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ARTICLE INFO ABSTRACT

Keywords: PM; s-bound of a group of thirty-six polar organic compounds including seventeen saccharides and nineteen
PMa s carboxylic acids and PM, s were analyzed for the abundance and potential sources at three sites in central
Saccharides Shanghai, China from September 2015 to August 2016. The annual average concentrations of the total sac-
Carboxylic acids charides in the PMas was 184.9 ng/m?® with concentrations ranging from 15.3-873.4 ng/m°® for all samples.
gzmnalvmaum Principal component analysis coupled with multiple linear regression (PCA-MLR) revealed that 53% of sac-
charides in Shanghai were derived from biomass combustion emission, 25% from fungal spore emission and 22%
from plant emission. The annual average concentration of total acids concentration was 122.5 ng/m>. Pollutants
showed seasonal variations with significant higher concentrations of the dicarboxylic acid, anhydrosugar and
sugar alcohol in winter and primary sugar such as fructose and sucrose in spring and summer. Lower ratios of
adipic acid (C6)/azelaic acid (C9) and phthalic acid (Ph)/C9 indicated that aerosols in Shanghai are more in-
fluenced by biogenic sources. Three PCA factors explained 84% of the variance of the studied carboxylic acids
data. The PCA results showed that secondary aerosols(both from anthropogenic and biogenic sources)and bio-

mass burning emissions were the most important sources of carboxylic acids in Shanghai.

1. Introduction

Fine particulate matter (PM, s, aerodynamic diameter less than or
equal to 2.5 pm) pollution is still the major air pollution problem in
China's mega cities (Yang et al., 2016). PMa s has important impacts on
global climate, atmospheric visibility and human health (Li et al., 2017;
Liu et al., 2019b). It contains inorganic substances (e.g. metal ions,
sulfate, ammonium, nitrate) and hundreds of organic compounds (e.g.
fatty acids, polycyclic aromatic hydrocarbons, dicarboxylic acids, and
sugar compounds) (Yang et al., 2016; Yin et al., 2018). Organic aerosols
(OA) typically contribute 20-50% of the total atmospheric aerosol
mass, in which 40-80% of the organic aerosols are water soluble
(Saxena and Hildemann, 1996; Zhang et al., 2016). Polar organic
compounds (POCs) is one of the most abundant water-soluble organic
compounds in aerosols. Due to their water solubility and hygro-
scopicity, POCs play an important role in atmospheric chemistry

through atmospheric processing (e.g., secondary aerosol formation) and
in Earth's climate by enhancing the ability of organic aerosols to act as
cloud condensation nuclei (Kawamura and Bikkina, 2016; Kumar et al.,
2003; Peng et al., 2001).

Previous studies suggested that POCs could be directly emitted from
primary sources including natural sources (e.g., plant emission, soil and
dust suspension, fungal spores, metabolism of microorganisms, and sea
spray) and anthropogenic sources (e.g. industrial emissions, traffic
emissions and biomass burning) (Balla et al., 2018; Simoneit et al.,
2004a; Wang et al., 2011). They can also be formed by secondary
photochemical oxidation in the atmosphere (Fu et al., 2016; Kawamura
et al., 1996). Various POCs can serve as tracers for specific pollution
sources. Levoglucosan (Lev) and related anhydrosugar isomers, pro-
duced from the pyrolysis of cellulose and ranked as the most abundant
species in biomass burning emissions, have been recognized as a spe-
cific molecular marker for biomass burning sources. Arabitol and
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mannitol are released by fungal spores and are considered as possible
tracers of this source (Bauer et al., 2008). Fructose and sucrose detected
in the atmosphere are often associated with biological sources (eg,
plants, soil resuspension) (Chen et al., 2013; Jia and Fraser, 2011).
Diacid and related compounds can serve as tracers for secondary or-
ganic aerosol (SOA) and could be good markers for evaluating the
changes of SOA concentrations and their climatic relevance in the at-
mosphere (Balla et al., 2018; Fu et al., 2013; Popovicheva et al., 2014).
Adipic acid (C6) and phthalic acid (pH) are produced by the oxidation
of anthropogenic cyclohexene and aromatic hydrocarbons
(Hatakeyama et al., 1985; Kawamura and Ikushima, 1993). Azelaic acid
(C9) is produced by the oxidation of biogenic unsaturated fatty acid
(UFAs) (Kawamura and Kaplan, 1987; Tedetti et al., 2007). C6/C9 and
Ph/C9 ratios can be used as indicators of the impact of anthropogenic
and biogenic precursors to SOA production (Kawamura and Yasui,
2005).

Currently, China's research on POCs mainly focused on the PRD (Ho
et al.,, 2011), Beijing (Zhao et al., 2018; Liang et al., 2015) and Hong
Kong (Ho et al., 2006). As a mega city, Shanghai is one of the six largest
cities in the world. The Source and chemical transformations of POCs in
Shanghai are very complicated. However, previous studies on organic
aerosol characteristics in Shanghai and surrounding regions are limited
and the limited information are primarily focused on a few aerosol
species or a handful of organic compound classes (Feng et al., 2006; Li
et al.,, 2013). In this study, one-year PM, 5 samples were collected at
three selected locations in central of Shanghai, and polar compounds
such as saccharides and diacid and related compounds were measured
in each sample. The objective of this study was to study the spatial and
seasonal characteristics of typical polar compounds in Shanghai during
the year, combined with principal component analysis (PCA) and
multiple linear regression (MLR) to promote our current understanding
of their sources.

