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Experimental

1 Chemical Mass Balance (CMB) modelling

CMB (US EPA CMB8.2) modelling for IAP and PG sites was conducted separately
using the same source profiles mainly obtained from China. Experimental details are
provided in Xu et al. (2020) * and Wu et al. (2020) ? for IAP and PG, respectively. The
selected main fitting species included EC, n-alkanes (C24-C33), levoglucosan, 17a (H)
-22, 29, 30-trisnorhopane, 17b (H), 21a (H) -norhopane, palmitic acid, stearic acid,
fluoranthene, phenanthrene, retene, benz(a)anthracene, chrysene,
benzo(b)fluoranthene, benzo(k)fluoranthene, benzo[ghi]perylene and picene.
Measurement uncertainties of each chemical species have been considered when
running the model. In total, seven primary sources including vegetative detritus,
biomass burning, gasoline, diesel, industrial coal combustion, residential coal
combustion and cooking were considered for CMB modelling.

2 Positive Matrix Factorization (PMF) modelling

PMF modelling was conducted for both filter-based data and for online Aerodyne
Aerosol Mass Spectrometer data (AMS-PMF) and Aerosol Chemical Speciation
Monitor data (ACSM-PMF).

For filter-based data, 133 samples at both sites in winter and summer were combined
for PMF modelling. Detailed information on the principles of PMF receptor modelling
can be found elsewhere 2. Daily PM2s mass concentration was set as the total variable
in the model. 31 species were selected as model input based on the selection criteria
that species should have maximum data points above the detection limits and S/N > 0.2;
major chemical species and specific tracers such as levoglucosan and picene were also
selected. The final solution of PMF- 7 factors including coal combustion, traffic, oil
combustion, biomass burning, secondary inorganic ions, road and soil dust, was
systematically investigated by applying constraints (i.e. Q-robust change < 1%) and
evaluating factor profiles, temporal trends, and correlations with external tracers, etc.
The corresponding PMz.s and OC equivalent mass concentrations of these sources were
computed by the PMF model.



An Aerodyne AMS was used to measure non-refractory PM1 (NR- PM1) chemical
species (organics, CI, NOs", SO4>" and NH4*) in both winter and summer at the I AP site
4. AMS data analysis details like relative ionization efficiencies of ions and organics are
described elsewhere °. For the Pinggu site, an Aerodyne ACSM was applied for real-
time measurements of NR- PMz1 chemical species in winter. Details regarding the
aerosol sampling and data analysis can be found elsewhere 2. For both sites, PMF was
applied to the high-resolution mass spectra of OA and factors like coal combustion OA
(CCOA), biomass burning OA (BBOA), hydrocarbon-like OA (HOA), cooking OA
(COA), and oxygenated OA (OOA) were identified. The principles and selection of
ideal factor numbers are summarized elsewhere 2. In winter at IAP, 3 primary factors
were CCOA, COA and BBOA; and 3 secondary factors of oxidized primary OA
(OPOA), less-oxidized OA (LOOOA), and more-oxidized OA (MOOOA) were
summed up as OOA. In summer at IAP, 2 primary factors including HOA and COA
were identified, and 3 secondary factors of oxygenated OA including OOA1, OOA2,
OOA3 were also summed up as OOA. At PG, five factors including BBOA, COA,
CCOA, HOA and OOA were obtained. In this study, OA concentrations were also
converted to OC using OA/OC ratios obtained in Beijing: 1.38 for COA/COC, 1.35 for
CCOA/CCOC, 1.31 for HOA/HOC, 1.58 for BBOA/BBOC, and 1.78 for OOA/OOC 2.

3 1C analysis

14C in total carbon (TC) and elemental carbon (EC) was examined on 13 IAP samples
and 12 PG samples with corrections applied, such as blank filter value correction,
nuclear bomb correction, and charring correction for EC. Details regarding the
experimental method are described elsewhere ©. The non-fossil fuel contributions to TC
and EC are expressed as TCrr and ECnt, which are determined using the concentrations
of TC and EC multiplied by their corresponding non-fossil fractions (fne). OCrr is
determined as the difference of TCnr and ECnt. Fossil fuel contributions are determined
by subtracting non-fossil source contributions from TC, EC, and OC. fr is determined
using equation (1) below:
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Where fu is the fractions of modern (**C/*2C). Biomass burning is the only non-fossil
source of EC, the farrer of EC is 1.10 7. farrer of OC is calculated using the equation
below:

fNEref=Pbio X fMpbio T Pbb X fMbb 2)

where fmbb and fim bio are the detected fm values of biomass burning (1.10) and biogenic
sources (1.023), respectively ’. pbio and pop are the proportions of biogenic source and
biomass burning in non-fossil source, which are 0.9 and 0.1 in winter and 0.5 and 0.5
in summer 8. After subtracting non-fossil source contributions from TC, EC, and OC,
the rest are fossil fuel contributions.



