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Less Polluted Severe Haze
RH<40%, ALWC: <3 ug m-3 RH>60%, ALWC: 30~150 ug m-3
24h-PM; 5: >35 g m3 24h-PM, 5: >75 pg m2
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Abstract

Molecular analyses help to investigate the key precursors and chemical processes of secondary organic aerosol (SOA)
formation. We obtained the sources and molecular compositions of organic aerosol in PMzs in winter in Beijing by
online and offline mass spectrometer measurements. Photochemical and aqueous processing were both involved in
producing SOA during the haze events. Aromatics, isoprene, long-chain alkanes or alkenes, and carbonyls such as
glyoxal and methylglyoxal were all important precursors. The enhanced SOA formation during the severe haze event
was predominantly contributed by aqueous processing that was promoted by elevated amounts of aerosol water, for
which multifunctional organic nitrates contributed most, followed by organic compounds having 4 oxygen atoms in
their formulae. The latter included dicarboxylic acids and various oxidation products from isoprene and aromatics as
well as products or oligomers from methylglyoxal aqueous uptake. Nitrated phenols, organosulfates, and
methanesulfonic acid were also important SOA products but their contributions to the elevated SOA mass during the
severe haze event were minor. Our results highlight the importance of reducing nitrogen oxides and nitrate for future
SOA control. Additionally, the formation of highly oxygenated long-chain molecules with low degree of unsaturation

in polluted urban environments requires further research.

Keywords

SOA, molecular composition, haze, aqueous processing, dicarboxylic acid, organic nitrates
Synopsis

This research investigates the various precursors and formation pathways of SOA in polluted urban environments.



19

20
21
22
23
24
25

26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43

44
45
46
47
48
49
50

51

52

1 Introduction

Rapid economic development and modernization in China has led to severe air pollution.! The densely populated
Northern China Plain (NCP) is one of the most polluted areas in China where the concentrations of particles with an
aerodynamic diameter less than 2.5 um (PM_s) may reach up to several hundreds of ug m= during the winter-haze
episodes.? Secondary aerosol formation plays an important role in the haze development.? Despite of effective
reductions of the sulphur dioxide (SO2) and reactive oxides of nitrogen (NOy) emissions in the past ten years, the mass

concentrations of secondary organic aerosol (SOA) in PMzs remain high in the NCP.3*

The high hydroxyl radical oxidation rates in the NCP in winter would produce significant amounts of secondary
organic precursors to form SOA through different pathways.® Several oxygenated organic aerosol (OOA) factors have
been identified by the positive matrix factorization (PMF) analysis of aerosol mass spectrometer (AMS) and aerosol
chemical speciation monitor (ACSM) data.”*° Both of the photochemical and aqueous pathways are involved in the
SOA formation.” 1! In particular, high concentrations of inorganic salts as well as organic components lead to high
aerosol liquid water content (ALWC) when relative humidity (RH) becomes high (e.g., above 60% in winter in
Beijing).'? Water-soluble oxygenated organic compounds dissolve into aerosol water and may undergo further
aqueous reactions to form SOA.** 14 Enhanced SOA production by aqueous processing has been found in the United
States and Europe.*> 6 In the NCP, positive correlations of the SOA mass concentrations with RH or ALWC have
been observed in winter.” 1! Elevated mass concentrations of some OOA factors during the humid-haze events have
been attributed to aqueous processing that may include heterogeneous or condensed-phase reactions under dark or
photochemical conditions.” *® Recent results from the extractive electrospray ionization time-of-flight mass
spectrometer (EESI-TOF-MS) show strong compositional variability of organic aerosol (OA) during the haze events
in NCP,*® highlighting the complexity of SOA formation in polluted environments. However, the lack of molecular
information of OA hinders the understanding of key precursors and the contributions of various pathways. Moreover,
NOy are expected to affect the SOA formation directly through forming nitrogen-containing compounds or indirectly
through altering the oxidant concentrations in polluted environments.!® The formation mechanisms of nitrogen-

containing organic species remain largely unknown.?

In this study, we deployed a time-of-flight ACSM (TOF-ACSM) and a long time-of-flight AMS (LTOF-AMS) to
measure the chemical compositions of PM2s and submicron particles (PM3) in winter of 2017 in Beijing. The PMF
analysis was conducted for these online data sets to identify the OA sources. We also conducted offline molecular
analysis for the OA composition of PM, s deposited on Teflon filters by using an iodide-adduct time-of-flight chemical
ionization mass spectrometer (I"-TOF-CIMS) coupled with a filter inlet for gases and aerosols (FIGAERO). The
molecular composition was investigated together with the PMF source apportionment of OA to understand the key

precursors and processes that lead to the enhanced SOA production during severe haze episodes.

2 Experimental methods

2.1 Online measurements
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Measurements were conducted during 16 December 2017 to 10 January 2018 at the roof site on an eighth-floor
building in the campus of Peking University that represents a typical urban environment.?! The PM,s mass
concentrations were measured by a Thermo Scientific tapered element oscillating microbalance monitor (TEOM
1400A, heated to 30°C). The chemical compositions of non-refractory (NR-) PM2s and PM; were measured by the
Aerodyne TOF-ACSM and LTOF-AMS. Trace gases such as carbon monoxide (CO), NOy, SO, and ozone (O3) were
measured by a series of Thermo Scientific analyzers (48i-TL, 42i-TL, 43i-TL, and 49i-TL, respectively).
Meteorological parameters, including temperature (T), RH, wind speed (WS) and wind direction (WD), were
measured by a Met One weather station (083E, 092, and 020C, respectively). All data reported here refer to the local
time in Beijing (UTC+8).

The TOF-ACSM was equipped with a PM. s aerodynamic lens and a capture vaporizer (CV). A cyclone (URG, 2000-
30EHB) was installed in front of the sampling inlet to remove coarse particles. The TOF-ACSM switched between
PM2s and PM; sampling every half an hour by changing the sampling flowrate through the cyclone. For the PM;s
measurements, a flow rate of 4.8 L min™ was set to achieve a size cut of about 3 um at the cyclone and then the
aerodynamic lens in TOF-ACSM set the measurement domain to < 2.5 um. For the PM; measurements, a flow rate
of 16.7 L min*! was set to achieve a size cut of about 1 um at the cyclone and these submicron particles shall pass
through the PM_ s aerodynamic lens. The LTOF-AMS was equipped with a PM; aerodynamic lens and a standard
vaporizer and sampled the air from a separate inlet. The inlet RH was between 12 and 45% during the campaign for
both of the TOF-ACSM and AMS.

The TOF-ACSM data had a 2-min time resolution and were processed in Tofware (Tofwerk version 2.5.13). The
ionization efficiency (IE) and relative IE (RIE) were calibrated following the standard procedures by using 300-350
nm pure NHsNO3 and (NH4)2S04.% The RIE values applied for nitrate, sulfate, ammonium, chloride, and OA were
1.05, 1.6, 3.7, 1.3, and 1.4, respectively. The CV TOF-ACSM has a collection efficiency (CE) of ~1, which has been
verified in our previous work.?® Agreements between the TOF-ACSM and the TEOM data for PM,s mass
concentrations are shown in Figure S1 in the Supporting Information (SlI). To identify the OA sources, the PMF
analysis for PM.s was performed on the unit-mass organic mass spectra between mass-to-charge ratio (m/z) 12 and
200 by using the Igor PMF evaluation tool (PET, version 3.00B).% 2* Details of the solution selection are provided in
Sect. A of the SI. The component mass concentrations and OA source apportionment for PM; were compared in detail
previously, and the results of the TOF-ACSM and LTOF-AMS agreed with each other except some differences in the
mass loadings of chloride and OA factors.?® The number and mass spectra of the statistical factors for PM,s were
similar to those for PM;. The ratios of the mass in PMys to that in PM; varied by OA factors. In this study, we further
conducted the PMF analysis on combined inorganic and organic high-resolution mass spectra obtained by the LTOF-

AMS to quantify organic nitrates (ONs) in PM; (see Sect. A in the SI for more details).
2.2 Offline analysis

During 21 December 2017 to 4 January 2018, PM.s was collected on polytetrafluoroethylene (PTFE) filters
(Whatman, pore size of 2 um) by a four-channel sampler (Tianhong, TH-16A) at a flow rate of 16.7 L min’. Each
sample corresponds to a 24-h period from 9:00 AM to 9:00 AM. The filters were stored in a freezer at -20°C before
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analysis.? The filter samples were categorized into four groups representing different pollution levels on the basis of
daily mean values of PM_ s concentrations and RH. The four categories were named as clean (PMz5s< 15 pg m3), dry
haze (PM2s5> 35 pug m3, RH < 60%), humid haze (PM25> 35 pug m=, RH > 60%), and transition (15 pg m= < PM;s
< 35 ug m3) (Table S1 in the SI). The national primary ambient air quality standards for daily- and annual-mean PM_s
mass concentrations (i.e., 35 and 15 pg m3, respectively) were considered to separate clean and haze days. We chose
60% of RH to separate the humid and dry weather condition for haze days because that severe winter haze events in
NCP were typically associated with high RH and that a previous study indicated particles having similar chemical
compositions were plausibly in the liquid phase at RH > 60%. 12 As listed in Table S1, the ALWC for dry-haze and
humid-haze days were several and one hundred pg m3, respectively. Among these filters, two “humid haze”
(YY/MM/DD, 17/12/28 and 17/12/29), two “clean” (17/12/22, 18/01/03), one “dry haze” (17/12/21), and one
“transition” (18/01/04) samples were analysed by the Aerodyne I"-TOF-CIMS with the FIGAERQ.?% The transition
period represented mixed clean and dry-haze conditions and the mass spectra showed intermediate features. The

selection of the samples is explained in Sect. B of the SI.

