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Organic aerosols, a major constituent of fine particulate mass in megacities, can be

directly emitted or formed from secondary processing of biogenic and anthropogenic

volatile organic compound emissions. The complexity of volatile organic compound

emission sources, speciation and oxidation pathways leads to uncertainties in the key

sources and chemistry leading to formation of organic aerosol in urban areas.

Historically, online measurements of organic aerosol composition have been unable to

resolve specific markers of volatile organic compound oxidation, while offline analysis

of markers focus on a small proportion of organic aerosol and lack the time resolution

to carry out detailed statistical analysis required to study the dynamic changes in

aerosol sources and chemistry. Here we use data collected as part of the joint UK–

China Air Pollution and Human Health (APHH-Beijing) collaboration during a field

campaign in urban Beijing in the summer of 2017 alongside laboratory measurements

of secondary organic aerosol from oxidation of key aromatic precursors (1,3,5-trimethyl

benzene, 1,2,4-trimethyl benzene, propyl benzene, isopropyl benzene and 1-methyl

naphthalene) to study the anthropogenic and biogenic contributions to organic aerosol.

For the first time in Beijing, this study applies positive matrix factorisation to online

measurements of organic aerosol composition from a time-of-flight iodide chemical

ionisation mass spectrometer fitted with a filter inlet for gases and aerosols (FIGAERO-

ToF-I-CIMS). This approach identifies the real-time variations in sources and oxidation

processes influencing aerosol composition at a near-molecular level. We identify eight
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factors with distinct temporal variability, highlighting episodic differences in OA

composition attributed to regional influences and in situ formation. These have average

carbon numbers ranging from C5–C9 and can be associated with oxidation of

anthropogenic aromatic hydrocarbons alongside biogenic emissions of isoprene, a-

pinene and sesquiterpenes.

1. Introduction

Organic aerosols (OA) are a major constituent of ne particulate mass (PM)2

which impact upon climate, air quality and human health.3–5 Primary OA (POA)

are directly emitted from natural and anthropogenic biomass burning alongside

fossil fuel combustion, while secondary OA (SOA) are formed from the atmo-

spheric oxidation of volatile organic compounds (VOC) emitted from both

biogenic and anthropogenic sources.6 The relative contributions of biogenic and

anthropogenic sources to OA remain poorly constrained owing to their diverse

speciation7–9 and complex oxidation pathways.6,10,11

Beijing is a megacity which continues to suffer from severe air pollution events

despite recent reductions in primary emission of PM12–14 and nitrogen oxides

(NOx).
15 These have been associated with high emissions of VOC from diverse
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sources16,17 which lead to enhanced ozone production18,19 and SOA formation20

alongside regional transport which is an important source of semi-volatile

organic compounds (SVOC), intermediate-volatility organic compounds (IVOC),

POA and SOA in Beijing during the summertime.21,22

Historically, source apportionment of OA has been limited to low time-

resolution high molecular precision offline measurements of molecular tracers,

focusing on the behaviour of specic VOC systems including isoprene,23–26 a-

pinene27 and toluene.28,29 More recently, highly time-resolved bulk composition

measurements by aerosol mass spectrometry (AMS) and aerosol chemical speci-

ation monitors (ACSM) have been used to apportion OA to broad source classi-

cations including fossil fuels (FFOA), biomass burning (BBOA) and oxidised

organic aerosol (OOA).18,21,30,31 These techniques alone are thus limited in their

capability to constrain the dynamic sources and processes governing OA trans-

formation at a molecular level. SOA typically contributes 52–64% of OA in Bei-

jing,21 yet despite its diverse biogenic and anthropogenic sources, is classied

solely on the basis of its bulk degree of oxidation into less-oxidised OOA (LO-OOA)

and more-oxidised OOA (MO-OOA).31,32

Recently, highly-time resolved online chemical ionisation mass spectrometry

(CIMS) techniques have been applied to in situmeasurements of trace gas33–36 and

aerosol composition37,38 providing sensitive and selective detection of molecules

spanning an atmospherically relevant oxidation range.39–41 These have been

employed for the study of VOC oxidation, driving novel insights into gas-phase

and SOA chemistry,1,42–46 including detailed studies of highly oxygenated

organic molecules (HOM),42,47,48 oligomers49 and new particle formation (NPF).50,51

Their application in ambient measurements have mostly focused on gas phase

oxidised organic compounds,52–54 with fewer studies measuring OA composition

directly.55,56

This study uses a Filter Inlet for Gases and Aerosols (FIGAERO)57 coupled to an

online CIMS interface using an iodide reagent ion scheme for near-molecular

identication of OA composition.58 This technique has been successfully

applied in Beijing previously to study a small subset of OA components,59 while

here we focus on characterising its bulk composition and sources. We couple

laboratory measurements of SOA from oxidation of aromatic hydrocarbons1 with

ambient measurements from summer 2017 and apply positive matrix factorisa-

tion (PMF)52,60–62 to integrated thermal desorption proles from FIGAERO-I-CIMS

for the rst time in Beijing to identify anthropogenic and biogenic contributions

to OA.

We make use of the abundance of chemical information, evaluated in terms of

its uncertainty and carry out a single factor analysis for the whole dataset to show

that the behaviour of ions can be broken down into distinct sub-groups. The

different time periods are used to interpret the results of the single PMF analysis,

both diurnally and across three time periods dened according to meteorological

and chemical conditions. In order to evaluate these groups, we identify marker

ions which can be related to previous work in the lab and eld, where those ions

are discrete and linked to particular sources and pathways. We identify these

marker ions by correlation and use them throughout the paper to understand the

sources.

