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Abstract: The mitigation of aerosol pollution is a great challenge in many cities in China, due to
the complex sources and formation mechanism of particulate matter (PM) in different seasons. To
understand the particular features of pollution in China and formulate different targeted policies,
aerosol samples of PM2.5 were collected from January to October of 2018 in Longyou. The temporal
profile of the meteorological parameters and the concentrations of water-soluble inorganic ions (WSIs)
and organic matter (OM) were characterized. An Aerodyne High-Resolution Time-of-Flight Aerosol
Mass Spectrometer (HR-TOF-AMS) was also applied to further analyze the composition of water-
soluble organic carbon (WSOC). The sources of WSOC were resolved by positive matrix factorization
(PMF) analysis. The origin of air parcels and potential sources of WSOC were analyzed using a
backward trajectory and potential source contribution function (PSCF). Winds from the northeast
dominated each sampling period, and the relative humidity did not show a significant difference.
The results showed that the proportion of OM in PM2.5 was the highest in summer and decreased in
spring, autumn, and winter in turn. Four organic aerosol (OA) factors, including a hydrocarbon-like
factor, a coal combustion factor, and two oxygenated OA factors, were identified in the WSOC by
means of PMF analysis. The hydrocarbon-like OA (HOA) contributed the majority of the WSOC
in summer, while the contribution of the coal-combustion OA (CCOA) increased significantly in
winter, suggesting the presence of different sources of WSOC in different seasons. The air parcels
from the north of China and Zhejiang province contributed to the CCOA in winter, while those
from the marine regions in the south and southeast of China mainly contributed to the HOA during
spring and summer. The weighted PSCF (WPSCF) analysis showed that the regions of east Zhejiang
province were the main contributors, which means that local and regional emissions were the most
probable source areas of WSOC. It implied that not only were the emissions control of both local and
regional emissions important but also that the transport of pollutants needed to be sufficiently well
accounted for to ensure the successful implementation of air pollution mitigation in Longyou.

Keywords: chemical composition; seasonal variation; source apportionment; regional transport

1. Introduction

Severe haze pollution events, which were mainly generated by a dramatic increase
in PM2.5, have occurred in China in recent years [1–3]. The origins of PM2.5 have received
extensive research interest, due to their impairment to human health and the economy,
even affecting climate change [4,5]. However, there were uncertainties when trying to
identify the sources of PM2.5, and the factors governing PM2.5 formation remain poorly
understood [6,7]. On the one hand, PM2.5 was not only linked with local emissions but was
also affected by regional transport [8–11]. On the other hand, the formation mechanism
of PM2.5 is complex and is influenced by the abundance of precursors, meteorological
conditions, atmospheric oxidation, etc. [12–14]. The sources and formation mechanism
could be reflected by the composition of PM2.5, to a certain extent [15,16]. Thus, it is
essential to characterize the composition of PM2.5 to gain a greater understanding of its
sources and formation mechanism.
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The composition of PM2.5 mainly includes nitrate, sulfate, ammonium, carbonaceous
species, trace elements, etc. [17,18]. However, it is a challenge to establish the concen-
trations of these species with high temporal resolution [19]. Aerosol mass spectrometry
provides a solution that can acquire the real-time concentrations of compositions in micro
or sub-micro PM [20,21]. The Aerodyne aerosol mass spectrometer (AMS) and aerosol
chemical speciation monitor (ACSM) are widely used measurement techniques for field
and laboratory studies and have been used to characterize the composition of PM in many
cities around the world [22,23].

Water-soluble organic carbon (WSOC) is an important component of atmospheric
organic aerosols (OA), which could account for 21–86% of OA [24–26] and is likely to
determine its impacts on visibility, human health, and climate [27]. Many field studies have
analyzed the concentration, relative contribution, and seasonal variation of OC in PM2.5
samples [28–30]; however, the chemical composition and sources of WSOC were scarcely
investigated, which might result in our ignorance of some sources of OA. Thus, a further
understanding of the detailed chemical composition of OA is needed to identify the most
significant emission sources [31].