In the FIGAERO offline analysis, a small area of the sample filters (0.196 cm?) was punched off and placed between
two clean Zefluor PTFE filters (Pall, pore size of 2 um) in the FIGAERO. Samples were heated up from room
temperature to 180°C in 20 minutes and stayed at 180°C for 10 minutes. Organic compounds were evaporated, carried
by the carrier gas of ultra-high-purity nitrogen (UHP, >99.999%), ionized in the ion-molecule reaction (IMR)
chamber, and sampled by the I"-TOF-CIMS. Three parallel samples were analysed for each filter. Background signals
were obtained by analysing the blank PTFE filters with the same procedure as the ambient samples. For I"-TOF-
CIMS, the average temperature (+ 1 ¢) of the ion-molecule reaction chamber was 45.7 + 2.6°C and the pressure was
193 £+ 21 mbar.

The mass spectra were acquired at a time resolution of one second and were analysed by Tofware (Tofwerk, version
2.5.10). The mass resolution of the instrument was 5000 to 6000 for ions of m/z > 200 Th. High-resolution peak fitting
was performed for ions of m/z < 500 Th to ensure sufficient identification of ion formulae. Four ions, 17 (126.905 Th),
I(HNOs3)™ (189.901 Th), I(CFsCOOH)™ (240.898), and 15~ (380.714) were selected for mass calibration, and the mass
accuracy was less than 10 ppm for individual ions throughout the experiment (Figure S2 in the Sl). In total, 1881 ions
clustered with 1~ were identified (Figure S3 in the Sl). These I"-adduct ions (CxHyO,Xn, where X =SorN, x,y,z>1
and n < 2) contributed 90-97% of the total signals of the detected organic ions, which consists of 989 C,H,0,, 856
CxHyO;Np, and 36 CxH,0,S, I"-adduct ions. In the C,HyO;N, category, 583 compounds with the formula of CxH,O;N:
(y is an odd number < 2x+3 and z>4 except CsHsNO,, C7H7NO4, and CgHgNO, that were more likely nitrated phenols
in urban environments) were tentatively designated as ONs.2”"*° Signal contributions of ions with two nitrogen or
sulfur atoms are relatively minor. We also fitted three deprotonated organosulfate ions (i.e., C3HsSOs-, CH3SOs,
C3HsSOg") in the analysis. The 30-min temperature-dependent ion signals (i.e., so-called thermogram) during the
temperature ramping and soaking stages were smoothed by the boxcar method and then integrated to yield the total
signal intensity of each ion. The background signal intensity was then subtracted from the total signal intensity. The

background-corrected signal intensity of each ion was normalized to the signal intensity of the reagent ion I” to
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represent the relative concentration of a specific molecule (normalized counts per second times second, ncps s). Most
of the major ions showed unimodal thermograms (Figure S4 in the Sl). The peak temperature where the highest signal

appeared (Tmax) Was obtained.?® 3!

Calibration experiments were conducted for a series of chemical compounds (Table S2 in the Sl). Formic acid standard
was produced by purging a commercial permeation tube (VICI, 23 ng min't at 50°C) with ultra-high-purity nitrogen.
The liquid standards were deposited onto the filters in FIGAERO by using micro-syringes for calibration, including
organic nitrates that were synthesized in the laboratory with purities of 54-72% and were diluted in hexane (Fisher
Chemical, 95%)?° and other compounds (Sigma-Aldrich, 98%) that were diluted in methanol (Fisher Chemical,
99.93%). Nitrophenols (CsHsNO3s and C7H7NO3) showed the highest sensitivities, followed by Cs-Cs dicarboxylic
acids (C4HeO4 and CsHgOa), oxalic acid (C2H204), levoglucosan (CsH100s), phthalic acid (CsHsO.), formic acid
(CH20,), and three hydroxyl ONs (CsHyNO4, C7H15sNO4, and CsH17NO4). We were unable to detect phenylethyl and
heptyl nitrates (CsHsNO3 and C7H1sNOs). The detected CsHsNOs, C7H7NO3, and CsHyNO3 were plausibly nitrated
phenols with one nitro group (-NO) and one hydroxyl group (-OH). The sensitivity of oxalic acid was lower than
other dicarboxylic acids, similar to a previous study.®?> Our sensitivity of oxalic acid was two orders of magnitude
greater than that reported by Lee et al. (2014). %> We suspect that fast evaporation loss during deposition may happen
in their study for volatile species like oxalic acid to cause an underestimation of the sensitivity. Moreover, the greater
IMR pressure (i.e., 200 mbar) that was used in this study than in their study (i.e., 100 mbar) as well as other instrument-
tuning differences may lead to sensitivity differences.?® In general, we applied the average sensitivity (164.4 cps ppt’
1) of 4-nitrophenol and 2-methyl-4-nitrophenol for uncalibrated nitrated phenols and the average sensitivity (76.2 cps
ppt?) of succinic acid and glutaric acid for C3H4O4. The average sensitivity (8.7 cps ppt™?) of the three hydroxyl ONs
were applied for ONs. The average sensitivity (42.9 cps ppt?) of all calibrated compounds excluding nitrogen-
containing ones were applied for other uncalibrated 1™-adduct compounds. All sensitivities reported here were
normalized to a million total reagent ion (10°x[I7]). Overall, the filter-based total mass concentrations of CxHyO,X,-1~
accounted for about 32-60% of SOA measured by the TOF-ACSM.

3 Results and discussion
3.1 Chemical composition of PM2s and sources of OA

Figure 1 shows the time series of the mass concentrations of gas- and particle-phase pollutants measured in this study.
The campaign-average (+ one standard deviation) mass concentration of NR-PMys was 26.1 + 33.9 pug m3, which was
lower than the mean concentrations of 58.7 to 94.0 pug m™ reported for previous winter campaigns in Beijing from
2008 to 2016.% The lower concentrations were perhaps due to meteorological conditions that facilitated dilution and
transport of pollutants and effective emission control.3% 34 Similar to the previous measurements,® OA accounted for
the largest mass fraction (55%) of NR-PM; s on average, followed by nitrate (19%), sulfate (12%), ammonium (11%),
and chloride (3%). The campaign-average mass ratio of nitrate to sulfate was 1.6, which was higher than 0.6 to 1.4

reported previously for winter Beijing.® An even greater ratio of 2.1 was observed in winter in 2018 in Beijing.*® The
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increasing nitrate-to-sulfate ratio was consistent with significant reduction of sulfate but less efficient reduction of
nitrate in the NCP.%6

The PMF analysis identified six OA factors for PM.s, including four factors related to primary OA (POA) and two
OOA factors. The former included hydrocarbon-like OA (HOA), cooking-related OA (COA), OA related to biomass
burning (BBOA), and OA related to coal burning (CCOA). The OOA factors included more-oxygenated OOA (MO-
OOA) and less-oxygenated OOA (LO-OOA). Figure S5 in the SI shows the mass spectra and the concentrations of
the six factors. The overall characteristics of these OA factors for PM,s were similar to those for PM; that were
described by Zheng et al.?® Briefly, the HOA factor showed predominant contributions from alkyl fragments (e.g., m/z
55, 57, 69, 71, and 83) and a good correlation with NO in concentration (Pearson’s R = 0.8). The COA factor was
distinguished by the high fss/fs7 ratio, and its concentration correlated with the signal intensities of a marker ion
(CsH100") obtained by the AMS for PM;.%” The CCOA factor was characterized by distinctive fragments (e.g., m/z
115, 128, 152, 165, 178, and 189) from polycyclic aromatic hydrocarbons (PAH). Moreover, the mass concentrations
of CCOA were much lower than in previous studies,® for which recently introduced emission control on residential
coal burning in northern China perhaps played a role. The relative intensities of m/z 60 and 73 were not distinct in the
BBOA spectra because of prolonged thermal decomposition in the CV,% but the concentrations of BBOA correlated
well with the signal intensities of the biomass-burning tracer ion of C,H.0,* (i.e., for levoglucosan) measured by the

concurrent AMS (R = 0.6) and the concentrations of gaseous acetonitrile (i.e., another biomass-burning tracer).