Ions are selected for PMF using the approach outlined in ESI†. The temporal

trends and bulk properties of the PMF factors are discussed in Section 3.1,
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following which the aromatic content is evaluated in Section 3.2 and the key

marker ions are identied in Section 3.3. These together are used in the inter-

pretation of the factors in Section 3.4. In Section 4, we compare the derived factors

with air mass origins, and external markers.

2. Methodology

Measurements were carried out as part of the joint UK–China Air Pollution and

Human Health (APHH) project, which involved an intensive summer measure-

ment campaign duringMay–June 2017.63 Themeasurement site was located at the

Institute of Atmospheric Physics, Chinese Academy of Sciences (IAP-CAS) in

Beijing (39�5802800N, 116�2201600E), an urban site in the north of Beijing, between

the third and fourth ring roads. The analysis in this paper will focus on a period

near to the end of the summer measurement campaign from 2nd–18th June 2017,

which was chosen owing to stable instrument parameters during this time period.

Positive matrix factorisation (PMF) analysis was carried out on measurements

from a time-of-ight chemical ionisation mass spectrometer (ToF-CIMS) using an

iodide ionisation system58 coupled to a FIGAERO. This paper focuses on the

results from the FIGAERO-CIMS, with other co-located measurements utilised to

frame the discussion and for interpretation of factors. A detailed description of

the methodology is provided in the ESI.†

3. Results
3.1. Overview of FIGAERO-CIMS factor solution

FIGAERO-CIMS measurements during the period of 2nd–18th June 2017 are pre-

sented in this study alongside comparisons with various co-located measure-

ments as part of the APHH-Beijing eld campaign.63 Here, we briey highlight the

key features of relevance for description of the derived PMF factors oxidants (OH,

O3 and NO3), ambient temperature and aerosol mass concentrations as measured

by AMS.

The measurements presented in this study have been split into three periods:

period 1 (2017-06-02 13:00 to 2017-06-07 10:00), period 2 (2017-06-08 04:00 to

2017-06-13 18:00) and period 3 (2017-06-13 20:00 to 2017-06-18 10:00) based on

differing meteorological and oxidant conditions. Specically, the criteria used to

separate these three periods were the relative differences in ambient temperature,

NOx, OH and O3 mixing ratios.

Period 1 is characterised by lower-NOx conditions (26 ppb), lower temperatures

(23 �C) and average ozone concentrations (42 ppb) alongside a 41% contribution

of organics to total aerosol mass (Fig. S5†). In contrast, period 2 has elevated NOx

concentrations (39 ppb) and low particle mass loadings (8 mg m�3), which were

dominated by organics, making up 54% of aerosol mass (Fig. S5†). Period 3 is

distinguished most by its high O3 (71 ppb, mean daytime 07:00–19:00 – 93 ppb),

high overnight NO3 (16 ppt) and high ambient temperature (31 �C). In addition,

period 3 showed high sulphate and organic contributions to aerosol mass,

contributing 26% and 54%, respectively (Fig. S5†). It should be noted that at peak

photochemistry, OH concentrations can peak at concentrations reaching as high

as 2.8 � 107 molecules cm�3, over an order of magnitude higher than the global

mean average concentration64 of 1.5 � 106 molecules cm�3.
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Eight FIGAERO-CIMS organic aerosol factors were resolved during this study

(Fig. 1 and 2). Here, we briey introduce these factors, their bulk composition,

temporal behaviour and trends across the measurement period. The bulk

composition of each factor is shown in Table 1, and includes average formula and

molecular weight alongside elemental ratios of oxygen-to-carbon (O : C),

hydrogen-to-carbon (H : C) and nitrogen-to-carbon (N : C) which are used to

calculate the carbon oxidation state (OSc) of each factor:65

OSc ¼ (2 � O : C) � H : C � (5 � N : C)

This metric is widely used for comparison of oxidised components of organic

aerosol. It makes the assumption that all the nitrogen atoms exist as nitrate

Fig. 1 Diurnal trends (left) and time series (right) of PMF factors, AMS mass, temperature,

O3, NOx, NO3 and OH. The PMF factors are ordered and named with a prefix according to

diurnal trend that peak in the morning (AM), afternoon (PM), and night (NT).
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groups and there may be associated uncertainties for nitro groups or amines and

amides.65 Additionally, the contribution to factor mass spectra from ions con-

taining carbon, hydrogen and oxygen only (CHO) and carbon, hydrogen, oxygen

and nitrogen only (CHON) is included as well as the contribution of highly

oxygenated organic molecules (HOM), dened here as ions which contain six or

more oxygen atoms.48

The factors are distinguished by their diurnal proles, splitting into two

morning factors (AM), four aernoon factors (PM) and two night-time factors

(NT). All factors have some nitrogen content, but to distinguish between them

here we name those with higher nitrogen content (CHON% – Table 1) as NOA. The

morning factors consist of nitrogen-containing organic aerosol (AM-NOA) and

oxidised organic aerosol (AM-OOA). Of the aernoon factors, two are dominant

diurnally during the higher-NOx conditions, and particularly abundant during

period 2 (Fig. 2), one which is nitrogen-containing (PM-NOA) and one which is

oxidised organic aerosol (PM-OOA2 and PM-OOA3). The remaining two aernoon

factors show similar composition and are diurnally most prevalent during the

lower-NOx aernoon hours (PM-OOA1 and PM-OOA2). The night-time factors

consist of nitrogen-containing organic aerosol (NT-NOA) and oxidised organic

aerosol (NT-OOA).