2. Experimental section
2.1. Sites and sampling

Twenty-four hour PM. s samples were collected simultaneously
every 8-10 days at three sampling stations in downtown Shanghai,
China. A total of 108 samples were collected from September 2015 to
August 2016 on pre-baked (550 °C for 5.5 h) quartz fiber filters using a
high-volume air sampler (XT-1025, Shanghai Xintuo Analytical
Instruments) at a flow rate of 1 m®/min. Details of the three sampling
sites are shown in Fig. 1. Field blanks were prepared by loading a blank
filter to the sampler in the absence of air-flow for 24 h. After sampling,
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the filters were packaged with aluminum foil and stored at —20 °C
prior to instrumental analysis.

2.2. Sample preparation and instrumental analysis

Before extraction, partial of air filter samples were spiked with
known amounts of internal standards (ds;-palmitic acid and methyl -
D-galactopyranoside (mxp)). The filter samples were extracted by ul-
trasonication three times with 4 mL, 2 mL, and 2 mL dichloromethane/
methanol (4:1; v/v) for 10 min each. To prevent the solvent evaporation
and decomposition of organic components associated with the tem-
perature rise from ultrasonication, an appropriate amount of ice was
added to the ultrasonic bath to keep temperatures below 30 °C. After
extraction, extracts were passed through a syringe filter to remove in-
soluble particles and filter debris, and then dried with pure nitrogen
gas. The extracts were then derivatized with N,O-bis-(trimethylsilyl)
trifluoroacetamide at 70 °C for > 2 h. Following derivatization, each
derivatized sample was injected into the GC/MS for identification and
quantification.

The determination of studied compounds was performed with a gas
chromatograph mass spectrometer (GC/MS-QP 2010 Ultra, Shimadzu
Corporation, Japan). The GC was fitted with a DB-5MS column
(30m x 0.25mm X 0.25 pm, J&W Scientific, USA). Ultra-pure helium
was used as carrier gas under constant flow mode at a flow rate of
1.1 mL/min. Automatic injections (1uL) were made in t split mode with
a split ratio of 10:1. The injection temperature was set at 280 °C. The
gas chromatographic conditions were as follows. Initial column tem-
perature was held at 80 °C for 1 min, and then programmed to 200 °C at
3 °C min~? (held for 2 min), and to 310 °C at 10 °C min~ ! (held for
15 min). The GC/MS interface temperature was 275 °C. The MS was
operated in electron ionization (EI+) scan mode with the scan ranging
from 50 to 500 amu.

Field blanks and laboratory blanks were treated in the same way as
the ambient samples for quality assurance. Calibration standards were
prepared by spiking different volumes of a standard solution mixture
onto ambient filter samples and analyzed following the same analytical
procedure as that for ambient PMy s filter samples. This approach has
the advantage of taking into account the matrix effect. All of the sam-
ples were quantified using the calibration curves by this standard ad-
dition method.

2.3. Data analysis

All the analyses of this research were performed using SPSS statis-
tical software package, version 23.0 (SPSS Inc., Chicago, IL, USA). The
121,5°E
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Fig. 1. The detailed sampling sites in central Shanghai, China.
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Table 1

Mass concentrations and variations of PMs 5 (ug/rn3) and polar organic compound (ng/m3) in Shanghai.
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Aut

Win

Spr

Sum

Year

PM2.5
Anhydrosugar
Levoglucosan, Lev
Galactosan, Gal
Mannosan, Man
Total anhydrosugar

Primary sugar
Xylose

Mannose

Fructose

Glucose

Sucrose

Maltose

Trehalose

Total primary sugar

Sugar alcohol
Glycerol

Erythritol

Xylitol

Arabitol

Mannitol

Sorbitol

Cholesterol

Total sugar alcohol
Total saccharides”

n-Dicarboxylic acid, DCAs
Succinic, C4

Glutaric, C5

Adipic, C6

Pimelic, C7

Suberic, C8

Azelaic, C9

Total DCAs

Aromatic acid

3-hydroxybenzoic, 3-OHBA
4-hydroxybenzoic, 4-OHBA

Phthalic, Ph

Isophthalic, iPh

Vanillic

Syringic

1,2,4-benzenetricarboxylic, 1,2,4-BTCA
1,3,5-benzenetricarboxylic, 1,3,5-BTCA
Total aromatic acid

Oxycarboxylic acids, OCAs
Glyoxylic, @C2

a—Ketoglutaric

Glyceric

Malic, hC4

Tartaric

Total OCAs

Total carboxylic acids, TACs"

38.2(18.3-69.6)

47.2(6.7-203.4)
2.2(0.4-9.8)
3.8(0.5-13.4)
53.2(7.6-226.6)

1.6(0.4-4.4)
1.9(0.2-5.5)
15.3(4.8-73.8)
4.8(0.4-18.4)
15.0(1.0-158.9)
1.0(0.1-6.3)
2.4(0.3-14.1)
42.1(8.6-260.2)

13.6(7.9-20.7)
1.3(0.4-2.9)
0.2(0.0-0.9)
3.9(0.7-10.0)
15.7(2.6-59.3)
0.6(0.1-1.5)
1.1(0.2-2.6)
36.5(14.7-79.6)
131.7(54.0-413.3)

17.3(6.1-61.4)
4.2(1.4-12.7)
2.5(1.1-5.5)
1.3(0.6-3.1)
3.5(2.0-6.6)
22.1(10.7-41.2)
50.8(24.6-107.9)

0.6(0.2-1.7)
1.2(0.4-5.1)
9.3(2.4-36.8)
1.0(0.4-2.6)
0.2(0.0-1.4)
0.1(0.0-0.7)
5.2(0.9-14.5)
0.2(0.0-0.6)
17.9(5.7-49.7)