The CV-based mass spectra of the two OOA factors for PM; swere dominated by m/z 44. Their concentrations showed
different temporal variations. Specifically, the concentrations of LO-OOA correlated with acetaldehyde
concentrations (R = 0.68) and showed a steady increase during daytime (Figure S6 in the SI), which might indicate
photochemical production.®” The MO-OOA spectrum was distinguished by relatively greater signal intensities of m/z
29, 30, 31, and 58 compared to that of LO-OOA (Figure S5 in the SI), and showed better correlations (R > 0.85) with
the signals of ions like CH130%, CH30.*, C,0,*, C2H20,*, CHS*, CH24S01.3*, CHN*, C2;H;N*, and CsHyN* measured
by the concurrent AMS (Figure S7 in the SlI). The concentrations of MO-OOA correlated well with sulfate
concentrations (R = 0.98) and RH (R = 0.86) and showed an afternoon valley in the mean diurnal profile (Figures S5
and S6). Previous studies hypothesized that aqueous processing was involved in the formation of this type of OOA
for two reasons. First, the elevated sulfate concentrations during the severe haze event plausibly resulted from
heterogeneous reactions on aqueous aerosols.®® Second, the enhanced signals of CH1.30", C2H,0,*, and CH.4SO1.3*
during the severe haze event were perhaps from aqueous-processing products such as methanesulfonic acid (MSA)
and glyoxal SOA.*® The AMS fragments are however not unique tracers. For example, SOA produced by isoprene
photooxidation also show high relative intensities of CH1.50* because of the contributions of hydroperoxides.*
Therefore, more molecular information is needed to investigate the contribution of aqueous-processing to MO-OOA.
On average, the total mass of the four primary factors contributed to about 41% of the OA mass, and the two OOA

factors contributed to the rest of 59% in this study.
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Haze days in NCP in winter are generally associated with stagnant conditions with low WS (e.g., < 1.5 m s herein),
while clean days are dominated by northern wind with high WS.! In our study, the worst pollution occurred on
17/12/27-17/12/29, showing the maximum NR-PM s mass loading of 191.0 pg m and the highest RH of 90% (Figure
1). During the humid-haze days, the concentrations of NOx and CO significantly increased while the changes of the
SO; concentrations were insignificant. The concentrations of sulfate, nitrate, ammonium, and MO-OOA increased
from several pg m= to up to 40 pg m= rapidly. As a result, the chemical composition of NR-PM, 5 was different for
the humid-haze, dry-haze, and clean cases (Table S1). OA contributed to over 65% of the PM. s mass for the dry-haze
and clean cases and about 40% of the PM..s mass for the humid-haze case. SOA accounted for 50% during the dry-
haze days and about 70% during the humid-haze days, suggesting enhanced secondary formation during humid-haze
days. LO-OOA contributed most to the OOA mass during the dry-haze days, whereas the MO-OOA mass was greatly
elevated and showed greater concentrations than LO-OOA during the humid-haze days. Greater ratios of MO-
OOA/LO-0O0A during the severe haze event (so-called “humid haze” herein) were similar to the findings of previous
studies in Beijing.® " The mass loadings of POA and LO-OOA were 10-20% greater in PMys than in PMy, whereas
the mass loadings of MO-OOA were 1-1.3 times greater during the humid-haze days. The species PM2s-t0-PM; mass
ratio can be affected by hygroscopic growth, partitioning or dissolution, and condensed-phase reactions as well as

changes of morphology that influences the viscosity and phase separation etc.> 4

3.2 Molecular composition of SOA

The mean OA mass concentrations corresponding to the selected humid-haze, dry-haze, and clean-day filter samples
were 46.1, 19.9, and 4.5 pug m, respectively (Table 1). Figure S8 in the SI shows the average mass spectra of OA
measured by the FIGAERO I"-TOF-CIMS. The detected ions were categorized into various groups on the basis of
their molecular formulae. The total signal intensities of CyHyO, X1~ of the filter samples correlated well with the
daily-mean OOA mass concentrations (R = 0.96) (Figure S9 in the SI). The signal intensities of individual ions in
humid-haze samples were about 1-10 times greater than in dry-haze samples while the OOA mass loadings were 2-4
times greater (Figure S10 in the SI). Some oxygenated organic compounds cannot be detected efficiently by 1~-TOF-
CIMS, e.g., monoketones, monoaldehydes, monoalcohols, non-hydroxyl ONs, and some highly-oxygenated organic
compounds. %% 42 Mono-ketones, -aldehydes, and —alcohols are expected to be a minor portion of SOA in urban
environment.*® A previous study which measured the monocarbonyls in PM,s in Xi’an, China showed a very low
concentration of monocarbonyls (less than 20 ng m=2).* The contributions of non-hydroxyl ONs and highly-
oxygenated compounds with oxygen numbers greater than 6 were also expected to be small,** 2 although significant
uncertainties remain the particle-phase quantification of them. To support, the average atomic oxygen-to-carbon ratios
(O:C) ratios of the molecular composition (i.e., 0.65) agreed with the AMS results (i.e., 0.5 for LO-OOA and 0.78 for
MO-00A).

Figure 2 shows the relative ion signals grouped by their molecular formulae as well as their carbon and oxygen
numbers. A study that was conducted in winter in 2018 in Beijing showed similar molecule compositions except that
the relative signal intensities of sulfur-containing ions were smaller in our study (Figure S11 in the S1).* CH,0O,-I~

ions were the most abundant for all cases, contributing to 60-70% of the total signal intensities in haze-day samples

9
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and about 84% in clean-day samples (Figure 2a,b,c). Over 80% of the C«H,O,-1" signal intensities were contributed
by compounds with carbon numbers of less than 10 (Figure 2d,e,f). In terms of oxygen number, major compounds
contained 3-5 oxygen atoms. This was consistent with the volatility distribution of semi-volatile OOA.* Xu et al.
found that 63% of OA were semi-volatile in summer in Beijing.*® On the other hand, highly oxygenated organic
molecules with 6 or more oxygen atoms might not be effectively detected in I™-TOF-CIMS because of their low
sensitivities.*> These compounds are important but perhaps a minor contributor to the OOA mass because of the

formation of more-volatile products through the termination of RO, by NOy in polluted urban environment.*” 48

CsHyOs compounds (mainly CeH100s) contributed largely to the signal intensities of CiHyO,-1- (Figure 2d,e,f).
Levoglucosan can be a main contributor to the CsH10O0s-1™ signal in ambient environments.*® Biomass burning and
residential coal burning are the common sources of levoglucosan in winter in the NCP.%° Residential coal burning has
been largely reduced in the area in 2017.2° The haze-day mass concentrations of BBOA were 5-7 times greater than
those for clean days. Consistently, the haze-day signal intensities of C¢H10Os- 1~ were 3-4 times greater than the clean-
day intensities (Figure S10). Stagnant meteorological conditions lead to the accumulation of pollutants in haze days.
The estimated mass concentrations of levoglucosan ranged from 83 to 612 ng m in this study (Table 1), which was
also consistent with the concentrations of 80-320 ng m= in PM_s measured by other offline methods in winter in
Beijing.%° The BBOA concentrations were similar for dry and humid haze cases. The signal intensity of CgH100s:1~
was 30% greater in dry-haze samples than in humid-haze samples, for which the enhanced consumption of

levoglucosan in aerosol water might explain.5!

CxHyO4 compounds showed the greatest signal enhancements during the humid-haze days. The relative signal
contributions of CyH,04 compounds to the total ion intensities were 26.7%, 17.1%, and 14.5% for the humid-haze,
dry-haze, and clean-day samples, respectively. Within the group of CHyOa, the signal intensities of short-chain
compounds were much greater than the long-chain ones (Figure 2d,e,f). We defined the short-chain compounds as
consisting of two series of species (CnHzn-204-1~ where n = 2-6 and C,H2n-404-1~ where n = 4-6), which were plausibly
dicarboxylic acids. Low molecular weight dicarboxylic acids have been widely observed in ambient OA.52 Previous
offline measurements have shown that C3H4O4, C4HsO4, CsHgO4, CsH1004, C4H404, and CsHgO4 in PM2 5 were mainly
malonic acid, succinic acid (or methylmalonic acid), glutaric acid (or methyl succinic acid), adipic acid (or
methylglutaric acid), maleic acid (or fumaric acid), and methylmaleic acid, respectively, with daily-mean
concentrations ranging from several to 207 ng m= in winter in Beijing.5® > Consistently, the estimated total mass
concentrations of these compounds herein ranged from 0.4 to 5.4, 7.2 to 26.6, and 37.3 to 131.5 ng m™ for clean-day,

dry-haze, and humid-haze samples, respectively.