A few studies have focused on the source apportionment, oxidation degree, and
formation mechanism of WSOC. For example, the authors of [32] applied an offline AMS
technique to analyze the composition of WSOC in the PM2.5 samples collected in urban
Yangzhou and five sources were identified using PMF analysis. One previous study [25]
found that the mass proportion of aqueous-oxygenated OA increased significantly in terms
of WSOA during heavy pollution periods in Beijing, suggesting WSOA formation by
means of the aqueous-phase process. Although these studies revealed sources based on the
chemical composition of WSOC, the characteristics specific to each source in the different
seasons were not known [33], and still need further study.

Longyou is a city located in the Jinqu basin in Zhejiang province, China. Due to rapid
economic development and complex emission sources, Longyou has been suffering severe
haze pollution issues in recent years. In our previous study, we investigated the effects
of meteorological conditions and regional transport on haze pollution during the winter
months in this city [34]. However, the sources and formation mechanism of PM2.5 in other
seasons were minimally investigated, and the dominant factors leading to the issues of
haze pollution were yet to be revealed.

In the present study, the PM2.5 samples collected from filters at three sites in Longyou
city during the spring (3–9 May), summer (14–20 July), autumn (17–23 October), and
winter (11 January–6 February) of 2018 were analyzed using an offline AMS technique.
The variations in atmospheric pollutants and the characteristics of chemical composition
in each season were summarized. This would improve our understanding of the local
haze pollution level and provide a scientific basis for reasonable control and supervision
measures in the future.

2. Methods
2.1. Sample Collection and Analysis

The location of the sampling sites, PM2.5 collection, and the analysis methods used
have been described in detail in our previous study [34]. To be brief, the samples of PM2.5
were collected at three sites in Longyou (as shown in Figure S1 in the Supplementary
Materials): the Jianshe building (JS), Xiajin (XJ), and Huzhen (HZ) sites. JS is located in
the center of Longyou, and is surrounded by main roads, businesses, and residential areas.
XJ is a rural site located at the west boundary of Longyou, where several plants were
producing chemical gases and steel in the west. HZ is an industrial town located on the
east boundary of Longyou. PM2.5 samples were collected simultaneously from three sites,
using samplers (Thermo Scientific, Partisol 2025i, Franklin, MA, USA) with a flow rate of
16.7 L/min, from 11:00 of one day to 10:00 the next morning. The aerosol was collected on
a quartz fiber filter (Pallex, Franklin, MA, USA) with a diameter of 47 mm and was stored
at −4 ◦C before chemical analysis. The water-soluble inorganic ions were measured via
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ion chromatography (IC, Dionex, ICS-5000, Franklin, MA, USA), and the concentration
of carbonaceous species was measured using a carbon analyzer (DRI2001A, Atmoslytic
Inc., Calabasas, CA, USA). The concentration of organic matter (OM) was estimated to
be 1.6 times that of OC [35]. The analysis procedures were similar to those reported in
previous studies (Chen et al., 2017).

It should be mentioned that the concentration of WSOC was not provided in this
study, due to the lack of a total water-soluble organic carbon (TOC) analyzer. In order to
understand the variation of WSOM in each season, the ratios of 50–82% for WSOM to OM
in other Yangtze River Delta (YRD) cities, as reported in previous studies, were applied
to calculate the concentration of WSOM [32,36]. In addition, the PM2.5 composition and
atmospheric pollutants could change as the regional transport path and meteorological
conditions change over different days and seasons. From this perspective, the sampling
period was not long enough to investigate the characteristics of PM2.5 composition for each
season. Despite these issues, we tried to analyze all the data obtained to characterize the
composition of PM2.5, so as to have a greater understanding of the sources occurring in
different seasons, as reported by a previous study [36], in which limited samples were also
collected over different seasons.