4.8(1.6-12.8)
3.4(0.8-11.4)
21.2(6.5-63.3)
10.5(2.2-29.6)
0.4(0.1-2.6)
40.2(17.9-106.6)
108.9(48.5-243.5)

94.6(35.2-176.8)

194.6(31.8-469.9)
8.9(1.2-23.0)
15.3(1.7-33.0)
218.7(34.6-525.9)

4.2(1.1-8.7)
2.1(0.2-4.5)
15.2(2.5-27.4)
3.6(0.6-9.3)
4.7(0.5-15.7)
1.6(0.1-6.0)
2.0(0.2-5.4)
33.4(7.7-65.0)

22.3(5.5-48.4)
2.6(0.5-5.2)
0.3(0.0-0.9)
5.1(0.7-15.2)
11.2(0.9-28.4)
0.7(0.2-1.4)
1.8(0.2-4.5)
43.9(13.3-93.7)
296.0(55.7-668.5)

27.5(5.8-76.8)
8.9(2.2-22.0)
5.4(1.4-10.3)
2.4(0.8-4.8)
5.1(1.3-8.6)
22.7(6.2-36.4)
72.0(25.0-149.4)

2.000.5-3.8)
6.8(1.1-15.7)
23.3(5.1-61.7)
3.3(0.5-7.8)
1.5(0.2-2.8)
0.9(0.1-1.8)
16.0(0.4-54.2)
0.5(0.0-1.5)
54.2(14.1-132.7)

10.0(2.3-20.8)
4.0(0.8-9.0)
41.4(8.9-102.3)
7.9(0.7-28.0)
0.3(0.1-1.6)
63.6(15.8-157.5)
189.8(54.9-439.6)

50.0(26.1-121.1)

57.4(0.3-181.9)
2.2(0.0-6.2)
3.9(0.1-10.3)
102.7(0.4-525.9)

1.7(0.1-4.9)
2.0(0.1-7.2)
28.3(0.3-120.3)
3.4(0.3-8.1)
18.5(0.9-136.1)
1.3(0.1-9.1)
2.4(0.1-8.1)
57.6(6.6-286.5)

12.3(0.0-24.0)
1.2(0.1-2.7)
0.2(0.0-1.0)
2.9(0.1-7.1)
8.5(0.3-26.3)
0.6(0.1-1.4)
0.6(0.0-2.2)
26.2(6.0-61.1)
186.4(15.3-873.4)

22.6(0.1-95.2)
6.0(0.1-23.9)
3.2(0.1-11.1)
1.1(0.1-3.2)
2.7(0.2-5.6)
15.3(1.9-34.7)
51.0(2.6-158.4)

0.5(0.0-1.1)
1.6(0.0-5.9)
7.9(0.1-41.1)
1.0(0.0-3.3)
0.3(0.1-0.7)
0.2(0.0-0.4)
4.2(0.0-14.0)
0.2(0.0-0.8)
15.9(0.3-64.3)

5.1(1.7-19.5)
3.7(1.0-16.8)
23.0(0.1-76.8)
5.6(0.0-38.2)
0.2(0.0-1.4)
37.5(4.9-140.3)
104.4(7.8-314.0)

34.4(12.6-72.4)

26.2(1.8-56.1)
1.0(0.1-2.6)
2.3(0.0-5.3)
31.9(2.1-122.7)

0.8(0.1-2.1)
2.1(0.2-5.4)
19.6(1.4-76.8)
2.8(0.5-6.7)
29.8(2.2-191.9)
1.6(0.5-5.8)
3.5(0.9-8.8)
60.2(10.5-256.0)

11.2(3.3-29.2)
2.1(0.4-4.8)
0.2(0.0-0.8)
4.0(1.5-6.5)
18.1(5.0-36.9)
0.7(0.2-1.5)
1.2(0.0-5.8)
37.5(14.9-71.1)
129.6(31.4-398.8)

15.5(1.7-55.2)
4.0(0.5-14.2)
2.4(0.5-7.8)
1.0(0.1-2.4)
2.9(1.0-6.6)
15.1(6.0-30.7)
40.9(10.5-111.9)

0.3(0.1-0.8)
0.4(0.1-1.1)
7.0(1.4-17.9)
0.7(0.1-2.0)
0.1(0.0-0.2)
0.1(0.0-0.2)
3.5(0.1-13.2)
0.1(0.0-0.9)
12.2(2.0-36.1)

5.6(1.8-18.7)
3.2(0.8-6.8)
14.9(0.6-56.7)
9.7(0.2-38.9)
0.8(0.0-2.9)
34.2(3.8-120.4)
87.2(20.6-268.4)

55.6(12.6-176.8)

80.9(0.3-469.9)
3.5(0.0-23.0)
6.3(0.0-33.0)
100.6(0.4-525.9)

2.1(0.1-8.7)
2.0(0.1-7.2)
19.4(0.3-120.3)
3.7(0.3-18.4)
17.0(0.5-191.9)
1.4(0.1-9.1)
2.6(0.1-14.1)
48.1(6.6-286.5)

14.8(0.0-48.4)
1.8(0.1-5.2)
0.2(0.0-1.0)
4.0(0.1-15.2)
13.5(0.3-59.3)
0.6(0.1-1.5)
1.2(0.0-5.8)
36.1(6.0-93.7)
184.9(15.3-873.4)

20.6(0.1-95.2)
5.7(0.1-23.9)
3.4(0.1-11.1)
1.4(0.1-4.8)
3.5(0.2-8.6)
18.9(1.9-41.2)
53.6(2.6-158.4)