Oxalic acid is the most abundant dicarboxylic acid in urban environments.>? In this study, if the C;H,04- 1~ represented
oxalic acid, the estimated mass concentrations were 2-84 ng m-3, which were much lower than previous offline findings
of 45-1016 ng m3, especially for the haze days.>® One explanation is that the detected C,H,Q4-1~ ions are likely from
oxalate.5? As shown in Table S3 in the SI, the first- and second-class dissolution constants (pKa: = 1.25 and pKa2=3.81)

of oxalic acid are lower than the pH values of aerosols (i.e., 4-5) in northern China,* which allows the formation of
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ammonium oxalate or oxalate metal complexes.>® The thermal desorption in FIGAERO (i.e., < 180 °C) may not be
suitable for detecting those compounds on the filters. The Tmax Value provides additional evidence for interpreting
C2H204-17. The Tmax for Cz2H204-17 in ambient samples was 143.2°C, which is much higher than the Tmax value for
pure oxalic acid (38.3°C). Tmax may be affected by the concentration and surface area of the calibrant solutions after
depositing on the filter in FIGAERO.% We found that Tmax largely depended on the existing form of the compound.
Indeed, the Tmax 0f ammonium oxalate was 69.1°C in methanol but over 100°C when oversaturated in water (Figure
S12 in the SI). On the other hand, the Tmax values generally increased as the molecular weight increases, ranging from
60 to 120 °C. For C;H204 and C3H404, the Tmax values were however significant greater than other O, compounds
(Figure S13 in the SI). Based on their thermograms, we cannot exclude the possibility of these small ions being thermal
fragmentation products (Figure S4 and Table S3 in the SI). By contrast, the Tmax values of C4HsO4, CsHgOs, and
CeH1004 for the ambient samples were close to the values of pure succinic acid, glutaric acid, and adipic acid. These
compounds have greater pKa; and pKy2 values of 4 to 6 (Table S3) and thus are more difficult to form salts than oxalic
acid. Laboratory studies have shown that the neutralization with ammonia dramatically reduces the volatility of oxalic

acid but has no significant impact on adipic acid (C¢H1004).%®

Figure 3 shows the comparison of the signal intensities of CHyO,- 1" ions for humid-haze days with those for dry-haze
days. The concentration ratios of the C,H21-204 (n = 2-6) and CnH2n-404 (n = 4-6) compounds to POA were 3-19 times
greater in humid-haze than in dry-haze samples, suggesting enhanced secondary formation of dicarboxylic acids
during the severe haze event. These compounds were plausibly part of the MO-OOA. The MO-OOA-to-POA ratios
were 3-6 times larger during the humid-haze days than during the dry-haze days (Figure 1e). The enhanced formation
of dicarboxylic acids may explain the high O:C ratios (i.e., 0.78) of MO-OOA in PM;.%® Both primary and secondary
sources may contribute to dicarboxylic acids in winter in Beijing.5® The elevated ALWC promoted the dissolution of
these water-soluble gases into aerosol water to increase the SOA mass.*® The oxidation of soluble organic precursors
(e.g., glyoxal, methyl glyoxal, pyruvic acid, etc.) in aqueous aerosols is an important pathway to produce dicarboxylic
acids and to promote the uptake of carbonyls and acids.5? 5% 5% A recent study has shown five to six orders of magnitude
greater gas-to-particle partitioning coefficients for glyoxal and formaldehyde than the theoretically predicted values
in winter in Beijing, suggesting potentially important contributions of condensed phase reactions to these diacids.®
Moreover, high concentrations of ammonia in the NCP may escalate the SOA yield from the aqueous processing of
glyoxal.5? Photochemical degradation of condensed phase long-chain diacids may happen to produce short-chain

ones.%

Other ion series showed > 3 times enhanced signal (normalized to the POA loadings) during humid-haze compared to
dry-haze samples, and may therefore be associated with MO-OOA as well. For example, CgHgO4 and CyH2,04 (n =
3-6) were enriched in the humid-haze samples. Although there are many structure possibilities, their formulae are
consistent with common atmospheric oxidation products. CgHsO4 was likely phthalic acid that could be produced by
aromatic oxidation (e.g., the photooxidation of naphthalene).®* C4HsO4 might be 2-methylglyceric acid that could be
produced in the condensed phase by further reactions of isoprene oxidation products under high NOy conditions.5®

Acids are water-soluble, and therefore the promoted dissolution to aqueous aerosols may explain the elevated particle-
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phase concentrations of acids. Ce¢HsO4 could be the methylglyoxal dimer, while C¢H1004 and CgH1204 have been
observed as the products of methylglyoxal in aqueous aerosol mimics although the formation mechanism remains
unclear.% 87 For Oss compounds, CeH460s, C7Hs0s, and CeHgOs were enriched in the humid-haze samples. The
former two were typical close-shell products that might be formed by the photooxidation of light aromatic compounds
via the bicyclic peroxy radical pathway.*® Additionally, highly oxygenated compounds with low degree of
unsaturation such as CyH2n20g (n = 11, 12, 14, 15) with double bond equivalents (DBE) of 2 and CyH2,-409 (n = 10,
13, DBE = 3) were enriched in the humid-haze samples. The values of DBE were calculated following the equation
DBE =1 + nC —nH/2 + nN/2, where nC, nH, and nN refer to the number of carbon, hydrogen, and nitrogen atoms in
the formulae. A recent study indicated that long-chain cyclic alkanes could undergo autoxidation efficiently under
ambient conditions even with high concentrations of NOy to produce similar Og and Oy molecules.®® The potential role
of the autoxidation of long-chain alkanes in the SOA formation in polluted urban environment has not yet been well
studied. Another explanation of the CrH21-20s and C,H2n409 compounds is oligomerization for which the formation

of oligomeric products may be favoured in aqueous aerosols.®

Nitrogen-containing ions (CxHyO,N1-,-17) accounted for 15-35% of the total ion intensities and their relative signal
contributions were much greater in haze-day samples than in clean-day samples (Figure 2a,b,c). These compounds
might be nitrated phenols (-NO-), ONs such as non-peroxy (-ONO3), peroxy (-OONQO), and peroxyacyl (-(O)OONO)
nitrates, or nitrogen-containing products from the carbonyl and ammonia (or amine) reactions (e.g., -CON-),%0: 27.67.69,
0 Cs.7Hy03.4N1-2-1” was the major group of detected nitrogen-containing ions (Figure 2g,h,i), which was similar to the
findings of the later study in 2018 in Beijing.*® In this group, major ions such as CsHsNOs, C;H7NO3, CgHsNO4, and
C7H7NO. were likely to be contributed predominantly by nitrated phenols. The total particle-phase concentrations of
these compounds were 3 to 156 ng m-3, which agreed with the reported concentration range of corresponding nitrated
phenols (several to 300 ng m™) in the NCP in winter.”>"3 The signal intensities of these molecules in haze-day samples
were 1-2 orders of magnitude larger than in clean-day samples (Figure S10 in the Sl). In particular, the signal
enhancement compared to clean days was the greatest for CsHsNOj3 that was assigned tentatively as nitrophenol. Coal
burning, biomass burning, and vehicle exhaust are typical primary sources of nitrated phenols in urban areas.” Online
measurements of gaseous nitrated phenols indicated strong photochemical secondary formation of these species in
Beijing.?® Both primary and secondary sources may be enhanced under haze conditions because of the stagnant
meteorological conditions and high precursor concentrations. The relative enhancements of these nitrated phenols to
POA for the humid-haze days were 2-3 times greater than that for the dry-haze days, to which aqueous production of

nitrated phenols might also contribute to the enhancement.’™

ONs are important secondary products formed from the OH- or NOs-initiated oxidation of gaseous organic compounds
in the presence of NO in urban environments.” ® The average formulae of particle-phase ONs for the humid-haze,
dry-haze, and clean-day samples were CggH14.606.0N1.0, Co.0H15106.0N1.0, and Cs 2Hg 405.4N10, respectively. They were
quite different from the average formula of ONSs (i.e., Ci14H162081N1.0) measured at a rural site in Germany in
summer.”” Biogenic VOCs (e.g., monoterpenes and sesquiterpenes) are important precursors in summer that may lead

to ONs with high carbon numbers in the study in Germany. The average formula of ONs for clean days herein was
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consistent with light aromatic compounds being as important precursors, whereas the low degree of unsaturation of
ON s for haze days suggested that anthropogenic precursors such as alkanes or alkenes perhaps play an important role.
ONs for the two haze cases accounted for a similar fraction of 15-16% of the total signal intensities (Figure 2). By
contrast, the relative signal intensity of ONs for clean days was 3%. The mass concentrations of ONs in PMys
estimated from the FIGAERO I"-TOF-CIMS measurements were 7.0, 2.4, and 0.03 pg m for the humid-haze, dry-
haze, and clean-day cases, respectively. The mass concentrations of ONs in PM; estimated by the PMF method from
the AMS data were 3.4-7.9, 3.3-5.0, and 0.6-1.1 ug m=, respectively, which was similar to the semi-quantification of
the FIGAERO I"-TOF-CIMS data (Section A in the SI). The campaign-average mass concentration of NOs g
(Nogrg+NO§,0rg) in PM; obtained from the AMS data in our study was 0.60 + 0.58 pg m-3, which were similar to the
result of 0.7 ug m™ from a previous study in the NCP in winter.” In addition, the signal intensities of the CxHyN1.
fragments in the AMS spectra were much lower than those of the ON fragments, suggesting a minor contribution of
nitrogen-containing products from the carbonyl and ammonia (or amine) reactions.”® Non-oxygenated amines and

imidazole containing compounds cannot be detected efficiently by I"-TOF-CIMS.