4 Extended Gelencser (EG) method

Gelencser et al. ° reported a method to apportion OC and EC to biomass burning, traffic
and secondary organic aerosol. In our study, we combined *C results with OC/EC ratios
in different sources to apportion OC to primary OC from fossil fuel, biomass burning,
cooking and secondary OC from fossil and non-fossil fuel, and refer to this method as
the extended Gelencser (EG) method. The results are not published yet and the details
of calculations are provided in the supplemental information; details of the Gelencser
and extended Gelencser methods are provided in Table S1 . The uncertainties of the
EG method mainly come from the measurement errors and inferred constituent ratios
for different sources.

Table S1 comparison of Gelencser method (G method) and the extended Gelencser method (EG method).

G method EG method
ECob OCpp X (EC/OC)py ~ Y"ECyy
ECs EC — EChp measured by “C
POChp LG X(OC/LG)pp =ECnt X (OC/EC)p = LG X (OC/LG)pp
POCbio 3CE X (OCI/CE)bio ‘Ignored
POCs¢ ECt X (OC/EC)uafric ECt x (OC/EC)t, min
SOCs “TC¢— OC¢— ECt “OCs — POCt
SOCh¢ “TCnt— OChp— OChio— ECpp “OCnt — POCni= OC—ECqnt X (OC/EC)qf, min

& CE represents concentrations of cellulose;

PECwh ~ ECnf , assuming EC from cooking (ECck) is very low and can be ignored:;
¢ assuming OCuio is very low and can be ignored;

Concentrations marked as * are measured by **C analysis

Calculations 1°:
ECnt = ECob, assuming EC from cooking (ECc) is very low and can be ignored.

EC,=LGX(OCILG), X(EC/OC),, (3)

Referring to the study of LG/MN and LG/GA ratios, there are two main sources of
biomass burning: wood burning and straw burning, each of them could be estimated as

follow,

ECpp = ECwood + ECstraw = LG X fyy0q X (OC/LG)wooa X (EC/0C)yooa + LG X

fstraw X (OC/LG)straw X (EC/OC)straw (4)



Where fwood represents the fraction of LG from wood burning, and fsraw represents the
fraction of LG from straw burning. fstraw=1-fwood, assuming other sources of LG are very
low and can be ignored. fwood can be obtained by equation (4),

f _ ECpf—LGX(OC/LG)strawX(EC/0C)straw (5)
wood ™ (0C/LG)woodX (EC/OC)wood —(OC/LG) straw X (EC/OC)straw) XLG

As fwood Should in range of 0~1, it can be used as the limitation of selection EC/OC and
OC/LG ratios. POCub can be calculated once fwood, EC/OC and OC/LG ratios are

confirmed.

POCpp = POCyo0d + POCstraw = LG X fiyo0q X (OC/LG)wood + LG X (1 — fiyo0d) X

(0C/LG)straw (6)

POC; = EC; x (POC/EC); 7)

(POC/EC)r ratios varied much along with coal combustion conditions, fuel types and
even measurement of OC and EC, it is very hard to accurately determine (POC/EC)s
ratios for a given area. Hence, we introduced the lowest (OC/EC)s ratios as the
(POC/EC)s to estimate POC+. The determination of the lowest OC/ECs ratios can be
found in Hou et al. *°, which are 4.2, 5.1 for IAP and PG in winter, and 3.6, 2.8 in

summer.
POC¢ = ECs X (OC/EC)gmin 8
SOC; = 0C; — POC; )

In same way, primary OC from non-fossil sources can be calculated by lowest
(OC/EC)nt ratio. And concentrations of secondary OC from non-fossil sources (SOChf)

and OC from cooking (OCck) can be obtained.

POCyr = ECy¢ X (OC/EC)nf,min (10)

SOC,¢ = OC,¢ — POC, (11)



OCCk == POCnf -

OCpp

(12)

Where OCck is estimated assuming primary biogenic OC can be neglected and

(OC/EC)ck is very high with ECck ignored.