0.8(0.0-3.8)
2.5(0.0-15.7)
11.9(0.1-61.7)
1.5(0.0-7.8)
0.5(0.0-2.8)
0.3(0.0-1.8)
7.2(0.0-54.2)
0.3(0.0-1.5)
25.0(0.3-132.7)

6.4(1.6-20.8)
3.6(0.8-16.8)
25.0(0.1-102.3)
8.5(0.0-38.9)
0.4(0.0-2.9)
43.9(3.8-157.5)
122.5(7.8-439.6)

? Sum of all studied saccharides
" Sum of all studied carboxylic acids

statistical significance of pollutant concentrations between different
sampling sites and different seasons were conducted by One-Way
Analysis of Variance (ANOVA) test. Statistical significance was defined
as a p-value < .01. Principle component analysis (PCA) was applied in
order to visualize the overall differences. Additionally, multiple linear
regression (MLR) was applied following PCA to determine the percent
contribution of different sources to those polar organic compounds. The
relevant formula of MLR is displayed in the supporting materials.

concentrations, and the concentration range of PM, 5 and PM, s-bound
saccharides and carboxylic acids are listed in Table 1. The detailed data
for each sampling site are reported in the supplementary material
(Table $1, $2, and S3). As shown in Table 1, the annual average values
of the PM, s mass concentrations were 60.5, 55.8, and 51.6 pg/m?® for
sites SN, PP, and DJ, respectively. A one-way ANOVA showed no sta-
tistical difference in the PM 5 mass concentrations between the three
sampling sites (p > .05). Therefore, all samples were combined and

analyzed as a whole. The annual average PMz s concentration was thus

3. Results and discussion
3.1. PM, s mass concentrations

The annual average mass concentrations, seasonal mass

55.6 pg/m°®, which is lower than the Chinese pollution standard of
75 pg/m>. We found 84.3% of the total 108 daily samples to be lower
than the pollution standard. PM, s mass concentrations showed sea-
sonal variability; seasonal average PM, s concentrations decreased in
the order of winter > spring > autumn > summer with values of
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Fig. 2. Cluster analysis of 48-h backward trajectories arriving at Shanghai at a height of 500 m during (a) autumn, (b) winter, (c) spring, and (d) summer in Sep 2015-
Aug 2016. The percentage represents the ratio of the number of back trajectories in each cluster to the total number of back trajectories.

94.6 ng/m>, 50.0 ng/m>, 38.2 ng/m° and 34.4 ng/m°, respectively.
Seasonal variability in concentration is predominantly caused by sea-
sonal changes in meteorological conditions and the dominant sources of
PM;5 in a particular season. For example, processed backward trajec-
tories calculated by the Hybrid Single-Particle Lagrangian Integrated
Trajectory model inferred higher dilution of local air pollutants during
Shanghai summers due to the influence of clean oceanic winds from the
summer monsoons (Nan, 2019; Wang et al., 2009), whereas prevailing
winds from the northern continent brought aged and polluted air to
Shanghai in winter (Fig. 2). Moreover, the removal of air pollutants
may be enhanced in spring and summer due to higher precipitation (Ye
et al., 2003). Particulate pollution in China (particularly during haze
events) is largely driven by secondary aerosol formation (Liu et al.,
2019c¢). In this study, a strong linear correlation was observed between
the concentrations of PMzs and polar organic compounds (POCs)
(r = 0.73) in the Shanghai samples (Fig.S1), indicating a higher con-
tribution of polar organic compounds to particulate pollution in this
region.

3.2. Characteristics of PM, s-bound saccharides

Saccharides are an important part of organic compounds and con-
tribute 13-26% of the total mass of compounds identified in continental
aerosols (Simoneit et al., 2004b). In our study, 17 sugars (alcohols)
were quantified, including 3 anhydrosugars, 7 primary sugars, and 7
sugar alcohols. The annual average concentration of the total sacchar-
ides in PMa5 was 184.9 ng/m°>, and all of the samples ranged between
15.3 and 873.4 ng/m” (Table 1). Anhydrosugar was the most abundant
saccharide in the samples with an average contribution of 54% to the
total sugar concentration, followed by primary sugars with an average
contribution of 26%. Sugar alcohols had the lowest concentration with
an average contribution of 20%. The contributions of the individual

sugar groups to the total sugar concentration varied seasonally, with
higher percentages of anhydrosugars and sugar alcohols during winter
and higher percentages of primary sugars during spring and summer.