Figure 4 shows the mass spectra of ONs for the humid- and dry-haze cases that are categorized by their carbon numbers.
The signal intensities of ONs were mainly contributed by O4z compounds in all carbon groups (Figure 4a,b,c). By
contrast, the major ON molecules were Os.s compounds in rural or near-forest areas,”” 8 which might be explained by
the predominant biogenic contributions to ONs in the rural or near-forest areas in summer versus anthropogenic
contributions in urban environments in winter. On the basis of the carbon number and the degree of saturation of ON
formulae, we hypothesize that the main precursors of ONs in Beijing likely include aromatics, alkanes, and alkenes.?
48,81 Comparing the two haze cases, the dry-haze sample has more abundant ONs with carbon numbers of 5 to 10,
whereas the humid-haze samples have more C<s or C>10 ON molecules (Figure 4 d,e,f). Hydrolysis of ONs may happen
in aerosol water and possibly decrease the abundance of Cs.1.o ONs in humid-haze samples.®? The short-chain ONs
(C<s) may be formed via non-radical reactions between dissolved aldehydes or alcohols with HNOj3 in wet aerosols.®
The Cs10 ONs consisted of multiple molecules with low degree of unsaturation (DBE = 2,3), which was similar to the
CnH2n20g (n = 11, 12, 14, 15, DBE = 2) and CyH21-409 (n = 10, 13, DBE = 3) compounds discussed before. The

mechanism that leads to the enhanced signals of those long-chain ONs during the severe haze event remains unknown.

Additionally, organosulfates are important agueous-reaction products.®* The I-TOF-CIMS identified some
organosulfate compounds.? 8 As shown in Figure 2a,b,c, the signal intensities of detected C«HyO,Sm-1" ions were
greatly elevated in humid-haze samples, which mighy contribute to the MO-OOA mass. CH1SOs-1™ had the greatest
signal intensity among the CH,O,Sm-1” ions and was likely MSA. The concentrations of CH4SO3 in humid-haze
samples were over 20 times larger than in dry-haze samples. MSA is mainly formed by the aqueous uptake and
oxidation of dimethyl sulfide or dimethyl sulfoxide®” 8 and thus its formation may be enhanced under humid-haze
conditions. Emissions of terrestrial sources (e.g., waste disposals) are the main sources of dimethyl sulfide and
dimethyl sulfoxide in Beijing.%® The MSA concentration can roughly be estimated with empirical parameterizations
on the basis of the fragment signals of CH3SO,* measured by AMS.*° Our AMS data suggested average concentrations

of 0.02 ug m? of MSA for clean days and 0.6 pg m for humid-haze days, which were within the same order of
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magnitude of previous findings in Beijing.®° The signal intensities of CH4SOs-1~ also showed a good correlation with
the AMS-derived MSA concentrations (R = 0.96) (Figure S14 in the SI). Moreover, three types of organosulfates
(C3HsSOs ™, C2H3SOs, and C3HsSOg™) were identified and may be part of MO-OOA. Their signal intensities were
elevated greatly in humid-haze days (Figure S15 in the SlI). These organosulfates have been assigned as
hydroxyacetone sulfate (CsHsSOs"), glycolic acid sulfate (C2H3sSOs7), and lactic acid sulfate (CsHsSOs”) in other
studies.®> 8 Glycolic acid sulfate was the most abundant organosulfate in Beijing, which might be formed by the

uptake of glyoxal in liqguid ammonium sulfate aerosols.% 892,
3.3 Precursors and pathways leading to enhanced SOA formation during the severe haze event

Figure 5a shows the relative contribution of OOAs to the elevated SOA mass in PMys during the severe haze event
(humid-haze) in comparison with the less polluted case (dry-haze) and the corresponding molecular composition, both
normalized by the POA mass concentrations. On average, 88% of the SOA enhancement during the severe haze event
was attributed to MO-OOA and 12% of the enhancement was from LO-OOA. The mass spectra of MO-OOA showed
much higher relative signal intensities from CH1.30*, CH30,", C;H.0,*, and CO,* (Figure 5b), leading to a greater
O:C ratio of MO-OOA than that of LO-OOA.*?> The molecular composition analysis showed that Cg.-ONS, C=10-ONss,
and CxH,04 compounds were the major components corresponding to the enhanced SOA (i.e., 65% in total) or MO-
OOA mass. The large contribution of Ce.o- and Cs10-ONs highlights the potential importance of aromatic and long-
chain alkane/alkene as SOA precursors in winter in polluted urban environments. The CyHyO4 compounds included
dicarboxylic acids and the oxidation products that were likely from isoprene and aromatics as well as the oligomers
or products from methylglyoxal aqueous uptake. During the severe haze event, the ALWC reached 100 + 83 ug m.
The enrichment of the Ces.0-ONS, C>10-ONs, and CyHyO4 compounds in the particle phase was plausibly associated
with the elevated ALWC. However, the relative contribution of promoted dissolution or aqueous-phase production to
the enrichment of these ONs and O4 compounds remains unclear. Oligomerization can be significantly enhanced in
wet aerosols.®” ¢ Promoted dissolution might be caused by the enhanced formation in the gas phase, in which elevated
NOy concentrations likely played a role especially for ONs. Additionally, nitrated phenols, organosulfates, and MSA
were important part of MO-OOA, although their relative contributions to the elevated SOA mass during the severe

haze event were small (< 2%).

The results indicate that various precursors and processes can be involved in the SOA formation in polluted urban
environments. Nitrogen-containing species, in particular ONs, contribute the most to the enhanced SOA formation
during the severe haze event. The I"-TOF-CIMS is not sensitive to phenylethyl and heptyl nitrates in our calibration
experiments, and therefore the observed ONs, in agreement with the AMS-derived ONs in mass, are plausibly
multifunctional (e.g., with a hydroxyl group). The dissolution of these compounds to aerosol water may be promoted
by the elevated ALWC to lead to the enrichment during the severe haze event. On the other hand, the gas-phase
production of ONs may be enhanced by elevated NOy levels under haze conditions. The reduction of NOy is therefore
important for future SOA control in China. The reduction of nitrate is also important because it affects the ALWC and

thus the promotion of aqueous SOA formation when high RH presents in winter in NCP. Additionally, highly
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oxygenated long-chain molecules (CyH,0O, and CxH,O;N, 15 > x > 10) that may or may not contain nitrogen atoms are
enriched in the humid-haze samples. These compounds may be oligomers or the autooxidation products of long-chain
alkanes or alkenes, which calls further research to understand their formation mechanism as well as the humidity

impacts on their formation.
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Table 1. Measured quantities correspond to the sampling period of daily filter samples analyzed by the FIGAERO I"-TOF-CIMS.

Main PM_ s components (ug m-) measured

Major oxygenated organic compounds (ng m-) measured

PM_5
by TOF-ACSM by FIGAERO I"-TOF-CIMS
Daily filter RH T WS (ng m?3)
Date C7H7NOs3 C4HgO4
category (%) (°C) (ms?t) measured by CesH100s CsHsNO3
Nitrate  Sulfate MO-OOALO-OOA POA (methyl- (succinic
TEOM (levoglucosan)  (nitrophenol)
nitrophenol) acid)
12/28 64 -0.2 0.8 123.6 28.9 16.1 14.3 11.0 107 506.8 51.9 33.8 58.1
Humid haze
12/29 74 -04 0.9 187.1 374 31.9 32.2 8.6 15.5 441.7 64.0 32.7 92.9
Dry haze 12/21 30 4.6 0.6 56.5 5.6 1.2 3.8 5.8 10.3 611.5 15.0 11.6 134
12/22 18 5.8 2.7 13.2 0.8 0.5 0.7 1.6 2.4 197.6 0.27 -2 0.54
Clean
01/03 17 -2.3 4.3 13.8 0.6 1.1 0.4 2.4 1.4 82.9 0.55 --2 1.6
Transition 01/04 25 -2.9 19 25.3 1.7 12 1.0 3.3 3.7 397.7 3.8 3.3 6.2

aSignal intensities are lower than the detection limit.
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Figure 5. (a) Relative contribution of OOAs to the elevated SOA mass in PM2s during the
humid-haze (hh) compared with the dry-haze (dh) days and the corresponding molecular
composition in mass fraction obtained by the online TOF-ACSM and the offline FIGAERO I"-
TOF-CIMS measurements, respectively. The mass concentrations of OOAs were normalized
to the POA concentrations to roughly account for the potential changes of atmospheric dilution
given that the mean POA composition was similar for the two haze cases. (b) Mass spectral
difference between MO-OOA and LO-OOA obtained by the LTOF-AMS measurements.
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Section A. Determination of the PMF solution and quantification of organic nitrates (ONs)

PMF analysis of PMas based on the data from the TOF-ACSM

PMF analysis was conducted on the organic mass spectra obtained from the TOF-ACSM by using the Igor PMF
evaluation tool (PET, version 3.00B) (Paatero and Tapper, 1994;Ulbrich et al., 2009). The unit-mass-resolution
(UMR) data between m/z 20 and 200 are used. A 6-factor solution was determined and the 6-factor solutions were
tested in the PMF runs with various seed (0-50) and rotational parameter (fyea) Values. Seven or more factor
solutions lead to clear splitting of the factors and therefore were not considered. The six statistical OA factors are
labeled as more-oxidized oxygenated OA (MO-OOA), less-oxidized oxygenated OA (LO-OOA), hydrocarbon-
like OA (HOA), and the OA factors possibly related to cooking (COA), biomass burning (BBOA), and coal
combustion (CCOA). The TOF-ACSM sampled PM s for the first half of every hour and PM; for the rest half.
Therefore, the organic spectra were analyzed by both a separate and a merged way for PM; and PM;s. The results
from the two methods are well agreed with the Pearson’s R greater than 0.98 and the discrepancies of ~2-19%
(Figure S16 and S17). We adopted the results from the merged method for the discussions. Detailed information
about the PMF analysis and the reasons of factor-solution choices are provided in Tables S4, S5 and Figure S18,

S19, S20.