Supplemental Tables and Figures

Table S2 Source contributions (ug m= (%0C)) at IAP and PG in winter and summer estimated by CMB

IAP PG

Winter Summer Winter Summer
oC 21.5+12.3 6.4+2.3 36.5+29.3 10.7+4.9
OC explained 75.7% 56.1% 69.1% 63.4%
\egetative detritus 0.1 (0.5%) 0.1 (1.7%) 1.5 (2.8%) 0.3 (2.1%)
Biomass burning (wood) 3.8(17.4%) 0.3 (4.8%) 6.8 (18.1%) 1.1 (10.7%)
Gasoline 2.0(10.2%) 0.3 (4.9%) 1.0 (3.4%) 0.1 (1.3%)
Diesel 0.5 (1.9%) 0.1 (1.2%) 6.2 (13.7%) 0.6 (6.2%)
Industrial coal combustion 4.9 (22.0%) 1.8 (29.0%) 3.2 (10.2%) 3.8 (34.1%)
Residential coal combustion 2.6 (125%) 0.2 (3.3%) 5.7 (19.0%) 0.4 (4.2%)
Cooking 2.2(10.6%) 0.7 (11.1%) 0.5 (2.0%) 0.5 (4.9%)
Other OC/SOC 5.3(24.8%) 2.9 (43.9%) 11.7 (30.9%) 3.9 (36.6%)

Table S3 Source contributions of OA and OC (ug m®) from AMS/ACSM-PMF results at IAP and PG
during winter and summer

IAP PG

Winter Winter

BBOA 6.5#5.8 BBOC 4.1+3.7 BBOA  9.418.7 BBOC 5.9+5.5
COA 5.9+4.1 cocC 4.3+3.0 COA 6.6+3.6 COC  4.8+26
HOA - HOC - HOA 9.4+7.3 HOC  7.245.6
CCOA 6.2+44 CCOC 4.6%x3.3 CCOA 159+114 CCOC 11.8485
OO0OA 18.0+13.2 0OOC 10.1+7.4 OOA 12.9+10.3 OOC  7.3%5.8
Summer

HOA 0.7£0.4 HOC 0.54£0.3

COA 1.8+£1.0 cocC 1.3+0.7

OOA®  7.6%3.7 00C 4.3+2.1

Table S4 Source contributions of PMzs and OC (ug m3) from PMF results at IAP and PG during winter

and summer

IAP

PG

Winter

Summer

Winter

Summer

PMa2s

oC

PMa2s

OoC

PMa2s oC

PMg;s OoC




Secondar
y 17.5+17.9 1.7+17 11.1+116 1.1+11 21.9+431.1 2.1+3.0 13.249.8 1.3+0.9

Inorganics
Coal combustion 16.0+13.7 10.4+8.9 0.6+1.0 0.4+0.6 19.4+419.1 12.6+12.4 4.6+2.1 3.0+1.4
Traffic 7.4+7.3 0.7+£0.7 1.7+1.7 0.240.2 4,1+4.9 0.4+0.4 1.0+1.0 0.1+0.1

Oil combustion 1.4+1.8 0.3+0.4 1.6£1.9 0.4+05 7.1+6.3 1.7¢15 2.4+2.2 0.6+0.5
Biomass burning 29.0+£20.3 3.1+2.2 0.5+0.6 0.1+0.1 27.31249 29+2.7 0.2+0.5 0.02+0.1
Dust 9.1+6.2 3.6+£2.3 12.5+4.8 4.7+1.9 12.3+11.3 4.7+43 6.2+3.8 2.6+1.6

Sum 80.4+47.4 19.8+11.2 28.0+14.1 6.8+2.2 92.1+67.5 24.5x145 27.7+12.7 7.6+2.8

Table S5 Source apportionment of OC (g m) by extended Gelencser method

POChb POCc« POCt SOCx¢ SOC¢
IAP Winter 2.7+1.3 1.1+0.7 10.5+6.2 4.8+2.8 7.7+4.2
Summer 0.6+0.7 1.1+0.4 2.3+0.8 22+2.1 2.0+0.9
PG Winter 4.8+2.4 5.8+3.6 16.0+7.8 9.1+9.0 13.3+10.4
Summer 2.0+0.8 0.9+0.4 3.3+1.9 3.1+3.2 2.2+1.6

Table S6 Relative abundance of source contributions (%) at IAP and PG during haze and non-haze days
estimated by CMB