3.2.1. Anhydrosugar

Three anhydrosugars were detected in this study: levoglucosan
(Lev), mannosan (Man), and galactosan (Gal). Lev was the most
abundant of the three. The annual average concentration of Lev in
PM, 5 was 75.1 ng/m3 for SN, 86.5 ng/m3 for PP, and 78.2 ng/m3 for
DJ. We observed no significant differences in Lev concentrations be-
tween the three sampling sites likely due to their close proximity. This
observations also suggests a similar source of Lev in the three sites,
likely from biomass burning via long-range transport from the northern
mainland (Fraser and Lakshmanan, 2000). Lev is a superior tracer of
biomass/biofuel burning (BB) due to its source-specific generation and
atmospheric stability (Fraser and Lakshmanan, 2000; Simoneit et al.,
1999). Atmospheric Lev concentrations have been reported worldwide,
including in China (Table §4). The Lev concentrations in Shanghai were
generally lower than the reported global values, including in urban sites
in Beijing (Liang et al., 2016), Xi'an (Wang et al., 2018), Guangzhou
(Ma et al., 2009), Thessaloniki (Balla et al., 2018), in agro-industrial
regions in Sao Paulo State (Urban et al., 2014), and in urban back-
ground and suburban sites (winter) in Norway (Yttri et al., 2007).
However, Lev concentrations in this study were higher than reported
values in the Amazon basin in Brazil (Graham et al., 2003) and rural
background locations in Norway (Yttri et al., 2007) (Table S4). These
comparisons indicate that biomass burning has a lower impact on
aerosol composition in Shanghai relative to other cities around the
world. Seasonal Lev concentrations were 57.4 ng/m> in spring, 26.2 ng/
m® in summer, 47.2 ng/m® in autumn, and 194.6 ng/m® in winter.
Winter Lev concentrations were therefore significantly higher than the
other three seasons, with lowest concentrations in summer. In general,
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higher mass concentrations of anhydrous saccharides are typically ob-
served in autumn and winter due to the combustion of agricultural
waste and wood burning for heating. However, our results infer higher
Lev mass concentrations in spring relative to autumn. Backward tra-
jectory clustering analysis (Fig. 2) shows that some of the air masses
over Shanghai in spring were transported from northern China. High
concentrations of Lev during spring could be ascribed to the following
process: high particulate matter from biomass burning is deposited and
frozen in soil in winter and becomes released to the atmosphere in
spring when the soil dries and loosens in response to warming tem-
peratures. Lev from the soil is therefore released into atmospheric
aerosols via dust and other suspension and is transported by wind. Si-
milar results have also been reported by Shen et al. (2018).

Man and Gal were much lower in concentration relative to Lev but
showed similar seasonal and spatial variability. A strong positive cor-
relation was observed between the three studied anhydrosugars
(r > 0.95, Fig. S2) potentially inferring similar sources. The annual
average PM, 5 concentrations of Man and Gal in all samples was 6.2 ng/
m? and 3.5 ng/m?, respectively. We assessed the concentration ratios of
the different anhydrosugars (Lev/Man and Man/Gal) to identify pos-
sible biomass burning categories and contributions of biomass burning
smoke in ambient aerosols (Sang et al., 2013). Table S5 shows the
anhydrosugar ratios (Lev/Man and Man/Gal) of crop residues and soft
and hardwood reported from various regions of the world. We com-
pared these global ratios with the average seasonal ratios in each site of
this study in a scatter plot (Fig. 3). According to Fig. 3, the dominant
types of biomass burning emissions in Shanghai are hardwood and crop
residue smoke.

3.2.2. Primary sugars

Seven primary sugars were detected in PMa s in this study, including
xylose, mannose, fructose, glucose, sucrose, maltose, and trehalose.
Total concentrations of primary sugars ranged from 6.7 to 286.5 ng/m>
with an average of 48.1 ng/m® Primary sugars accounted for 26%
(6%~78%) of the total saccharide concentration. The proportion of
primary sugars to the total saccharides varied in the order of summer
(40%) > spring (35%) > autumn (30%) > winter (13%). Summer
ratios were approximately 4 times that of winter, likely due to biogenic
influences. Primary sugars in aerosols are predominantly derived from
plant debris, pollen, and fungi, but minor fractions can also be derived
from biomass burning (Fu et al., 2012; Medeiros and Simoneit, 2008).

Crop residues
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Fig. 3. Scatter plot of LG/MN and MN/GA ratios from source emissions (lit-
erature values) and ambient aerosols at the three sampling sites (this study).
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Higher concentrations of primary sugars are therefore expected in the
warm season under higher rates of microbial metabolic activities and
plant growth. The annual average mass concentrations of primary su-
gars were significantly higher in PP (79.1 ng/m>) relative to SN
(29.2 ng/m®) and DJ (33.7 ng/m®); PP concentrations were more than
twice the value of SN and DJ, likely due to the higher microbial me-
tabolic activities and vegetation density in People's Park. Fructose and
sucrose were the most abundant of the primary sugars accounting for
40% and 35% of the total, respectively. Sucrose is an important sugar in
developing flower buds (Bieleski, 1995) and pollen grains (Pacini,
2000) and can also be found in some fungi and spores (Feofilova et al.,
2012). Fructose is derived from vegetation constituents (e.g., pollen,
fruits) and their detritus (Pacini, 2000; Rutledge and Adeli, 2007). The
seasonal trends of xylose had differed significantly from the other pri-
mary sugars in this study, where winter concentrations were higher
than summer. Xylose was highly correlated with levoglucosan
(r = 0.91), indicating biomass burning to be its predominant source.

3.2.3. Sugar alcohols

Seven sugar alcohol compounds were detected in our study, in-
cluding glycerol, erythritol, xylitol, arabitol, mannitol, sorbitol, and
cholesterol. The average annual concentration of total sugar alcohols
was 36.1 ng/m>, contributing 20% to the total saccharide concentra-
tion. Glycerol and mannitol were the most abundant compounds, ac-
counting for nearly 80% of the total sugar alcohols. Different com-
pounds of sugar alcohols dominated in different seasons, where glycerol
concentrations were highest in winter and mannitol concentrations
were highest in summer.

As shown in Table 1, highest glycerol content in winter is linked to
an increase in biomass burning, indicating that biomass burning is a
dominant source of glycerol (Liang et al., 2016; Wang et al., 2011). This
finding is further confirmed by the significant positive correlation be-
tween glycerol and levoglucosan (r = 0.72). The annual average mass
concentrations of glycerol was highest in PP (19.7 ng/m®), followed by
DJ (13.7 ng/m®) and SN (10.5 ng/m?); this spatial variability is ex-
pected, as glycerol in ambient aerosols are predominantly derived from
biological sources such as fungal metabolism in soils (Simoneit et al.,
2004a).