2.2. Offline AMS Analysis

A quarter of each filter loaded with PM2.5 samples was extracted in 15 mL ultrapure
water (18.2 MΩ cm) in an ultrasonic generator for 30 min at 0 ◦C. The extracts were then
filtered into the container of an atomizer (7388AGS, A&P Instruments, HK) using 0.45 µm
nylon membrane filters. Aerosols were generated by atomizing the aqueous extracts and
were subsequently dehumidified by passing through a diffusion dryer filled with silica gel.
After drying, the aerosols were sent to the inlet of a HR-TOF-AMS and analyzed by the AMS.
The temperature of the vaporizer of the AMS was set to 600 ◦C for non-refractory submicron
aerosol component measurement (including organics, nitrate, ammonium, sulfate, and
chloride) [20]. The AMS was operated in V mode, with a temporal resolution of 60 s.
Each composite sample was analyzed for ten runs to ensure the reproducibility of the
analysis. Between each sample, ultrapure water was atomized and measured via AMS to
minimize the effects of the previous sample remaining in the sampling lines and used as
a system blank. Offline AMS data were processed and analyzed using the AMS analysis
software SQUIRREL v 1.57l and PIKA 1.16l. The molar ratios of hydrogen to carbon
(H:C) and of oxygen to carbon (O:C) are determined using the improved ambient (I-A)
method recommended by the authors of [37]. A total of 111 filter samples were analyzed,
of which the data of 90 samples (14, 14, 14, and 48 for spring, summer, autumn, and winter,
respectively) were valid for subsequent analysis.

The HR-MS data matrix derived from the PM2.5 samples was analyzed using the PMF
evaluation tool (PET, v2.08D) [38,39] to resolve the different OA factors, which might be
representative of specific sources. Any ions with an S/N < 0.2 were removed from the
analysis, and the ions where the S/N was 0.2–2 were down-weighted by increasing their
error calculations by a factor of 2 [40]. The PMF solutions were resolved by the OA factor
numbers (1–6), then the solutions were evaluated by comparing the mass spectral profiles
of the output OA factors as a function of the rotational parameter (fpeak). A four-factor
solution with fpeak = 0 was selected as our best solution, which was consistent with the
previously reported standard mass spectra, as shown in Figure S2 of the Supplementary
Materials.

2.3. Regional Transport Analysis

The 48-h backward trajectories of air parcels were analyzed using the hybrid single-
particle Lagrangian integrated trajectory (HYSPLIT) model. Different arrival heights had
been chosen for the previous studies [41–43], depending on the purpose of the analysis.
Generally, heights of 500 m or greater are regarded as being in the open height of the
planetary boundary layer (PBL) and are more useful for long-range transport. An arrival



Atmosphere 2022, 13, 1968 4 of 15

height of 500 m above ground level (AGL) was chosen for target analysis, to diminish the
effects of surface friction and to consider the effects of long-range transport [44]. The input
to the model was in the form of 0.5◦ latitude-longitude gridded meteorological parameters
of the meteorological dataset from the global data assimilation system (GDAS). The 48-h
backward trajectories of the air parcels, the arrival times of which were at 19:00 (local time),
were generated for each day of the sampling periods.

PSCF analysis was also performed to reveal the potential source areas through which
the air parcels passed. The details of the PSCF model have been precisely described in
a previous study [45]. In order to reduce the uncertainty brought about by high PSCF
values corresponding to low endpoint values in some grid cells, a weighing function was
introduced into the PSCF model to better reflect the uncertainty in the values for these
cells [46,47]:

W =


1, nij ≥ 0.85 max(log (n + 1)

)
0.7, 0.6 max(log (n + 1)) ≤ nij < 0.85 max(log (n + 1)

)
0.42, 0.35 max(log (n + 1)) ≤ nij < 0.6 max(log (n + 1)

)
0.17, nij < 0.35 max(log (n + 1)

)
where nij is the total number of back trajectories passing through each ij-th cell. The
arbitrary threshold was set to be the 75th percentile of the WSOC concentration during the
sampling periods for the different seasons. The estimated WSOC concentration was the
upper bound of OC, as described in Section 3.2.