Fig. 2 Contributions of factors to total observed signal during different time periods (top)

and factor mass spectra (bottom) where mQ is the mass of the ions and the ion formulas

shown are the signal weighted average ion formulas of each factor.
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3.2. Comparison with aromatic SOA

VOC contributions to SOA are oen estimated through application of yields

derived from laboratory studies66–68 to ambient VOC concentrations.19,69 It has

been suggested by such approaches that aromatic VOCs, abundant in Beijing

during the summertime,70 are the dominant contributor to SOA,71 with contri-

butions as high as 98.2%.19 The importance of aromatic VOCs was further high-

lighted during the Asia Pacic Economic Conference (APEC) emission controls,

where a 50–80% reduction in aromatic VOCs from vehicle emissions and solvent

evaporation72 was concurrent with a 37% reduction in SOA formation.73 However,

these measurement approaches are indirect and thus limited by large variations

in SOA yields,74 effects of VOC mixtures upon SOA chemistry10,75,76 and

meteorology.77

Recently, we studied the composition of SOA from several aromatic hydro-

carbons using a FIGAERO-CIMS and identied a suite of ring-retaining products,

including HOM, which contributed up to 43% of observed signal from single

component aromatic experiments.1 Here we compare the ions observed in the

ambient factors with those from this aromatic study to estimate the potential

contribution that aromatics could have to measured SOA in Beijing. As discussed

in Mehra et al. (2020),1 many ions observed from aromatics have ion formulas

concurrent with products from oxidation of other precursors. Due to the potential

for ring-scission products, in particular, to be attributed to many different sour-

ces, here we focus upon the ring-retaining products identied from aromatic

oxidation in Mehra et al. (2020).1 Using these ions as markers provides a lower

constraint on the contribution of aromatic SOA to the observed factor mass

spectra, as many of the small oxidised products in the factors are likely to have an

aromatic contribution from ring-scission.

Table 1 Bulk composition of PMF factors

Factor

Signal weighted bulk properties
CHO
(%)

CHON
(%)

HOM
(%)O : C H : C N : C OSc Average formula MW

AM-

NOA

0.78 1.34 0.059 �0.081 C7.36H9.77N0.34O4.69 177.96 71 29 23

AM-

OOA

0.89 1.51 0.038 0.092 C5.45H8.03N0.21O4.0 140.58 84 16 10

PM-

NOA

0.69 1.36 0.064 �0.308 C6.69H8.97N0.43O3.94 158.38 64 36 16

PM-

OOA3

0.72 1.43 0.034 �0.162 C7.46H10.66N0.27O4.55 176.92 79 21 20

PM-
OOA1

0.69 1.53 0.051 �0.402 C7.35H10.86N0.35O4.19 171.16 74 26 21

PM-

OOA2

0.79 1.42 0.042 �0.051 C7.36H10.37N0.29O4.72 178.48 78 22 27

NT-
NOA

0.68 1.46 0.051 �0.355 C8.68H12.43N0.40O5.17 205.14 68 32 38

NT-

OOA

0.89 1.48 0.028 0.156 C5.82H8.36N0.18O4.52 153.06 87 13 14
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Fig. 3 shows the proportion of mass spectral signal of each factor attributable

to ion formulae measured during the aromatic oxidation experiments classied

as ring-retaining (C6–C9 and double bound equivalent (DBE)$ 4).1 This analysis

indicates that the PM-NOA has the largest potential contribution from aromatic

SOA products (26%), followed by AM-NOA (19%) and NT-NOA (16%). It should be

noted that these contributions do not include nitro-aromatics which were not

observed by Mehra et al. (2020)1 due to the lower HO2 : NO ratios employed in

these experiments. Though there is ambiguity in the potential sources of some

specic ions, this comparison provides a useful basis for comparing SOA in

different factors.

3.3. Identication of marker ions for factors

Many of the most abundant ions observed across the factor mass spectra (Fig. S5–

S8†) are small oxidised ions which can be attributed to various sources including

ring-scission pathways from aromatic oxidation1 and fragmentation pathways of

biogenic oxidation.78 These ions are less likely to act as markers of a particular

source and thus here we outline an approach taken to identify marker ions for the

factors.

We calculated the Pearson correlation coefficient (R) between the time series of

each ion and the factors themselves, and those which have an R of greater than 0.5

are considered potential marker ions of the factor. These ions are ranked by

decreasing correlation and the top twenty ions, where available, are classied as

markers of a given factor. This threshold enables more ions to be included in this

classication, as use of single ions as markers can lead to misinterpretation of

factor proles due to potential isomers from different sources.1 A similar

approach has been applied previously with PMF analysis, whereby a cluster

analysis of the ions and factors yielded unique or nearly unique markers for each

factor.79

Marker ions span a broad range of chemical space, as shown in Fig. 4, and with

the exception of AM-OOA and NT-OOA, which show similar composition, are

more unique than the small oxidised ions abundant in the factor mass spectra

(Fig. S5–S8†). Marker ions contribute differently to the mass spectra of the factors,

with the highest contribution to the mass spectra from marker ions observed for

NT-NOA (79%) followed by AM-OOA (61%), AM-NOA (57%), PM-OOA3 (53%), PM-

OOA2 (25%) and PM-NOA (21%). In the case of PM-OOA1, no ions show a strong

correlation with the time series of this factor, in some cases this can suggest factor

splitting in the PMF solution.62 In order to establish if this was the case, 4–10

Fig. 3 Contribution of ring-retaining aromatic SOA ions from Mehra et al. (2020)1 to PMF

factor mass spectra.
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factor PMF solutions were evaluated, with this factor observed in all solutions.