For the separate method, factor numbers from 1 to 8 were selected to run in the model and we ran PMF with a
constant 6-factor for different fpeak values (-1 to 1, step by 0.2) and seed values (0-50). As indicated in Figure
S18, only PMF solutions at fpeak -0.2, 0, 0.2 were converged. We compared the three sets of solutions and found
that the solutions at fpeak -0.2 and 0 were nearly identical while the two types of OOA from solution at fpeax 0.2
were not well separated (Figure S19) and BBOA also demonstrated a certain mixing with CCOA. the time-series
of four POA factors (HOA, COA, BBOA, and CCOA) were almost unchanged when fyea values were changed.
Moreover, the PMF solutions at all seed numbers were nearly identical to the final solution which was chosen in
the manuscript (seed=0). Correlation coefficients (Pearson’s R) of the six OA factors of PMys in 2017 winter of
Beijing are listed in Table S5. MO-OOA is best correlated with all inorganic salts and is the only factor which is
highly correlated with RH (R=0.86). LO-OOA does not show distinctively strong correlation with any external
tracers. COA is well correlated with two maker ion for cooking activ ities (CsHsO* and CsH100"), distinguishing
the COA factor from other factors. BBOA is best correlated with the tracer ion (C2H40,") of biomass burning.
HOA shows good correlation with benzene, toluene, and NO,. CCOA is best correlated with napthalene and PAHs.

For the merged method, which is the same, factor numbers from 1 to 8 were run in the model. The model was also

S2



run with 6-factor at different fpeax values (i.e., -1 to 1, stepped by 0.2) and seed values of 0-50. As indicated in
Figure S20, the PMF solutions at fyeax Other than 0 were not converged. Solutions at all seed numbers were nearly

identical (Q=1.35886+0.00002).
Estimation of particulate ONs in PM: from the PMF method based on the AMS data

PMF analysis was performed based on the combined high-resolution (HR) organic and inorganic (NO* and NO3
ions) matrix obtained from the AMS by using the Igor PMF evaluation tool (PET, version 3.00B) (Paatero and
Tapper, 1994;Ulbrich et al., 2009;Sun et al., 2012;Xu et al., 2015). NO* and NO* could be fragmented from
inorganic nitrate or organic nitrate, which could not be distinguised from the AMS data. Based on the PMF method,
the NO* and NO3 ions were allocated into a nitrate inorganic aerosol factor (NIA) and and other common OA
factors (Figure S21, S22, S23). Similar to the classic PMF analysis based on the pure organic datasets previously
performed by Zheng et al. (2020), the HR data between m/z 12 and 130 are used in the organic-inorganic mixed
PMF analysis here. Nine factors were tested in the PMF runs with foeax values (-1 to 1, step by 0.2) and seed
numbers (0-50). A 7-factor solution was determined with the seed number and the fyeax Value of zero. Eight or
more factor solutions lead to clear splitting of the factors and therefore were not considered. The seven statistical
OA factors include 6 common OA factors labeled as more-oxidized oxygenated OA (MO-OOA), less-oxidized
oxygenated OA (LO-OOA), hydrocarbon-like OA (HOA), cooking (COA), biomass burning (BBOA), coal
combustion (CCOA) and a NIA factor. Details of the 6 OA factors from the classic PMF method were described
by Zheng et al. (2020) For the rotation and seed test, the 7-factor solutions were converged at fyeax 0f 0, 0.4 and
0.6 with similar results while solutions at seed 1-4, 6, 10, 12, 15, 17, 19, 25, 34, 43, 46, 47, and 49 are not well
separated with some mixing of HOA, CCOA, and LO-OOA.

The NO*and NOj ions in the OA factors ([No;rg] and [Nogorg]) are mainly contributed from nitrate-containing

organic compounds, which could be calculated following eql and eq2 adopted from Xu et al. (2015):
[NOgyg] = Z ([OA factor]ixfy, ;) 6))

[Noz,org] = Z ([OA factor]inNozyi) 2

Where [OA factor]; is the mass concentration of each OAfactor; f, .and f,,; representthe relative contribution

NOy,i
of NO*and NOj ions in the i" OA factor. Here we only used the sum of [Nogrg]soA and [Nogrg]sm to estimated
the total particulate ONs considering that ONs are mainly secondary products the OHe-induced oxidation under

high-NOy conditions or NOse-initiated oxidation during nighttime (Roberts, 1990;Ng et al., 2017). An average

molecular weight (MW) of 231.4, 220.1, and 184.2 g mol* was applied for humid-haze, dry-haze, and clean-day

S3



samples respectively based on the average formula of ONs obtained from the FIGAERO I~ CIMS (Cg gH14.606N1,
CoHi15106N1, and Cs2Hg.4054N1, respectively). These values are similar to the average molecular weight of
200~300 g mol* for organic nitrates from biogenic VOCs (Surratt et al., 2008;Rollins et al., 2012). The correction
of relative ionization efficiency (RIE) differences between OA and inorganic nitrate (mainly ammonium nitrate)
was also applied to obtain the mass concentrations of ONs following eq3. The RIE vaues of 1.1 and 1.4 are applied

for ammonium nitrate (RIEnos) and OA (RIEqrg) respectively, which are commonly used default values for AMS

(Canagaratna et al., 2007).

[NOgrg] . [NO3 ] RIEnos
= + -
LONs] ( 30 % )MV R, @)

S4



Section B. Classification of the filter samples for the offline FIGAERO I~-TOF-CIMS measurements

As shown in Table S1, the filter samples were classified into four groups (clean, transition, dry haze, and humid
haze) based on the daily mean PM, s concentrations and RH: clean (PMz5 < 15 pg m®), dry haze (PM25> 35 g
m3, RH < 60%), humid haze (PM25> 35 pug m=, RH > 60%), and transition (15 < PMys < 35 pg m3). The
standards of PM,s for pollution (35 pg m3) and clean period (15 pg m) are respectively the national
standards for daily mean and annual mean concentration of total PM2s. The RH of 60% was chosen to indicate
humid haze cases for the following reasons. First, severe winter haze events in NCP are typically associated with
high RH. Second, a previous study in Beijing winter which has similar chemical compositions to our study
indicates that particles are plausibly in the liquid phase when RH increases over 60%. The RH in winter in Beijing

is typically lower than 40%.

With this criteria, 3 “humid haze” samples, 3 “dry haze” samples, 3 “clean” samples, and 6 “transition” samples
were classified. Among these samples, two “humid haze” (YY/MM/DD, 17/12/28 and 17/12/29), two “clean”
(17/12/22, 18/01/03), one “dry haze” (17/12/21), and one “transition” (18/01/04) samples were chosen for the
offline FIGAERO analysis. The sample on 17/12/27 was not chosen as a good example of “humid haze” because
the severe haze evolution started on the day. The sample on 17/12/24 was not selected due to the limited data
coverage (50% of the day) for the online chemical compositions of PM.s. For “dry haze” cases, the days 17/12/31
and 18/01/01 were not chosen as good examples because they were right after the severe humid haze event. The
pollution moves regionally back and forth depending on the wind strength and the particle composition might be
affected by the previous humid haze event.