3. Results
3.1. General Characteristics of the Meteorological Conditions and Pollutant Concentrations

The temporal profile of meteorological parameters and the concentrations of gaseous
pollutants, PM2.5, and PM10 during the sampling periods are illustrated in Figure 1. The
mean temperatures were 21.9 ± 2.2, 31.5 ± 0.5, 17.2 ± 0.4, and 5.7 ± 4.4 ◦C during spring,
summer, autumn, and winter, respectively. The relative humidity, however, did not show a
significant difference and the average values were 82.6 ± 13.6, 69.7 ± 1.5, 89.4 ± 10.5, and
78.7 ± 15.5% in each season. The wind from the northeast dominated each sampling period,
and the average speeds were 1.0 ± 0.3, 1.1 ± 0.1, 0.9 ± 0.3, and 0.8 ± 0.2 m/s, respectively
(as shown in Figure S3 in the Supplementary Materials).
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concentration during the sampling periods of spring, summer, autumn, and winter.



Atmosphere 2022, 13, 1968 5 of 15

The average concentration of PM2.5 was the highest in winter (69 ± 25.6 µg/m3),
followed by autumn (37.9 ± 8.9 µg/m3) and spring (27.9 ± 10.4 µg/m3), and the lowest
value was observed in summer (12.6 ± 5.5 µg/m3). The seasonal variation of SO2 and NO2
were the same with PM2.5, indicating that the atmosphere was more polluted in winter
compared with other seasons, whereas the average O3 concentration was the highest during
the sampling periods in spring and then in autumn, followed by summer, as summarized
in Table S1 in the Supplementary Materials. The factors influencing O3 formation are yet to
be revealed in future studies.

3.2. Seasonal Variation of PM2.5 Composition

The major composition of PM2.5 was NO−
3 , NH+

4 , SO2−
4 , OM, WSOM, and EC in each

season, which took up 50–70% of PM2.5. Each component had the highest concentration in
winter, followed by autumn, spring, and summer, which is consistent with the seasonal
variation of PM2.5, as illustrated in Figure 2a. The relative contribution of each component
was different (Figure 2b). The relative contribution of the organic species was almost
equal to the inorganic species in spring (~29%) and increased in summer. However, the
percentage of organic species in PM2.5 decreased in autumn and winter, which was the
same as in previous studies [48,49]. In inorganic species, the contribution of NO−

3 , NH+
4 ,

and SO2−
4 decreased in summer compared to spring and increased in autumn and winter.

The proportions of NO−
3 and NH+

4 increased most significantly in autumn and winter,
indicating that the increase in PM2.5 was likely due to the formation of NO−

3 and NH+
4 in

these seasons. The higher levels of NO−
3 and NH+

4 in winter may be related to the higher
stability of NH4NO3 at low temperatures.
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Figure 2. (a) Concentrations and (b) relative contribution of NO−
3 , NH+

4 , SO2−
4 and carbonaceous

species during the sampling periods of different seasons. The circle and triangle dots represent the
lower and upper bounds of WSOM concentrations.

3.3. WSOC Composition, Resolved by AMS

The mass spectra of WSOC in the different seasons is illustrated in Figure S4 in the
Supplementary Materials. The mass spectra were similar among the different seasons. The
most abundant fragments were at m/z = 28, 29, 43, and 44, which were mainly from the
fragmentation of carboxylic acids, aldehydes, and ketones [50,51]. However, the fragments
of m/z > 100 were more abundant in autumn and winter compared with spring and
summer, suggesting that the composition was more complicated in autumn and winter. It
was probable that the organic aerosol had fewer primary combustion sources in spring and
summer [9], making its composition not as complicated as in autumn and winter, during
which period biomass burning and coal combustion could make a significant contribution
to organic aerosols, as shown in Figure S5 in the Supplementary Materials. The fragments
with m/z > 100 tended to have stronger signals in the biomass-burning OA and coal-
combustion OA [25]. In addition, the aqueous phase reaction and heterogeneous reaction
could also make the OA composition more complicated in autumn and winter [7,52].