Mannitol and arabitol are produced in a number of fungal species
and are commonly used as tracers for fungal spores (Bauer et al., 2008).
Although mannitol and arabitol in the three sites were significantly
correlated (r = 0.75), we observed obvious differences in the seasonal
variability of the two sugar alcohols. The lowest concentrations of both
compounds were observed in spring, but the highest concentrations of
mannitol and arabitol were observed in summer and winter, respec-
tively. Mannitol is the most abundant saccharide polyol in nature and is
typically sourced from marine aerosols (Chen et al., 2013). As Shanghai
is affected by summer monsoons, high concentrations in summer may
be due to the transport of mannitol from oceanic winds. We observed a
low correlation between arabitol and levoglucosan (r = 0.54), which
implies that fungal spores may be emitted from biomass burning (Yang
et al.,, 2012). Biomass burning may therefore be the cause for higher
arabitol concentrations in winter.

The presence of cholesterol in aerosol samples may be attributed to
the cooking of meat (Rogge et al., 1991a). The annual average con-
centrations of cholesterol between the three sites were SN (1.5 ng/
m*) = PP (1.1 ng/m®) = DJ (1.1 ng/m®). The concentration levels of
the three sites were therefore similar. Higher cholesterol concentrations
were observed in winter, but concentrations remained relatively con-
stant throughout the rest of the year.

3.2.4. Source identification of saccharides by PCA

In this study, we performed a principal component analysis (PCA)
with orthogonal distribution and varimax rotation using SPSS (IBM,
version 23.0) to categorize the possible sources of saccharides in the
Shanghai PM,s aerosols. The contribution of each factor was
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determined by the multiple linear regression (MLR) model following
the PCA. Four factors were extracted as principal components (eigen-
value > 1), which explained 78.7% of the variance in the data (Table
S6). Factor 1 explained 33.6% of the total variance, with Lev, Man, and
Gal loadings as high as 0.9 representing biomass burning emissions.
Factor 2 explained 18.3% of the total variance, with high loadings from
primary sugars such as fructose, sucrose, and maltose representing
emissions from biological sources from plant emissions. Factor 3 ex-
plained 18.2% of the total variance, with high loadings from mannitol,
arabitol, and trehalose representing biological sources from fungal
emissions. Factor 4 explained 8.6% of the total variance and was only
characterized by glucose. Glucose in aerosol can be sourced from vas-
cular plants (Cowie and Hedges, 1984), soil microbial metabolism (Paul
and Clark, 1996), and biomass burning (Paul and Clark, 1996), and thus
factor 4 represents a mixed source.

After determining the four factors from the PCA, we performed the
MLR to determine the contribution rate of the different pollution
sources (PCA factors) to the saccharides in PMys. The dependent
variable was the total concentration of the seventeen saccharides, and
the independent variables were the factor scores. We applied a sig-
nificance level of 0.05 for the entry variable and 0.10 for the deleted
variable. The stepwise regression method was used for the multiple
linear regression analysis. The results of the MLR infer that the con-
tribution from factor 4 to the saccharides was negligible (significant
level > 0.1). Fig. 4. shows biomass combustion to be the dominant
source of saccharides in Shanghai accounting for 53%, followed by the
contribution of fungal spores at 25% and plant emissions at 22%.

3.3. Characteristics of PMz.s-bound carboxylic acids

The main carboxylic acids identified in this study were saturated n-
dicarboxylic acids, aromatic organic acids, and oxycarboxylic acids.
The sum of all carboxylic acids is referred to as the total acid con-
centrations (TACs). The annual average TACs (including all three sites)
was 122.5 ng/m®. On average, the abundance of TACs in winter was
more than double that of summer, with mean concentrations of
189.8 ng/m® and 87.2 ng/m® in winter and summer, respectively.
Higher concentrations in winter may be due to a number of meteor-
ological differences, including higher humidity, lower precipitation, a
decrease in the mixing height, and a lowering of the inversion layer.
These conditions lead to increased atmospheric concentrations of pol-
lutants as a result of poorer atmospheric diffusion rates and dilution
factors (Bernd and Simonelt, 1993; Oliveira et al., 2007). High summer
temperatures may also stimulate the conversion of organic compounds
in aerosols from particulate phases to gaseous phases (Feng et al.,
2006). In addition, the high correlation between TACs and levoglucosan
(r = 0.66) infers a dominant contribution from biomass burning during
winter.

= Biomass combustion
w Fungal spores
u Plant

Fig. 4. Contribution of each source to saccharides in Shanghai.
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3.4. N-dicarboxylic acids