Due to its high contribution to the observed SOA signal in period 2 (27%), its

correlation in this period alone was considered, and three potential marker ions

were identied. This approach groups the marker ions whose details and likely

origins will be discussed in the next section.

3.4. Interpretation of factors

In this section, we bring together the bulk composition presented in Table 1, the

comparisons with ring-retaining aromatic SOA products presented in Section 3.2

and the markers identied in Section 3.3, to discuss the likely sources of the

factors. Themarker ions discussed in this section are presented in Tables S9–S15†

and the most abundant ions for each factor in Tables S1–S8,† with a summary of

their potential sources from literature.

3.4.1. Morning factors. AM-OOA consists of small, oxidised ions (C# 5.45, O#

4.0, MW 140.58) and has the second smallest contribution from aromatic ring-

retaining SOA products, suggesting it is highly processed aerosol. Of its marker

ions, all were observed in the aromatic SOA experiments, though the majority

have other sources including a-pinene and isoprene oxidation. The ions poten-

tially related to a-pinene are C4H4O4 and C4H4O5, which were reported to be

related to aqueous processing80 and C3H4O4. Though C3H4O4 is widely reported as

malonic acid, it was recently suggested on the basis of its measured cluster

strength with iodide40 that it could be attributed to the modelled 3-oxo-

peroxypropanoic acid from a-pinene oxidation.11 The ions potentially related to

Fig. 4 Oxidation state vs. carbon number plot of top 20 ions most correlated with factors

(note: PM-OOA1 shows poor correlation with all ions across the whole time period and

thus is not included; its few marker ions during period 2 are discussed in Section 3.4.2).
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isoprene are C5H6O4,
81 C5H10O4 (ref. 45 and 82) and C4H8O3, which can corre-

spond to dihydroxycarbonyl compounds from IEPOX oxidation.83 Given that

IEPOX in Beijing typically peaks in the aernoon under low-NOx conditions
26 it is

likely in the case of this factor that these ions are associated with the aromatic

sources. This is particularly likely for C4H8O3 which is one of the most dominant

ions observed from oxidation of 1,2,4-trimethyl benzene.1,44 Of the remaining ions

observed from aromatic oxidation, their potential other sources include oxidation

of guaiacol, a biomass burning intermediate, which can form C4H6O5 and C5H6O4

(ref. 84) alongside aqueous phase reactions of methylglyoxal which can form

C5H12N2O2 and C6H12N2O2.
85 Taken together, these observations suggest that this

factor is highly inuenced by aromatics, and potentially related to aqueous phase

processing of biomass burning aerosol.

AM-NOA consists of larger oxidised ions (C# 7.36, O# 4.69, MW 177.96), with

a contribution of 29% from CHON ions and 23% from HOM ions suggesting less

processed aerosol. Aromatic ring-retaining products contribute 19% to the mass

spectrum, the second highest contribution of all factors. Of the 20 marker ions

from this factor, 13 were observed in the aromatic SOA experiments, of which 2

have potential contributions from other sources. These are C3H4O4 and C5H6O4,

which were also observed in AM-OOA, and their non-aromatic sources were

highlighted as unlikely to be important given the temporal trends of these factors.

Of the 7 marker ions not observed in the aromatic SOA experiments, the majority

are nitroaromatics which have previously been observed from vehicle emissions86

and biomass burning84 alongside secondary formation from high-NOx oxidation

of aromatics.43,87–89 Specically, these included C6H5NO4 (4-nitrocatechol, Finewax

et al., 2018),90 C7H5NO5 (perbenzoyl nitrate, Busilacchio et al., 2016),91 C7H7NO3

(methyl nitrophenol, Priestley et al., 2018)92 and C6H9NO7.
43

3.4.2. Aernoon factors. PM-NOA is the smallest, both in terms of carbon

number and molecular weight, and least oxygenated of the aernoon factors (C#

6.69, O# 3.94, MW 158.38) with the highest CHON contribution (36%) and the

highest contribution from aromatic ring-retaining SOA products (26%). It has 6

marker ions, none of which were observed in the aromatic SOA experiments.

These include the nitroaromatics C6H5NO3 and C7H7NO3, which can be directly

emitted or formed from secondary production as with those in AM-NOA, along-

side C5H12N2O2, an ion associated with the aqueous phase processing of meth-

ylglyoxal,85 also a marker of AM-OOA. Together these observations indicate that

this factor is highly inuenced by aromatic oxidation.