The f44 vs. f43 for the WSOC during each sampling period in different seasons are
illustrated in Figure 3. The average f43 values were 0.064 ± 0.002, 0.071 ± 0.002, 0.062 ±
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0.003, 0.059 ± 0.003, and the average f44 values were 0.061 ± 0.01, 0.044 ± 0.012, 0.067 ±
0.012, and 0.063 ± 0.011 during spring, summer, autumn, and winter, respectively, showing
that the fragments of m/z = 44 in spring, autumn and winter were more abundant than in
summer, also indicating that the organic aerosols were more oxygenated [53]. The values
of f44 and f43 were all centered near the left guideline of the triangle plot and were within
the ranges of HOA (hydrocarbon-like organic aerosol), CCOA (coal-combustion organic
aerosol), COA (cooking-related organic aerosol), BBOA (biomass-burning organic aerosol)
and SV-OOA (semi-volatile oxygenated organic aerosol) reported in previous studies (as
summarized in Tables S2 and S3 in the Supplementary Materials), suggesting the likely
contributions of these sources to WSOC.
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Figure 3. Triangle plot of f44 vs. f43 during the sampling periods of different seasons. The solid
rectangles in green, red, orange, and black represent the data from the spring, summer, autumn,
and winter of this study. Other symbols represent the data of different types of organic aerosol in
the literature and the detailed information is summarized in Tables S2 and S3 of the Supplementary
Materials. The fog-OA data were from the field observation results in the San Joaquin Valley,
California. The dashed guidelines were derived from the data reported by [54]. The LO-OOA and
MO-OOA in some studies were treated as SV-OOA and LV-OOA, as suggested by [32].

The elemental ratios of atomic hydrogen-to-carbon (H:C) and oxygen-to-carbon (O:C)
in the different seasons are shown in Figure 4. The average H:C were 1.94 ± 0.05, 1.99 ±
0.04, 1.88 ± 0.06, and 1.84 ± 0.05 in spring, summer, autumn, and winter, respectively. The
O:C values showed a different variation trend with H:C. The average O:C values were 0.32
± 0.04, 0.30 ± 0.05, 0.29 ± 0.03, and 0.22 ± 0.06 in autumn, winter, spring and summer,
respectively. The high H:C and low O:C values in spring and summer suggested that the
organic aerosols were less aged compared to autumn and winter. It was likely due to the
higher proportion of less-oxidized OA in spring and summer, while the OA in autumn and
winter were more oxidized, as discussed in Section 3.2.
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The data points of H:C and O:C distribution in each season are displayed in the
VK-OSc space in Figure 5. The slopes of the fitting lines of H:C versus O:C plotted in
the VK-OSc space could indicate the aging pathways of OA [55,56]. Most of the data
points of H:C and O:C were all located in the region between the lines, with a slope = 0
and a slope = −0.5, and the slope of the linear fitting line for these data points was −0.24,
suggesting that both the replacement of the alcohol groups (–OH) and carboxylic acid
functional groups (–COOH) contributed to the formation of WSOC [56]. Compared with
previous studies, the distributions of H:C and O:C in the VK-OSc space for the different
seasons were narrower, which indicated that the composition of WSOC was similar during
the sampling periods throughout the year.

Atmosphere 2022, 13, x FOR PEER REVIEW 8 of 17 
 

 

the distributions of H:C and O:C in the VK-OS����c space for the different seasons were 
narrower, which indicated that the composition of WSOC was similar during the 
sampling periods throughout the year. 

 
Figure 5. The Van Krevelen-OS����c diagram. The meanings of the symbols are the same as those in 
Figure 3, and the detailed information is also summarized in Tables S2 and S3 in the Supplementary 
Materials. The dashed lines represent the average carbon oxidation state [57] and the slopes 
represent the different functionalization processes of organic species [56]. 

The oxidation state of carbon (OS����c ≈ 2O:C-H:C) is a useful metric describing the 
oxidation degree of organic aerosols and has been widely applied in field studies [57–59]. 
The average OS����c of the OA was the lowest in summer (−1.55 ± 0.11), followed by spring 
(−1.34 ± 0.11), while the average OS����c were similar in autumn and winter (−1.24 ± 0.12 and 
−1.27 ± 0.14, respectively) and higher than those in spring and summer, showing that the 
WSOCs were more oxidized in autumn and winter, which is consistent with the results of 
f44 vs. f43. The OS����c had similar values with the HOA and COA, although they were 
smaller than the OOAs observed in Beijing [52], Changzhou [36], and Hangzhou [60], 
suggesting that the WSOC were fresh aerosols and were derived mainly from primary 
emissions [61], especially in summer. 