Generally, the selected six days could provide solid information on the OA molecular composition for the
following reasons: (1) the three parallel samples agree well on the mass spectra (Figure S24); (2) the total signal
intensities of CyH,O.X,-1~ of the filter samples correlate well with the daily-mean OOA mass concentrations (R =
0.96) (Figure S9 in the SI); and (3) our results agree with a separate study using offline FIGAERO I~-TOF-CIMS

in winter in 2018 in Beijing (Cai et al., 2021, ACPD) (Figure S11 in the SI).
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Section C. Estimation of the aerosol liquid water content (ALWC)

The ALWC contributed from major inorganic components (ammonium, sulfate, nitrate, and chloride, ALWCinorg)
was estimated by a thermodynamic model ISORROPIA-II (Fountoukis and Nenes, 2007). The reverse mode with
the assumption of metastable state was applied. The contribution of organic components to ALWC was estimated

by the following eq4 (Petters and Kreidenweis, 2007;Nguyen et al., 2016),

K0f9m0fgpwaterRH
AWWC,,=————— 4
Corg porg(l'RH) ( )

where xorg is the hygroscopicity parameter of OA, Mo refers to the mass concentration of OA (ug m3), porg and
pwater respectively refer to the average density of OA and pure water. A single xorg Of 0.1 was applied for the whole
campaign considering that it is close to the reported values of «x for urban environments and OA has a relatively
minor contribution compared to inorganic salts (Nguyen et al., 2016;Liu et al., 2019). In this study, assuming a

Korg OF 0.1 results in ~15% of aerosol water from OA. The total ALWC is the sum of ALWCinorg and ALW Coyg.
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Table S1. The daily mean and one standard deviation of the meteorological parameters, the total mass loading of PM,s measured by TEOM, and the non-refractory chemical
composition of PM,s measured by TOF-ACSM corresponding to the filter sampling periods.

Date Filter RH T WS PM2s Major PM_s components (ug m3)

(9AM-9AM)  Category (%) (°C) (ms1) (ugm?) Nitrate Sulfate Ammonium MO-OOA LO-OOA POA ALWC
2017.12.21 Dry haze 30.3£7.5 4.6+3.3 0.6+0.5 56.5+20.1 5.6+1.6 1.2+0.3 25+0.7 3.8+t1.0 5.8+42 10.3x4.7 1.9+1.0
2017.12.22 Clean 17.6%5.8 5.8+3.2 2.7+1.9 13.2+8.2 0.8+0.4 0.5+0.1 05+0.3 0.74+0.5 1.6+0.5 2.4+2.0 0.2+0.2
2017.12.23  Transition  24.743.3 4.2+1.1 3.1+2.3 31.3+14.4 25+14 14407 14404 1.3+0.9 3.7+1.6  4.9+3.9 0.8+0.3
2017.12.24 Clean* 18.242.3 0.9+2.1 4.6+2.7 7.4+6.2 0.3+0.1 0.7+0.1 0.3+0.2 0.1+0.1 1.0+0.6 0.5+0.4 0.2+0.04
2017.12.25  Transition  21.4£3.8 1.2+2.1 2.4+1.0 33.5+19.4 - - - - - - -
2017.12.26  Transition 37.7+14.9 0.5+3.1 2.3+1.0 34.4+17.1 3.8#1.6 1.3+05 1.9+0.8 22+1.6 3.4+17 7.2+4.3 2.5+2.3
2017.12.27 Humid haze 61.8+4.1 -15+1.2 1.4+0.9 93.0+17.3 15.3+2.7 14.0+4.1 9.6+1.8 11.7+3.2 9.0+2.6 10.2+2.8 29.7+7.1
2017.12.28 Humid haze 64.1+12.1 -0.2+2.2 0.8+0.4 123.6+25.4 28.9+4.1 16.1+6.0 14.2+3.3 14.3+3.6 11.0+1.2 10.74#3.3 57.2+39.5
2017.12.29 Humid haze 73.8+12.8 -0.4+1.3 0.9+0.4 187.1+39.1 37.4+4.3 31.9+10.5 21.3+4.4 32.2+9.4 8.6+3.2 15.5+3.3 143.6+91.7
2017.12.30  Transition  24.9+16.7 1.9+2.5 1.9+1.4 33.5+65.2 3.8+10.8 4.2+10.6 25+6.6 4.1+11.2 15+12  3.4+6.3 9.2432.1
2017.12.31 Dry haze 244+7.1 1.2+#3.1 1.0£0.4 39.8+19.1 3.7+1.3 2.2+0.7 2.1+0.7 3.2+15 4.8+24 7.2+44 1.310.8
2018.01.01 Dry haze  29.2+13.3 0.2+2.9 1.8+0.6 425+22.6 3.2+1.6 1.7+09 19+1.0 24413 48+25 6.0£3.6 2.1+1.6
2018.01.02  Transition  19.0#5.0 -1.0+2.3 4.7+1.6 15.1+11.1 0.7#0.7 1.0#0.3 0.6£0.3 0.5+0.5 1.4+0.7 2.0+1.1 0.3£0.2
2018.01.03 Clean 171442 -2.3+1.6 4.3+2.0 13.846.2 0.6+0.2 1.1+0.1  0.6£0.1  0.4+0.2 2.4+0.8 1.4+0.7 0.3£0.1
2018.01.04  Transition  25.3%6.4 -2.9+1.2 1.9+0.8 25.3+12.2 1.7+0.6 1.2+0.1  1.1+0.3 1.0£0.5 3.3+0.7 3.7+2.2 0.8+0.5

*The online data from TOF-ACSM on 2017.12.24 covered 50% of the day.
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Table S2. Sensitivity per million total reagent ion cps.

Sensitivity (cps ppt?)
Formula  Observed formula Nominated compounds this study Lee et al. (2014)
(IMR~200 mbar) (IMR~100 mbar)
CH0; CH,0: I Formic acid 10.8 2.9+0.6
C2H204 CoH204 I7 Oxalic acid 47.2 0.21+0.09
C3H404 C3H4O4 I Malonic acid -- 19+4.5
CsHsO4 C4HeO4 I Succinic acid 74.4 18+7.3
CsHgO4 CsHgO4 I~ Glutaric acid 77.8 1545.6
CsHeO4 CsHsO4 I~ Phthalic acid 19.7 45+1.9
CeH1005 CeH100s I~ Levoglucosan 27.1 --
CeHsNO3 CsHsNOs I~ 4-nitrophenol 183.3 --
C7/H7NOs C/H/NOs I~ 2-methyl-4-nitrophenol 1455 --
CsHyNO4 CsHoNOy I 1-hydroxy-2-nitrooxyethyl benzene 8.3% --
C7/H1sNO4 C7H15NO4 I~ nitrooxy-heptanol 8.0? --
CsH17NO4 CgH17NO4 I~ nitrooxy-octanol 9.8? --
CsHoNO3 CsHoNOs I~ Phenyl nitrate not detected --
C7H1sNO3 C7H1sNOs I~ Heptyl nitrate not detected --

aThe purities of the synthesized organic nitrates are 54% for CsHgNO4, 72% for C7H1sNO4, and 71% for CgH17NOs,,
which are corrected in the sensitivity calibration (Shi et al., 2020);
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Table S3. Dissociation constants (pKa: and pKaz) of acids and desorption temperatures corresponding to the
maximum signal intensities (Tmax) in the thermogram obtained by the FIGAERO I™-ToF-CIMS. The pK, values
are obtained from Serjeant and Dempsey (1979).

Tmax + 1o (°C)
) ] Lab standards Ambient
Tentatively Assigned
Formula . PKa  pKaz Lopez- Bannan . .
Species Name This This

Hilfiker et etal.

study study®
al. (2014) (2019)

CH4S0s3 Methanesulfonic acid 1.86 -- -- -- -- 143.7+0.3

C2H204 Oxalic Acid 1.25 381 -- -- 38.3£3.7 143.2+0.7
] . 58.42;

C3H404 Malonic Acid 2.85 5.70 -- 6750 -- 105.0+1.8
. . 62.1%

C4Hs04 Succinic Acid 421 5.64 -- 69,18 66.8+4.0  77.4+0.7
. . 88.3%

CsHgO4 Glutaric Acid 432 542 -- 17 gt 55.0+3.4  73.6x1.2
o . 102.3%;

CeH1004 Adipic Acid 441 541 -- 71.9+2.7 76.3+1.8
103.0°

C7H1,04 Pimelic Acid 471 5.58 -- 89.6° -- 80.4+4.1

CgH1404 Suberic Acid 452 - -- 120.32 -- 81.8+1.4

CoH1604 Azelaic Acid 453 533 71.42 -- -- 92.6+1.3

C10H1804 Sebacic Acid 459 559 72.92 -- -- 92.6+1.6

CAHO Maleic Acid 1.92 6.23 -- 99.6+0.7

4144 == ==
Fumaric Acid 3.02 4.38 --
1,1-Cyclopropane-diacid 182 7.43 - 87.945.9

CsHeOs  trans-1-Propene-1,2-diacid 3.09  4.75 -- -- --
1-Propene-2,3-diacid 3.85 5.45 -
CoH1404 Pinic Acid - - 61.52 114.22 -- 84.4+3.9

@Based on pure compounds;
®Based on chamber SOA mixtures for which isomers may exist;
°Data from the humid haze.
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Table S4. Detailed descriptions of the PMF solutions of PM_ based on by the separated-matrix.

Factor Fpeak Seed
Number

Q/Qexp

Solution Description

1 0 0

7.37

Too few factors and large residuals

2 0 0

451

Too few factors. Q/Qexp substantially decreases (39% of the maximum
Q) but there still exist large residuals at time periods and key m/z. One
of the two factors is POA-like while another is OOA-like.