PM-OOA1 consists of larger and more oxygenated ions (C# 7.35, O# 4.19, MW

171.16) alongside a higher HOM contribution (21%) and lower CHON contribu-

tion (26%). It also has the lowest contribution from aromatic ring-retaining SOA

products (7%). Its marker ions can only be identied from period 2 and consist of

tentatively identied C14H20O7, C17H18O8 and C15H16N2O5. C14H20O7 has been

previously attributed to biomass burning,79 while C17H18O8 was observed during

particle nucleation experiments from a-pinene93 and C15H16N2O5 has previously

been reported as an oligomer formed during aqueous phase methylglyoxal

oxidation.94 These observations suggest that this factor could have mixed sources,

and more information is needed to establish its sources.

PM-OOA2 consists of large oxygenated ions (C# 7.36, O# 4.72, MW 178.48) and

has the largest contribution (27%) from HOM ions of the aernoon factors and

13% contribution from aromatic ring-retaining SOA products. Of the 17 marker
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ions identied for this factor, 14 were observed in the aromatic SOA experiments,

4 of which have potential biogenic sources. Two of these ions are associated with

oxidation of isoprene: C5H10O4 which is most abundant during low-NOx condi-

tions45,82 and C4H8O4 which may correspond to 2-methyl glyceric acid, a major

product of isoprene oxidation.95 The remaining two consist of C5H12O3 which is

formed from oxidation of 2-methyl-3-buten-2-ol (MBO)96 under low-NOx condi-

tions and C4H4O5 which has been previously attributed to the aqueous phase

oxidation of a-pinene.80 The ions not observed in aromatic SOA include C9H12O,

likely corresponding to trimethyl phenol and C13H26O3, which is potentially

attributable to hydroxytridecanoic acid and has previously been reported in

a cigarette smoke PMF factor.79 Of the aromatic marker ions, two have previously

been attributed to 1,3,5-trimethyl benzene oxidation: C8H8O7 (ref. 97) and

C9H16O5, which is a product attributed to a second OH attack42 and another to

1,2,4-trimethyl benzene oxidation C9H10O7.
44 Together these observations suggest

that this factor is highly related to low-NOx oxidation chemistry leading to HOM

formation, with an additional strong inuence from isoprene oxidation.

PM-OOA3 shows a similar bulk composition and contribution of aromatic

ring-retaining ions to that of PM-OOA2, but a smaller contribution from HOM

ions (20%). Of its marker ions, 13 are observed in the aromatic SOA experiments,

of which 4 have other potential biogenic sources. These include C8H12O5 and

C9H14O6 from limonene,98,99 C10H12O8 from pinanediol100 alongside C8H12O4 and

C9H14O4 from a-pinene.101,102 Of the marker ions not observed from aromatic

oxidation, C18H18O4, C19H18O6 were previously associated with degradation of

lignin,103,104 potentially related to barbeque cooking emissions. Taken together

these observations suggest that this factor is a mixture of biogenic and anthro-

pogenic SOA, with monoterpene and cooking inuences.

3.4.3. Night-time factors. NT-OOA consists of small oxygenated ions (C# 5.82,

O# 4.52, MW 153) not dissimilar to AM-OOA. It is primarily composed of CHO

ions (87%) with a small contribution from HOM (14%) and aromatic ring-

retaining SOA products (9%). Of its marker ions, 18 are observed in the

aromatic SOA experiments, of which several have potential biogenic sources.

These include C5H10O4, C5H12O3 and C5H8O4 which can be attributed to isoprene

oxidation45,82,105,106 alongside C4H4O5, C6H10O5, C7H9O4 and C4H4O4 which could

be related to a-pinene oxidation.80,102 C6H10O5 can also be potentially attributed to

levoglucosan from biomass burning, while several other ions have potential

correspondences with biomass burning, aqueous oxidation or aged aerosol and

are similar to those observed in AM-OOA. Taken together, these observations

suggest that this factor is a mixed source aged aerosol factor.

NT-NOA is the largest and most oxygenated of all the factors (C# 8.68, O# 5.17,

MW 205.14) alongside containing the largest contribution from HOM (38%) and

CHON (32%) ions. It also contains a 16% contribution from ring-retaining

aromatic ions. Of its marker ions, only 2 were observed in aromatic SOA experi-

ments. The remainder include terpene oxidation products such as C10H19NO7,

C10H15NO6, C9H13NO8, C9H13NO7, C9H13NO9, C10H17NO5 and C9H15NO7 (ref. 60,

107 and 108) and sesquiterpene oxidation products including C15H25NO8,

C15H25NO9 and C16H27NO7.
109 Together these observations demonstrate that this

factor corresponds to a terpene dominated night-time biogenic SOA factor likely

associated with NO3 oxidation chemistry.
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4. Discussion
4.1. Regional inuences

Regional transport is an important source of organic aerosol in Beijing and thus here

we compare the factors with co-located measurements and air mass fractions

derived from HYSPLIT back trajectories110 to better understand the regional inu-

ences. A map showing the regional boundaries dened in Liu et al.110 is included in

the ESI (Fig. S9†). Fig. 5 shows that the airmasses change frequently in period 1, with

a cycling between the northern plateau and the western and eastern north China

plain (NCP) regions on timescales of <1 day, while periods 2 and 3 have a prolonged

contribution from eastern and western NCP air masses, respectively.