3.4. Source Analysis of WSOC 
3.4.1. PMF Analysis 

Four OA factors were identified by PMF analysis, including an HOA, a CCOA, a less 
oxidized oxygenated organic aerosol (LO-OOA), and a more oxidized oxygenated organic 
aerosol (MO-OOA), as shown in Figure 6. The CxHy

+ fragments had a proportion of 84% 
in the HOA spectrum, which was higher than the results in Changzhou and Yangzhou 
[26,32], indicating that HOA was primarily from fresh emissions [61]. The O:C of HOA 
was 0.1 in this study, which is consistent with previous urban studies [62,63]. The HOA 
showed a good correlation with the C4H9

+ fragment (r = 0.72, p < 0.05), which has been 
widely used as a tracer of traffic emissions for AMS data [61,64], suggesting the likely 
contribution of traffic emission. However, HOA did not have a significant correlation 
efficiency with the daily average concentrations of NO2, especially during the sampling 
periods in autumn. On the one hand, the deficiency in HOA concentrations might 
contribute to the low correlation efficiency between HOA and NO2. On the other hand, 
NO2 included substantial interferences by NOx oxidation products [65] and was also 

Figure 5. The Van Krevelen-OSc diagram. The meanings of the symbols are the same as those in
Figure 3, and the detailed information is also summarized in Tables S2 and S3 in the Supplementary
Materials. The dashed lines represent the average carbon oxidation state [57] and the slopes represent
the different functionalization processes of organic species [56].

The oxidation state of carbon (OSc ≈ 2O : C − H : C) is a useful metric describing the
oxidation degree of organic aerosols and has been widely applied in field studies [57–59].
The average OSc of the OA was the lowest in summer (−1.55 ± 0.11), followed by spring
(−1.34 ± 0.11), while the average OSc were similar in autumn and winter (−1.24 ± 0.12
and −1.27 ± 0.14, respectively) and higher than those in spring and summer, showing
that the WSOCs were more oxidized in autumn and winter, which is consistent with the
results of f44 vs. f43. The OSc had similar values with the HOA and COA, although they
were smaller than the OOAs observed in Beijing [52], Changzhou [36], and Hangzhou [60],
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suggesting that the WSOC were fresh aerosols and were derived mainly from primary
emissions [61], especially in summer.

3.4. Source Analysis of WSOC
3.4.1. PMF Analysis

Four OA factors were identified by PMF analysis, including an HOA, a CCOA, a
less oxidized oxygenated organic aerosol (LO-OOA), and a more oxidized oxygenated
organic aerosol (MO-OOA), as shown in Figure 6. The CxH+

y fragments had a proportion
of 84% in the HOA spectrum, which was higher than the results in Changzhou and
Yangzhou [26,32], indicating that HOA was primarily from fresh emissions [61]. The O:C
of HOA was 0.1 in this study, which is consistent with previous urban studies [62,63].
The HOA showed a good correlation with the C4H+

9 fragment (r = 0.72, p < 0.05), which
has been widely used as a tracer of traffic emissions for AMS data [61,64], suggesting
the likely contribution of traffic emission. However, HOA did not have a significant
correlation efficiency with the daily average concentrations of NO2, especially during the
sampling periods in autumn. On the one hand, the deficiency in HOA concentrations
might contribute to the low correlation efficiency between HOA and NO2. On the other
hand, NO2 included substantial interferences by NOx oxidation products [65] and was also
emitted by biomass burning, especially in autumn. Therefore, NOx was not a perfect traffic
marker and HOA should also not be equated with pure vehicle exhaust in this study [66].
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time series of the four factors and the corresponding tracer ions are shown in the right panel. The
correlation coefficients (R) between OA factors and tracers are also shown.

The secondary factor also had a relatively low O:C value (0.27) and its mass spectrum
was similar to the mass profile of coal combustion organic aerosols (r = 0.86, p < 0.05). The
factor correlated well with chloride (r = 0.73, p < 0.05) and ion C9H+

7 (r = 0.89, p < 0.05), a
coal combustion tracer, suggesting that coal burning contributed to WSOC. Therefore, this
factor was defined as CCOA. It should be noted that the correlation efficiencies between
CCOA and chloride, CCOA, and m/z 115 were obtained from their concentrations during
the sampling period in winter because the concentrations of CCOA were too low in spring,
summer, and autumn.

