6) was much higher
than that of LO-O0A (2.61)). However, their time series and diurnal cycles differed from each
other greatly. The time series of LO-O0A was highly correlated with that of nitrate in the entire
winter period with R2 = 0.80, while the time series of MO-OOA had a good correlation (R2=0.71)
with that of sulfate. The diurnal cycles of LO-OOA showed a dominant increasing trend from 8:00
to 20:00 LT, meanwhile the mass fraction of LO-O0A increased during the same period in daytime,
which was similar with that of nitrate (As shown in Fig. S4). In comparison, the diurnal cycles of
both concentration and fraction of MO-O0A showed decreasing trend from 8:00 LT to 16:00 LT,

which was consistent with that of sulfate and RH.

Section S3: Diurnal cycles of PM; species

The diurnal cycles of PM; species between summer and winter are shown in Fig. S4. 0A was
characterized by two peaks occurring around noon (12:00-13:00 LT) and the evening (19:00-
22:00 LT) both in summer and winter. The peak in noon was larger in summer than that in winter,
likely due to the stronger photochemical oxidation capacity in daytime during summer. The
diurnal cycle of mass fraction of OA in summer was also more variable than that in winter with
two obvious peaks in the noon and evening. BC and chloride also showed similar diurnal cycles
in summer and winter because both are primary emissions, and their concentrations were much
higher during night than during day in winter because enhanced emissions from residential
heating activities. Compared to primary species, secondary species displayed largely different
diurnal cycles between summer and winter. In summer, sulfate showed continuous increase from
8:00 LT to 17:00 LT, even in the afternoon at the highest planetary boundary layer height as

reflected in the trough of OA, suggesting its efficient formation. However, there was no similar
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increasing peak in winter, yet decreased from 8:00 LT to 16:00 LT instead and higher
concentration in nighttime than daytime was observed during winter. In comparison, nitrate
showed contrary diurnal cycles with that of sulfate both in summer and winter. The diurnal cycle
of nitrate displayed a peak in the morning and then decreased dramatically from 8:00 LT to 16:00
LT during summer, while increasing trend of nitrate during the same time (8:00-16:00 LT) was
observed in winter. Consistently, dominant increase of the mass fraction of sulfate in afternoon
was observed in summer while similar increase was found for nitrate fraction in winter.
Associated with sulfate and nitrate, the diurnal cycles of ammonium were affected by both sulfate
and nitrate formation mechanisms, which showed medium increasing trends in daytime both in

summer and winter.



Table S1. A summary of submicron aerosol composition and OA factors from AMS/ACSM

measurements in Beijing, China.

Season Summer Winter
- S A O T S ST M e
2011 2012 2015 2018 2008 2010 00 0 2013 0 Soie ' '
o TE jgeca, aal, et gy Zhou Zhng uer SO Sme Zhmg Huer Swet oy e,
2013 2016 22%112' 2017 MY 5019 2013 2016 22%112' 2013 2014 2017 2016 Sty al.2018 2019
PM; 94.0 84.0 61.6 376 410 31.0 735 695 587 668 940 8L7 641 632 92,9 332
S04z 24.8 22 10.6 9.7 75 7.6 114 87 7.7 9.4 196 174 94 7.6 155 2.8
NO3- 20.1 16.8 15.6 6.4 5.6 7.0 9.2 68 103 107 125 162 72 105 18.1 9.9
NH,* 13.7 13.7 105 5.4 5.7 47 6.4 7.7 8.1 8.7 8.9 117 54 7.4 95 5.4
cr 1.56 1.0 0.8 0.4 0.2 3.1 35 5.8 3.0 33 36 2.8 4.0 3.1 6.7 1.7
BC - 44 - 32 2.9 - - 6.0 - - - 3.9 - 3.4 6.7 15
FFOA - - 145 - - - - - 5.6 - - - - - 56 -
HOA 135 3.4 - 1.4 15 3.7 33 42 - 5.9 5.4 55 39 36 - 15
COA - 55 2.6 25 3.4 - - 5.7 4.0 6.6 9.8 43 6.7 63 5.4 -
CCOA - - - - - - - 7.2 - 11.4 93 5.0 76 6.1 - 22
BBOA - - 155 - - - - 36 32 - - - 2.2 2.8 63 2.4
SV-00A - - - - - - - - - - 12.8 - 121 - - -
LV-00A - - - - - - - - - - 138 - 44 - - -
LO-00A - 9.7 43 53 - - - 54 55 - - 5.0 - 7.1 - -
MO-00A - 7.4 5.6 33 - - - 39 114 - - 9.8 - 5.1 - -
00A 203 - - - 13.0 8.1 10 - - 10.8 - - - - 19 5.8
ISO0A - - - - 1.0 - - - - - - - - - - -
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Figure S1. PMF profiles of OA sources for 3, 4 and 5 factor solutions during summer.
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Figure S2. PMF profiles of OA sources for 5, 6 and 7 factor solutions during winter.
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Figure S3. Mass spectrums (left) and time series (right) of OA sources during summer (a) and
winter (b). Error bars of mass spectrums represent the standard deviation of each m/z over all

accepted solutions.
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