Upon inspection of the factors shown in Fig. 5 alongside the air mass fractions,

ve of the factors show relevant patterns with regional inuences and are thus

included in Fig. 6. The factors most likely associated with regional transport include

AM-OOA which relates to the NCP (Eastern andWestern), PM-OOA1 which relates to

air masses from the eastern NCP and NT-OOA which relates to air masses from the

western NCP. AM-OOA and NT-OOA are marked by a strong inuence from small

oxidised ions indicative of highly processed or aged aerosol whose sources are

numerous while PM-OOA1 shows few distinctive markers with mixed sources as

discussed in Section 3.4. The remaining three factors do not show a distinctive

regional inuence and are more inuenced by biogenic oxidation chemistry, these

are shown in Fig. 7 and discussed further in Section 4.3.

Fig. 6 shows six events (A–F) which are dened for illustrative purposes. AM-

OOA is classied as a morning factor owing to its sharp rises typically occur-

ring during the early morning during events A, B, D and E. Its composition is

highly processed and includes ions associated with aqueous phase oxidation of a-

pinene and methyl glyoxal alongside potential inuence from guaiacol oxidation

as outlined in Section 3.4.1. Its sharp rise during event B is concurrent with a shi

in air mass origin to that from the eastern NCP which is associated with a spike in

SO2, HCN, aromatic hydrocarbons and chloride aerosol indicative of industrial

sources. There is also a slight enhancement in sulphate aerosol and C6H10O5,

typically attributed to levoglucosan, a marker for biomass burning. This spike

occurs at around 6 am and thus is likely to be associated with a breakdown and

mixing of the residual layer into the boundary layer during the early hours of the

day. The behaviour of AM-OOA during period 3 is different owing to a shi in the

dominant air mass origin to that from the western NCP. Enhancement of the

factor during this period is concurrent with only C6H10O5 and aromatics during

event D, while during event E and F its enhancements are associated with slight

increases in aromatics, sulphate and SO2. Events E and F in particular show

a stronger association of this factor with C6H10O5, indicating that the air masses

from the western NCP are more related to biomass burning than industrial

sources.

NT-OOA appears to represent air masses from the western NCP throughout the

measurement period, showing greatest enhancement during event F in period 3

shown in Fig. 6. The polar plot of NT-OOA (Fig. S12†) shows that this factor is

highest at high wind speeds from the west which correspond to the strongest

enhancement in C6H10O5 during event F. This particular event is not associated

with enhancements in any of the other markers and thus suggests it is most likely
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associated with long range transport of biomass burning aerosol from the western

NCP. This is further supported by levoglucosan being both a marker of this factor

and its most abundant ion (Tables S2 and S10†).

Fig. 5 Comparison of fractional factor contributions with HYSPLIT fractional air mass

contributions.

Fig. 6 Comparison of factors with regional influence with external tracers and air mass

origins. Events A–F are defined in this figure for illustrative purposes.
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PM-OOA1 shows a correspondence with the prolonged air mass contribution

from the Eastern NCP during period 2. Its key markers, as discussed in Section

3.4.2, are few and provide limited insight into its sources. During event C in Fig. 6,

when this factor is most abundant, the wind direction is strongly from the

southeast, where the industrial sources lie and this period contains two spikes in

SO2 which suggest an industrial plume. It should be noted that this factor is the

most abundant under high-NOx conditions when aerosol concentrations were

also relatively low.

4.2. Sources and formation of nitro-aromatics

Nitro-aromatics can be attributed to various sources, including biomass

burning111 and vehicle emissions,112 alongside secondary formation by gas,

particle and aqueous phase oxidation processes113,114 and are an important

contributor to brown carbon in the polluted atmosphere (BrC).115,116 AM-NOA and

PM-NOA are characterised by nitro-aromatic marker ions and show different

temporal trends as well as composition, most likely representing different sources

and formation pathways.

AM-NOA, which has the second highest aromatic content of the factors is

abundant during the same time periods as the highly-aged AM-OOA (Fig. 6) which

suggests that its source may be associated with regional transport and early

morning mixing from the residual layer as the boundary layer develops. One

potential source of nitro-aromatics in this factor can be related to biomass

burning, however its temporal trends are dissimilar to that of C6H10O5 (levoglu-

cosan) suggesting that its sources may be different. Its early morning peak

suggests a potential inuence from traffic, further supported by its polar plot

(Fig. S12†) which shows it is elevated at low wind speeds and those from the

north/north-east, which may suggest a traffic source from the Jingzang Highway

to the east and fourth ring road to the north as has been reported previously for

Fig. 7 Comparison of AM-NOA and PM-NOAwith nitroaromatic ionsmeasured by UPLC-

MS. Sample midpoint has been used to plot the offline filter data.

Paper Faraday Discussions

This journal is © The Royal Society of Chemistry 2021 Faraday Discuss., 2021, 226, 382–408 | 395

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 2

1
 J

an
u
ar

y
 2

0
2
1
. 
D

o
w

n
lo

ad
ed

 o
n
 4

/1
4
/2

0
2
1
 9

:0
4
:0

2
 A

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
 3

.0
 U

n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online



NOx emission ux.70 This source could be further supported by the increase in

HCN, which, though widely thought to be a marker of biomass burning,117 has

been shown to be an important emission from traffic in urban areas.118 However,

unlike NOx, which has a reasonably consistent source across the measurement

period,70 this factor is most abundant during period 1 and appears more episodic

in nature than direct source emissions which would typically exhibit more regular

diurnal behaviour. In addition, its key nitro-aromatic marker ion is C6H5NO4 (4-

nitrocatechol), which is typically not observed from direct vehicle emissions and

is more related to biomass burning or secondary formation.88,90 Several other ions

measured by UPLC-MS including isomers of C7H7NO4 are strongly correlated with

AM-NOA as shown in Fig. 7.