In this study, we analyzed the aerosol samples for homologous series
of n-dicarboxylic acids (DCAs, C4 to C9). As shown in Table 1, the
annual average mass concentration of DCAs was 53.6 ng/m> On
average, we observed the highest concentrations for succinic (C4) and
azelaic acids (C9) (mean values: 20.6 ng/m> and 18.9 ng/m?>, respec-
tively), which each account for > 30% of the total DCA concentration.
Table S7 provides a summary of previously reported atmospheric DCA
concentrations in China and other parts of the world. We compared the
average concentrations between our data and the data from these stu-
dies. As shown in table S7, the concentration of C4 in Shanghai
(20.6 ng/m>) was higher than urban sites in Hong Kong (13.8 ng/m®,
(Ho et al., 2011)), Guangzhou (14.8 ng/m3, (Ho et al., 2011)), Fair-
banks (8.62 ng/m?, (Deshmukh et al., 2018)), and Sapporo (17.1 ng/
m? (Pavuluri et al, 2018)), but lower than urban sites in Seoul
(135.6 ng/ma, (Choi et al., 2016)), Beijing (41.9 ng/m3, (Zhao et al.,
2018)), Huangshi (48.0 ng/m®, (Liu et al., 2019a)), and 14 Chinese
cities (75.8 ng/mg, (Ho et al., 2007)). C6 concentrations (3.4 ng/mg) in
Shanghai were lower than most other urban sites, except for Fairbanks
(1.67 ng/m*) and Sapporo (2.38 ng/m?). The average concentration of
C9 (18.9 ng/m®) was comparable to levels in Hong Kong (17.0 ng/m?),
Guangzhou (15.5 ng/m?), and Sapporo (13.8 ng/m®) and was higher
than the averages of China (30.3 ng/m?), Seoul (74.1 ng/m?), Huangshi
(62.3 ng/m®), and 14 Chinese cities. The C9 concentrations were also
four times higher than those reported from Fairbanks (4.1 ng/m?).
DCAs are mainly derived from secondary oxidation. For example, C5
and C6 are predominantly produced by the photo-oxidation of cyclo-
hexene and methylene cyclohexane in the atmosphere (Kawamura and
Yasui, 2005; Miiller et al., 2007; Wang et al., 2006). This is confirmed
by the strong correlation observed between the concentrations of the
two species (r = 0.96) in this study. However, C9 is predominantly
formed by the oxidation of biogenic unsaturated fatty acids (UFAs)
(e.g., oleic acid, C18:1) (Hung et al., 2005; Kawamura and Kaplan,
1987). Therefore, C6/C9 ratios can be used to identify the source
contributions to the aerosol diacids from either anthropogenic or bio-
genic precursors (Kawamura and Yasui, 2005). The annual average
value of C6/C9 in the Shanghai samples was 0.2 (0.1-0.6), suggesting
that Shanghai aerosols are predominantly influenced by biogenic UFAs.
As a megacity, central Shanghai does not suffer from high amounts of
crop biomass burning. The observed higher C9 concentration may
therefore be sourced from the oxidation of biogenic unsaturated fatty
acids, either from plant emissions or domestic cooking (Rogge et al.,
1991b).The C6/C9 ratios in this study were lower than those reported
from other domestic and foreign cities such as the 14 cities in China
(0.6), Beijing (0.5), and Huangshi (0.9). However, the Shanghai ratios
are comparable to the ratios reported from urban areas in Sapporo
(0.17) and Seoul (0.19).

3.4.1. Aromatic acids

A group of eight PMs s-bound aromatic organic acids were analyzed,
including two phthalic acids (phthalic acid (pH) and isophthalic acid
(iPh)), two benzene-tricarboxylic acids (BTCAs) (i.e., 1,2,4-BTCA, and
1,3,5-BTCA), and four phenolic acids (i.e., 3-hydroxy benzoic acid (3-
OHBA), 4-hydroxy benzoic acid (4-OHBA), syringic acid, and vanillic
acid). The annual average mass concentration of aromatic acids was
25.0 ng/m®. Ph was the most abundant aromatic acid species in this
study, followed by 1,2,4-BTCA, and 4-OHBA. The average Ph con-
centration (11.9 ng/m?) in Shanghai was higher than Alaska (2.58 ng/
m?®) and Sapporo (3.99 ng/m®), but lower than those from other
Chinese urban sites, such as Hong Kong (33.5 ng/m®), Guangzhou
(153 ng/m®), Beijing (27.7 ng/m?), the 14 Chinese cities, and the na-
tional average for China (90.1 ng/m®) (see Table S7). According to field
measurements, pH is mainly produced by secondary photochemical
reactions of polycyclic aromatic hydrocarbons (PAHs) and is considered
a tracer for naphthalene-derived SOA. In addition to C6/C9, Ph/C9 can



G. Ren, et al

also be used as an indicator to identify the relative contributions of
anthropogenic and biogenic sources to the aerosol diacids. The annual
average value of Ph/C9 in the aerosols of Shanghai was 0.6 (0.0-3.9),
which is lower than the ratios reported for Hong Kong (1.96),
Guangzhou (9.9), Huangshi (2.23), and Gosan (5.6), and is comparable
to the ratio reported in Fairbanks (0.63) (Table S§7). These comparisons
suggest that aerosols in Shanghai are predominantly influenced by
biogenic UFAs. The ratios of C6/C9 and Ph/C9 were highest in winter
relative to the other three seasons, likely due to a reduction in the C9
concentration from biogenic sources in winter, and an increase in the
flux anthropogenic pollutants to the city via the north and northwest air
masses. The annual average concentration of 1,2,4-BTCA of the entire
Shanghai dataset was 7.2 ng/m>. A small number of studies have al-
ready reported the abundance of BTCA in our study region. Molecular
simulation and field research have shown that substances containing
aromatic rings with PAHs and black carbon can generate BTCA via the
process of photochemical oxidation. The two BTCAs in this study were
highly correlated with each other (r = 0.95) and with the concentra-
tions of C4 , C5 , C6, and Ph (r: 0.72-0.81), inferring the dominance of
secondary aerosol formation. Among the four phenolic acids, 3-OHBA,
vanillic acid, and syringic acid were similar in value, with averages of
0.8, 0.5, and 0.3 ng/m>, respectively, while the average 4-OHBA con-
centration was significantly higher at 2.5 ng/m®. Similar concentration
levels and homologue distributions were reported in a previous study in
Southern China in which phenolic acids were highly correlated (R from
0.79-0.94). Phenolic acids were strongly correlated with levoglucosan
(r > 0.9) in this study, which further confirms their origins from BB
activities. Phenolic compounds such as 4-OHBA, vanillic acid, and
syringic acid are major tracers of burning lignin (Bernd R. T. Simonelt,
1993; Simoneit, 2002). The high correlation between 3-OHBA and 4-
OHBA strongly infers 3-OHBA to also be derived from BB. The mass
ratio of syringic acid to vanillic acid (S/V) can also be used to identify
the relative contributions of the different types of vegetation used in BB
(Myers-Pigg et al., 2016). According to previous studies, the burning of
both woody angiosperms (hardwood) and non-woody angiosperms re-
sults in aerosol S/V ratios of 0.1 to 2.44, while the burning of gym-
nosperms (softwood) results in much lower ratios of 0.01-0.24 (Myers-
Pigg et al, 2016; Shakya et al., 2011). In this study, S/V ratios
throughout the sampling period ranged from 0.1 to 6.8 with an average
of 0.7, suggesting that hardwood and grass (including crop residue)
were dominant sources of BB aerosols in Shanghai. This finding is
further supported by the results derived from the anhydrosugar pyr-
olysis ratios (Lev/Man, Man/Gal) discussed in Sect. 3.2.1.