3.01

Too few factors. Q/Qexp Substantially decreases (20-% of the maximum
Q) but there still exist large residuals at time periods and key m/z. Two
factors are POA-like and one is OOA-like.

2.19

Q/Qexp still decreases very fast (11% of the maximum Q). The four
factors are respectively CCOA-like, OOA-like, COA-like, and HOA-
OOA mixed. More factors are needed.

1.76

Q/Qexp decreases by 6% of the maximum Q. A new OOA factor is
separated and therefore we identify two OOA factors, LO-OOA and
MO-OOA. Except for LO-OOA, MO-OOA, and COA, the
characteristic of the other three typical fossil-fuel-combustion factors
(HOA, BBOA, and CCOA) are not clear, indicating certain mixing
effects.

1.45

Optimum choices for PMF factors (MO-OOA, LO-OOA, HOA,
COA, CCOA and BBOA). Time series and diurnal variations of
PMF factors are consistent with the external tracers.

7-8 0 0

1.30-
1.21

Q/Qexp decreases little (<2% of the maximum Q). Factors split, e.g.,
HOA and CCOA
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Table S5. Correlation coefficients (Pearson’s R) of the six OA factors in PMzs by the separated-matrix method
with external tracers, including gas and aerosol species, meterology parameters. The top-five values of each OA
factor are bold.

name MO-OOA LO-OOA COA BBOA HOA CCOA
Acetaldehyde 0.68 0.70 0.91 0.62 0.91 0.43
Acetone 0.83 0.72 0.84 0.58 0.90 0.44
Acetonitrile 0.17 0.56 0.71 0.53 0.81 0.50
Ammonium 0.97 0.68 0.74 0.45 0.71 0.17
Benzene 0.85 0.72 0.88 0.63 0.95 0.54
BP 0.06 -0.10 -0.09 0.04 -0.09 -0.12
C2H40," 0.17 0.73 0.89 0.64 0.95 0.62
CsHgO* 0.50 0.71 0.95 0.55 0.83 0.39
CeH100" 0.79 0.65 0.91 0.50 0.76 0.37
Chloride 0.94 0.70 0.79 0.55 0.82 0.34
CO 0.86 0.68 0.86 0.57 0.90 0.47
Naphthalene  0.75 0.60 0.78 0.63 0.93 0.70
Nitrate 0.94 0.73 0.74 0.45 0.72 0.19
NO 0.63 0.38 0.71 0.47 0.82 0.54
NO> 0.62 0.65 0.82 0.58 0.82 0.49
NOXx 0.67 0.50 0.79 0.54 0.87 0.56
O3 -0.43 -0.54 -0.66 -0.48 -0.72 -0.53
Ox 0.72 0.58 0.79 0.54 0.68 0.20
PAHSs 0.62 0.35 0.47 0.46 0.67 0.63
RH 0.86 0.65 0.66 0.48 0.76 0.30
SO 0.13 0.51 0.43 0.43 0.55 0.60
Sulfate 0.98 0.56 0.70 0.40 0.64 0.10
Temperature  -0.25 -0.14 -0.17 -0.23 -0.24 -0.27
Toluene 0.84 0.68 0.89 0.65 0.92 0.50
WS -0.33 -0.42 -0.50 -0.32 -0.53 -0.34
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Figure S1. (a) Time series of the concentrations of NR-PM.s measured by the ToF-ACSM and total PM_s
measured by the TEOM; (b) Scatter plot of NR-PM_ 5 versus total PM2s. The slope and the correlation coefficient
(Pearson’s R) are obtained by the orthogonal distance regression with intercepts.
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Figure S2. Time series of the mass accuracy of I, I[HNOs)~, I(CFsCOOH), and I3~ for all samples.
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Figure S3. High-resolution peak fitting of major ions in the average mass spectra obtained by I"-TOF-CIMS.
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Figure S4. The thermograms of selected major ions from five categories: (a) CxHyO,Sm I, (b) CniH2n204 I, (C)
CnH2n-404 I, (d) other CyH,O; I, () CxHyO;Nn I". Formulas of the corresponding molecules are shown.
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Figure S6. Diurnal patterns of the mean mass concentration of each statistical PMF factors of OA.
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Figure S7. Correlations between two SOAs (MO-OOA and LO-OOA from the ACSM) and the HRMS ions from
the AMS. The ions are categorized into 7 groups marked by different colors (C«Hy*, CxH,O", CxHyO,>1*, CxH,ON*,
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Figure S8. The averaged high-resolution mass spectra of CHOX compounds of the filter samples for (a) humid-
haze day (YY/MM/DD, 17/12/29), (b) dry-haze day (17/12/21), and (c) clean day (17/12/22) obtained by the I"-
TOF-CIMS with a FIGAERO. The ion signals are normalized to the signals of reagent ion I". Formulas stand for
the corresponding molecules of the ions and are categorized into different family groups.
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Figure S9. Comparisons between the total signal intensities of the selected 1881 CH,O,X, ions that are clustered
with I and the OOA mass concentration of PM2s for the six days. The fitted red line represents the orthogonal
distance regression with an intercept.
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Figure S10. Comparisons of the averaged mass spectra between (a) humid haze and dry haze, (b) humid haze and
clean days, (c) dry haze and clean days. The ion intensities are normalized to the intensity of 1~. The marker are
colored by different groups and sized by the normalized total signal intensities of each ion during the humid haze

or dry haze.
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Figure S11. Signal intensity fraction of CyH,O;, CxHyO;N,, and CxH,O,S, compounds that cluster with I~ and
stacked relative intensities of CxH,0,-1- and CxH,O.Nx-1~ ions that are classified by carbon and oxygen numbers
in their formulas for different humid-haze periods in Beijing during (a, c, €) 2017 winter (this study) and (b, d, f)
2018 autumn (Cai et al., 2021). These two measurements were performed in two laboratories using different 1~
CIMS.
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Figure S12. Thermograms of oxalic acid and ammonium oxalate measured in the laboratory.
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Figure S13. Distribution of mean Tmax for CxHyO,X» compounds as a function of m/z (including iodide, 126.9050
Th) for (a) humid haze and (b) dry haze. The CxH,O,X; here include CyH,0,, CyH,O;N,, and CyH,0,S, compounds
that cluster with I". The values of Tmax are obtained from the averaged Tmax from the humid haze with the standard
deviation around 1.5~14.2°C (10th and 90th percentiles). The markers are colored by the oxygen number of each
compound and sized by the signal at same scale for the two periods. Compounds with the intensity less than 0.5%
of the strongest ion during the humid haze (C¢HsNOs I) are omitted for clarity. In total 602 compounds during
the humid haze and 296 compounds during the dry haze are presented here.
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Figure S14. (a) Correlations between the normalized total signal intensities of CH4SOs I obtained by the
FIGAERO I"-ToF-CIMS and the AMS-derived methanesulfonic acid (MSA) mass concentrations on the basis of
the CH3SO,* signals. (b) Correlations between the mass concentrations of AMS-derived MSA and OA for

submicron particles (PMy).
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Figure S15. The high-resolution peak fitting at for major sulfur-containing oxygenated compounds during the
severe humid haze (left) and moderate dry haze (right), including four types of organosulfates (a, b) CsHsSOs,
(c, d) C2H3SOq, (e, f) CsHsSOs™, (g, h) (17) C2H4SO4, and hydroxymethanesulfonic acid (HMSA) (i, j) (1I")CH4SOa.
The mass spectra are period-averaged.
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Figure S16. Comparisons of PMF results from separated-PMF and merged-PMF from the ACSM data (PM,). The
thick lines in the scatter plot are the orthogonal distance regression with intercept and the grey dashed lines refer

to the 1:1 line for reference. The slopes and the Pearson’s R are shown.
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Figure S17. Comparisons of PMF results from separated-PMF and merged-PMF from the ACSM data (PM2s).
The thick lines in the scatter plot are the orthogonal distance regression with intercept and the grey dashed lines

refer to the 1:1 line for reference. The slopes and the Pearson’s R are shown.
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Figure S18. Diagnostics plots of PMF selection for PMas in Beijing, 2017 winter (CV-ACSM).
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Figure S19. Diagnostics plots of PMF selection for PM. s in Beijing, 2017 winter (CV-ACSM) The mass spectra
and time-series of the 6-factor solution at different fpeak values.
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Figure S20. Diagnostics plots of PMF selection for the PM1-PM2 s merged datasets in Beijing, 2017 winter.
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Figure S21. Mass spectra of the NIA factor and six OA factors (CCOA, HOA, BBOA, COA, LO-O0A, and MO-
OOA) that are identified from the organic-inorganic mixed PMF analysis based on the AMS data (PM3).
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Figure S22. Comparisons of the time-series of the NIA factor and the six OA factors based on the organic-
inorganic mixed PMF method with the results from the classic PMF method.
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Figure S23. Diagnostics plots of PMF selection for the organic-inorganic mixed datasets from AMS.
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Figure S24. Comparisons of the mass spectra from the parallel samples of each day. For the day 2017.12.22, only
2 parallel samples are available.
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