C6H5NO4 (4-nitrocatechol) is expected to form in the aqueous phase under

polluted environmental conditions119 and night-time sources such as nitrate

radical reactions have been previously suggested to be attributable to their

formation.90 These factors may suggest, that as with the transported AM-OOA

which appears to be introduced into the daytime boundary layer through mix-

ing of the residual layer in the morning, this is related to nitro-aromatics formed

in this residual layer overnight. The formation of nitro-aromatics in the residual

layer can occur due to a decoupling from the nocturnal boundary layer in which

high O3 and low-NO conditions lead to rapid conversion of NO2 to NO3. The

potential for aqueous phase pathways to be important are further supported by

AM-OOA whose markers include ions associated with aqueous phase oxidation of

methyl glyoxal, as discussed in Section 3.3.

The reduction in AM-NOA, which is larger and less oxidised, is concurrent with

an increase in AM-OOA (Fig. 6), which is smaller and more highly processed,

potentially corresponding to its processing in Beijing while its reduction in period

3 could also be attributed to the elevated temperature which is known to impact

upon gas–particle partitioning of nitro-aromatics120 alongside gas-phase photol-

ysis121 and oxidation due to the higher OH concentrations measured during

period 3. Together, these observations suggest that this factor is strongly inu-

enced by aromatics with a potential inuence of transported biomass burning

sources or secondary formation in a decoupled residual layer, which are intro-

duced from its mixing as the daytime boundary layer develops.

PM-NOA, which has the highest contribution from ring-retaining aromatic SOA

products of all the factors, shows a different temporal prole and a more consistent

source throughout the measurement period. In addition, it peaks around peak

photochemistry suggesting that it is related to direct emission, potentially from

traffic sources or from secondary formation. The markers of this factor include

C6H5NO3, which can be related to 4-nitrophenol speciated by the UPLC-MS during

this measurement period and is typically emitted from vehicle emissions112,122 and

C7H7NO3 which is also measured by the UPLC-MS and show more regular diurnal

proles than that of the nitro-aromatic species associated with AM-NOA (Fig. 7).

4.3. Biogenic inuenced chemistry

While the other factors show a strong relationship from air mass trends, PM-

OOA2, PM-OOA3 and NT-NOA show a stronger relationship with that of

oxidant, radical and VOC concentrations as shown in Fig. 8. As discussed in

Section 3.3, these factors are compositionally most inuenced by species with
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biogenic origin, or those formed from low-NOx oxidation pathways of aromatics

such as HOM. These factors are most dynamic and abundant during period 3,

which is least inuenced by regional transport.

PM-OOA2 shows a regular diurnal pattern which is consistent throughout the

measurement period, with the exception of the end of period 2, when its levels

drop down signicantly under higher NO conditions shown in Fig. 8. It shows an

enhancement in period 3 which corresponds with an increase in measured

isoprene and ozone mixing ratios, which along with its composition further

suggest this factor is isoprene related. SOA from terpenoid emissions has previ-

ously been reported to have a strong exponential relationship with temperature,

and is also observed for PM-OOA2 as can be seen in Fig. 9.123–125 Though other

factors show an elevated contribution under the higher temperatures to a small

extent, this is by virtue of them being aernoon factors and the lack of an

exponential relationship along with composition less inuenced by biogenic SOA

products conrms that they are less related to terpenoid emissions. This factor

also shows a similar temporal trend to the sum of HOM ions, measured in the gas

phase by I-CIMS, consistent with it being the aernoon factor which contains the

largest contribution from particle phase HOM ions. This shows that it is not only

related to biogenics but more generically to low-NO oxidation pathways, which

have recently been identied as an important pathway for isoprene oxidation

chemistry in Beijing.24

Fig. 8 Comparison of SOA factors with external markers of biogenic sources and

chemistry.
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PM-OOA3 shows little correlation with radicals and oxidants during periods 1

and 2, but a strong correspondence with measured RO2 (described in ESI 1.2.1†)

and ozone during period 3, suggesting it is related to local formation during this

time period. It is likely that during period 1, the sources of these ions are less

related to secondary formation pathways and more related to cooking emissions

which contribute to its factor prole and to regional transport given that the

measured RO2 radical concentrations are much lower during this time (Fig. 7).

NT-NOA, which is compositionally strongly related to monoterpene and

sesquiterpene oxidation and contains the largest contribution from HOM ions,

shows a poor correlation with NO3 during periods 1 and 2, again suggesting that

during this time period the regional inuence to organic aerosol is stronger and

the formation cannot be resolved by the PMF and potentially the formation of

these products is occurring in the residual layer. In contrast, this factor shows

a strong diurnal pattern similar to that of NO3 as well as monoterpene and

sesquiterpene concentrations in period 3, as well as a polar plot which shows

highest levels under low wind speeds which suggest local formation (Fig. S12†).