The spectral profiles of the third and fourth factors were similar (r = 0.92, p < 0.05), both
of which were dominated by the signal intensities at m/z 28 (mainly CO+), m/z 29 (mainly
CHO+), m/z 43 (mainly C2H3O+), and m/z 44 (mainly CO+

2 ). The C2H3O+ fragment was
usually used as a tracer for LO-OOA, as suggested by previous studies [36,60,67]. The
third factor showed a good correlation with C2H3O+ (r = 0.85, p < 0.05); thus, it was treated
as LO-OOA, even though it was poorly correlated with nitrate. The authors of another
study [60] also reported that LO-OOA did not correlate well with nitrate in Hangzhou,
but they still regarded that factor as LO-OOA, based on its good correlation with C2H3O+.
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The O:C value of LO-OOA was 0.37, lower than the samples from the North China Plain
(0.38–0.84) [52,68–71] but within the range of those observed in other Yangtze River Delta
(YRD) cities (0.32–0.53) [32,36,60,67], likely due to the difference in atmospheric oxidation
in the different areas [14].

The fragments of CxHyO+
z in the fourth factor had a higher fraction than those in

LO-OOA, and the O:C value in MO-OOA was also higher. The CO+
2 fragment was often

treated as a tracer for MO-OOA, and the correlation coefficient between CO+
2 and this factor

was 0.94 (p < 0.05). Therefore, this factor was defined as MO-OOA. Similar to LO-OOA,
the O:C of MO-OOA (0.58) was lower than those observed in north China (0.78–1.3), while
they were close to that observed in Nanjing [67]. The MO-OOA had a better correlation
with sulfate (r = 0.55, p < 0.05) than with nitrate (r = 0.44, p < 0.05), which is consistent
with the results reported by the author of [67],.wherein the correlation efficiencies between
MO-OOA and sulfate and between MO-OOA and nitrate were 0.25 and 0.11, respectively.

The HOA and CCOA, which are usually considered to be from primary emissions,
made significant contributions to WSOC in the different seasons (as shown in Figure 7),
especially in summer and winter, verifying the speculation regarding the results from the
VK-OSc diagram. The fractions of the different factors in WSOC were distinguished for
each season. HOA had the highest proportion of WSOC in summer (~70%), due to the
decrease in LO-OOA and MO-OOA, compared to other seasons. The fraction of HOA
decreased and took up ~42% of the WSOC in spring and autumn, suggesting both primary
and secondary organic aerosols were important to WSOC in these seasons. CCOA had the
least share in spring, summer, and autumn, and increased significantly in winter, probably
due to the increasing demand for heating. LO-OOA had the highest fraction in spring
and decreased in other seasons. On the contrary, MO-OOA appeared to increase from
spring to winter. The authors of [22,60] and suggested that MO-OOA could be produced
via the oxidation of LO-OOA. The increase in the MO-OOA fraction might be due to the
transformation of LO-OOA to MO-OOA.
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Figure 7. The relative contribution of LO-OOA, MO-OOA, CCOA, and HOA to WSOC during the
sampling periods in different seasons.

3.4.2. Geographical Origins of WSOC

The 48-h backward trajectories of the air parcels during the sampling periods in each
season were grouped into six clusters, as shown in Figure 8. The geographical areas, which
the air parcels passed through, were divided into three parts according to their directions
relative to Longyou: north, southwest, and southeast. The trajectories of clusters 1, 2, 4, and
5 were from the north part and took up 13.5%, 37.9%, 10.8%, and 8.1% of all trajectories,
respectively, and the arrival time of the responding air parcels was mainly in winter, as
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illustrated in Figure S6 in the Supplementary Materials. It can be seen that the CCOA
made significant contributions to the aerosols from these regions, especially for inland
areas (cluster 1, 2, and 4), probably due to the increasing demand for heating in north China
during the winter. The trajectories of cluster 3, which accounted for 16.2% of all trajectories,
were from the marine area of east China, and the arrival times of these air parcels were
mainly in summer. The HOA was the dominant component in the WSOC originating from
these areas, suggesting that the aerosols were fresh and were not highly oxidized along the
transport path, which might be one of the reasons why HOA had the highest proportion
in summer. The air parcels of cluster 6, where the arrival times were mainly in autumn,
stemmed from the sea to the south of Guangdong province, and their trajectories took
up 13.5% of all trajectories. Although the HOA also had a large proportion of the WSOC,
the contribution of LO-OOA increased significantly compared to the aerosols in cluster 3,
which might be as a result of the oxidation of HOA.
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Figure 8. The simulation results of the cluster-mean trajectories during the sampling periods. The
dashed lines divide the areas through which the air parcels passed.