3.4.2. Oxycarboxylic acids

We identified five PM, s-bound oxycarboxylic acids, including three
hydroxyl-carboxylic acids (malic acid (hC4), glyceric acid, and tartaric
acid) and two carbonyl-carboxylic acids (glyoxylic acid (wC2) and a-
ketoglutaric acid). Glyceric acid was the dominant compound, followed
by hC4 and wC2, which together accounted for 88% (38%-98%) of the
total oxycarboxylic acid concentration. Glyceric acid is predominantly
derived from biological sources (Decesari et al., 2006). Glyceric acid is
also derived from the atmospheric oxidation of 1,3-butadiene, which
itself is sourced from automobile exhausts (as a combustion byproduct),
gasoline evaporative emissions, biomass burning, and heated cooking
oils (Jaoui et al., 2014). Malic acid (hC4) is a secondary photooxidation
product of dicarboxylic acids and is also hypothesized to be photo-
chemically generated from succinic acid (C4) via hydroxylation
(Kawamura and Ikushima, 1993). The average hC4/C4 ratio in summer
and autumn in this study were two times higher than spring and winter,
which further supports this hypothesis. Similar observations have also
been reported in urban Tokyo and Gosan (Kawamura and Ikushima,
1993; Kundu et al., 2010). Other than direct emissions, the con-
centrations of atmospheric ketoacids are predominantly controlled by
photochemical processes, particularly for small ketoacids. In this study,
wC2 was well correlated with C4-C6 (r: 0.55-0.59), which is consistent
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with the atmospheric oxidation process proposed by Ho et al. (2006)
(Ho et al., 2006).

3.4.3. Source identification of carboxylic acids by PCA

We performed PCA on the correlation matrix of the nineteen car-
boxylic acids and levoglucosan (Fig. 5 and Table $3-S4) to further in-
vestigate the sources of detected carboxylic acids. PCA identified three
components that explain 36.6%, 32.6%, and 14.8% of the total variance
(Table S8). The first factor was characterized by C4-C7, wC2, pH, iPh,
1,2,4-BTCA, 1,3,5-BTCA, and glyceric acid, which represent pollutants
mainly derived from secondary atmospheric oxidation. The second
factor was characterized by 3-OHBA, 4-OHBA, vanillic acid, syringic
acid, and Lev, which represent pollutants mainly derived from biomass
burning emissions. The third factor was characterized by C9, hC4, and
tartaric acid. C9 is primarily derived from the atmospheric photo-
chemical oxidation of biogenic unsaturated fatty acids emitted from
plants. Combined, factor 3 represents pollutants derived from plant
emissions.

4. Conclusion

Total of thirty-six PM, s-bound polar organic compounds (nineteen
dicarboxylic acids and seventeen saccharides) were quantitated from
September 2015 to August 2016 in central of Shanghai, China. The
concentration and the chemical composition of PM, s in three sampling
sites within central of Shanghai showed significant seasonal variation
but no spatial variation. PM- s mass and major PM» s-bound POC con-
centrations showed seasonal variations with significant higher con-
centrations in winter than in other three seasons. Higher concentrations
in winter could be attributed to more aged and polluted air which was
transported into the region by the prevailing wind from the northern
continent, especially for POCs that is greatly affected by biomass
burning. The content of levoglucosan was the most abundant among the
saccharide compounds of PM, 5, with the annual average concentration
of 80.0 ng/m>. The results of positive matrix factorization analysis
suggested that saccharides compounds in atmospheric PM,s in
Shanghai could be derived from biomass burning, plant, fungal spore,
as well as other mixed source emissions. The annual average con-
centration of total acids concentration is 122.1 ng/m® with C4, pH and
glyceric acid were found as the most abundant saturated n-dicarboxylic
acids, aromatic organic acids and oxycarboxylic acid in Shanghai PM, 5,
respectively. Ratios of C6/C9 and Ph/C9 in Shanghai were lower than
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other cities indicating that it had more influenced by biogenic UFAs.
The PCA results showed that secondary aerosols(both from anthro-
pogenic and biogenic sources)and biomass burning emissions were the
most important sources of carboxylic acids in Shanghai.
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