4.4. Comparison with AMS

A factor analysis of AMS measurements during the same time period identied

factors associated with cooking organic aerosol (COA), fossil fuel organic aerosol

(FFOA) and three oxidised factors referred to as oxidised primary organic aerosol

(OPOA), less-oxidised oxidised organic aerosol (LO-OOA) and more-oxidised oxi-

dised organic aerosol (MO-OOA). Fig. 10 shows the potential correspondences of

the FIGAERO factor components with those derived from the AMS, where OPOA,

FFOA and COA are related to the factors most inuenced by vehicle emissions and

regional sources (AM-OOA, NT-OOA, AM-NOA and PM-NOA) and LO-OOA andMO-

OOA are related to those formed in the aernoon during peak photochemistry and

related to biogenic sources (PM-OOA1, PM-OOA2, PM-OOA3 and NT-NOA). It

should be noted that the iodide reagent ion scheme would typically not be expected

to detect all of the AMS OA, as it is particularly sensitive to multi-functional oxi-

dised species, and thus would be expected to detect the most oxidised portion of

what is observed by the AMS. Therefore, the differences in primary–secondary split

of the FIGAERO and AMS factors is likely attributable to an increased proportion of

less oxidised POA detected by the AMS which the CIMS does not observe, which is

likely to be the case during period 2 when the AMS POA fraction is dominant.

Looking at the relative ratios of these factors during different time periods, it is

clear that the CIMS factors show additional variation in OA chemical composition

that is not captured by the AMS factors. Correlations are observed between

Fig. 9 Temperature dependence of afternoon factors with signal binned hourly by

ambient temperature (night is 7 pm to 7 am).
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increases in AMS factors and CIMS factors between periods suggesting some

broad correspondence between them. The most noticeable relationship between

these factors is that the AMS shows an enhanced contribution during period 3

from LO-OOA which corresponds to the elevated contribution from PM-OOA2 in

the CIMS measurements. This is the factor associated with enhanced SOA

formation relating to increased temperature and strong isoprene inuence. In

contrast, MO-OOA is more abundant during periods 1 and 2, and this likely

corresponds best with an increase in relative contributions of PM-OOA3.

5. Conclusions and implications

This study presents the rst PMF factor analysis of FIGAERO-CIMSmeasurements

from Beijing, identifying eight factors representing anthropogenic and biogenic

contributions to OA alongside regional inuences.

Regional contributors to OA in Beijing include air masses from the eastern

NCP (AM-OOA and PM-OOA1) and those from the western NCP (NT-OOA) which

contribute on average 14%, 11% and 7%, respectively to FIGAERO-CIMS OA

factors. Anthropogenic contributions to OA include those from PM-NOA which is

most inuenced by ring-retaining aromatic SOA products and AM-NOA, which is

potentially associated with nocturnal processing of aromatic hydrocarbons in the

residual layer, which contribute 13% and 8%. Biogenic contributions, specically

related to isoprene, monoterpenes and sesquiterpenes exist in mixed factors

associated with their chemical oxidation regimes in PM-OOA2, PM-OOA3 and NT-

NOA, and contribute on average 13%, 18% and 15% to OA respectively.

Together these observations show that aromatic hydrocarbons are important for

SOA in Beijing, both from daytime oxidation and potential regional transport and

nocturnal processing. In addition, the oxidation of biogenic emissions is dominated

by isoprene during the aernoon, with monoterpene and sesquiterpenes becoming

important for NO3 oxidation pathways leading to formation of large oxidised aerosol

products overnight. Regional transport is most signicant from the eastern NCP,

which brings highly polluted air masses which participate in nocturnal processing

and are introduced into the urban atmosphere in the morning.
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52 C. Yan, W. Nie, M. Äijälä, M. P. Rissanen, M. R. Canagaratna, P. Massoli,

H. Junninen, T. Jokinen, N. Sarnela, S. Häme, S. Schobesberger,
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Q. Zha, M. Riva, O. Garmash, H. Junninen, P. Paatero, D. Worsnop and

M. Ehn, Atmos. Chem. Phys., 2020, 20, 5945–5961.

54 J. Brean, R. M. Harrison, Z. Shi, D. C. S. Beddows, W. J. F. Acton, C. N. Hewitt,

F. A. Squires and J. Lee, Atmos. Chem. Phys., 2019, 19, 14933–14947.

55 C. Mohr, J. A. Thornton, A. Heitto, F. D. Lopez-Hilker, A. Lutz, I. Riipinen,

J. Hong, N. M. Donahue, M. Hallquist, T. Petäjä, M. Kulmala and T. Yli-

Juuti, Nat. Commun., 2019, 10, 4442.

56 V. Pospisilova, F. D. Lopez-Hilker, D. M. Bell, I. El Haddad, C. Mohr,

W. Huang, L. Heikkinen, M. Xiao, J. Dommen, A. S. H. Prevot,

U. Baltensperger and J. G. Slowik, Sci. Adv., 2020, 6(11), eaax8922.

57 F. D. Lopez-Hilker, C. Mohr, M. Ehn, F. Rubach, E. Kleist, J. Wildt,

T. F. Mentel, A. Lutz, M. Hallquist, D. Worsnop and J. A. Thornton, Atmos.

Meas. Tech., 2014, 7, 983–1001.

58 B. H. Lee, F. D. Lopez-Hilker, C. Mohr, T. Kurtén, D. R. Worsnop,

J. A. Thornton, T. Kurte, D. R. Worsnop, J. A. Thornton, T. Kurtén,

D. R. Worsnop and J. A. Thornton, Environ. Sci. Technol., 2014, 48, 6309–6317.
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D. Wimmer, U. Baltensperger, K. S. Carslaw, J. Curtius, A. Hansel,
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