PG winter IAP winter IAP summer

Haze (n=15) Non-haze (n=7) Haze (n=18) Non-haze (n=13) Haze (n=1) Non-haze (n=33)
SNA 27.2* 15.8 38.0 28.7 65.9 48.0
Geological minerals 2.3 4.8 6.3 7.8 7.0 10.6
Vegetative Detritus 2.4 1.6 0.2 0.4 0.3 0.7
Biomass Burning 14.8 14.3 10.2 121 0.6 2.2
Gasoline 2.0 3.3 4.9 8.8 1.0 2.3
Diesel 10.3 5.8 1.3 0.6 0.0 0.4
Industrial CC 8.0 85 14.9 12.3 7.2 13.3
Residential CC 9.8 21.6 6.8 8.8 11 14
Cooking 0.5 1.6 3.9 3.9 15 2.8
Other OM 22.7 22.8 13.5 16.6 15.3 18.4

* The relative abundance of source contributions was calculated as the source contribution (ug m=2)
divided by the sum of all sources’ contributions in percentage.
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Fig. S1 Fossil and non-fossil fuel derived OC and EC concentrations in winter and summer of IAP and

PG sites
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Fig. S2 Correlations of coal combustion (a) and traffic (b) related POC estimated by CMB and
AMS/ACSM-PMF.
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Fig. S3 Comparison of primary OC from biomass burning (POCyy) by different methods in Beijing: (a)
Extended Gelencser (EG) method vs CMB at IAP during winter; (b) AMS/ACSM-PMF vs CMB at |AP
during winter; (c) AMS/ACSM-PMF vs EG method at AP during winter; (d) EG method vs CMB at PG
during winter; (€) AMS/ACSM-PMF vs CMB at PG during winter; (f) AMS/ACSM-PMF vs EG method
at PG during winter; (g) EG method vs CMB at IAP during summer; (h) EG method vs CMB at PG
during summer.
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Fig. S4 Comparison of primary OC from cooking (POC) by different methods in Beijing: (a) Extended
Gelencser (EG) method vs CMB at IAP during winter; (b) AMS/ACSM-PMF vs CMB at IAP during
winter; (¢) AMS/ACSM-PMF vs EG method at AP during winter; (d) EG method vs CMB at PG during
winter; (e) AMS/ACSM-PMF vs CMB at PG during winter; (f) AMS/ACSM-PMF vs EG method at PG
during winter; (g) EG method vs CMB at IAP during summer; (h) AMS/ACSM-PMF vs CMB at IAP
during summer; (i) AMS/ACSM-PMF vs EG method at IAP during summer; (j) EG method vs CMB at
PG during summer;



(a) (b) (c)

| 1 | 1 | 1 1 ".’A | 1 L 1 L 1 1 ‘?n- [T DR R TP R |
7207055 * L 530-{r-0.83 L Ezodios -
E, Slope=0.73+0.08 525 Slope=1.1£0.08 N 2,5 | Slope=1.56:0.2 , L
2,5 | Intercept=0 | =<77] Intercept=0 B S Intercept=0
g N %20 - 20 4 s L
£ 3 2
£10 - - 0154 = O 154 ot
V] < =
w £L10+ - EEEw_ -
5 ®7 B < E
3 = 5 o E 5 3

[&]
'L S o L 3
04 T T T E— T a T 1 U U T g 0 T T T T
0 5 10 15 20 25 30 0 5 10 15 20 25 30 0 4 8 12 16 20
POCNI-CMB (ug m”) POCNI-CMB (ug m”) POCNH-EG method (ug m")

Fig. S5 Correlations of POC¢ estimated by different methods: (a) Extended Gelencser (EG) method vs
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Fig. S6 Comparison of secondary OC (SOC) by different methods in Beijing: (a) Extended Gelencser
(EG) method vs CMB at IAP during winter; (b) AMS/ACSM-PMF vs CMB at IAP during winter; (c)
AMS/ACSM-PMF vs EG method at AP during winter; (d) EG method vs CMB at PG during winter; (€)
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Fig. S7 Time series (a) and correlations of coal combustion (CC) related OM by different methods at IAP
during winter: (b) AMS/ACSM-PMF vs PMF; (c) CMB vs PMF; (d) CMB vs AMS/ACSM-PMF;
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Fig. S8 Time series (a) and correlations of coal combustion (CC) related OM by different methods at PG
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