The spatial distribution of the WPSCF values of the WSOC for each sampling period
during the different seasons are shown in Figure 9. It can be seen that the regions around
Longyou did not seem to be potential source areas of WSOC in spring and summer because
the WPSCF values were typically less than 0.2. During the sampling period in autumn,
the areas of east Longyou appeared to be potential source regions of WSOC, with WPSCF
values of ~0.5. The WPSCF values were also high over the locations around Longyou and
east Zhejiang province in winter, indicating that these locations were likely to be source
areas of WSOC.
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4. Conclusions

The seasonal variations in atmospheric pollutants and WSOC composition were ana-
lyzed during the spring, summer, autumn, and winter of 2018 in Longyou, a city suffering
from aerosol pollution in eastern China. The highest concentration of PM2.5, with an av-
erage of 69 ± 25.6 µg/m3, was observed in winter. Correspondingly, the concentrations
of nitrate, ammonium, sulfate, OM, and EC were also the highest in winter, followed by
autumn, spring, and summer, suggesting that winter was the most polluted season in
Longyou.

Based on the spectra of WSOC analyzed by AMS, the fragments of m/z > 100 were
more abundant in autumn and winter, compared with spring and summer, which suggested
that the composition was more complicated in autumn and winter. This may be due to
the higher contribution made by biomass burning and coal burning in autumn and winter
than in spring and summer.

Four OA factors were identified via PMF analysis. The HOA had the highest propor-
tion of WSOC in summer and it decreased in autumn and winter. The relative contribution
of CCOA to WSOC could be almost ignored in spring, summer, and autumn, while it in-
creased significantly in winter, probably due to the increasing local and regional emissions
because of the increased demand for heating. The LO-OOA might transfer to MO-OOA
from spring to winter, resulting in an increase in the MO-OOA contribution in terms of
WSOC.

The air parcels from north Zhejiang province and north China during the winter
brought coal combustion aerosols to Longyou along their transport path and resulted in a
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sharp increase in CCOA. The air parcels, which originated from the sea in east and south
China in spring and summer, mainly contributed to HOA. The PSCF analyses showed that
the regions around Longyou did not seem to have significant effects on WSOC in spring
and summer, while the regions around Longyou and east Zhejiang province were potential
source areas of WSOC in the autumn and winter. It is evident that, in order to successfully
implement air pollution mitigation in Longyou, it is necessary to take into consideration
the transit of pollutants, as well as the need for controlling local and regional emissions.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/atmos13121968/s1, Figure S1: Locations of sampling sites in
Longyou; Figure S2: Summary of key diagnostic plots of the PMF results for the HR-ToF-AMS dataset
derived from the PM2.5 samples collected in different seasons: (a) Q/Qexp as a function of number
of factors selected for PMF modelling. For the four-factor solution: (b) Q/Qexp as a function of
FPEAK, (c) the box and whiskers plot showing the distributions of scaled residuals for each m/z, and
(d) the Q/Qexp values for each m/z; Figure S3: Wind frequency rose during the sampling periods
of (a) spring, (b) summer, (c) autumn and (d) winter; Figure S4: Mass spectra of water-soluble
organic carbon during the sampling periods of (a) spring, (b) summer, (c) autumn and (d) winter;
Figure S5: Fire map of areas around Longyou during the aerosol sampling period of (a) spring and
summer, (b) autumn and winter. The Fire Maps were acquired from Fire Information for Resource
Management System (FIRMS) developed by the National Aeronautics and Space Administration
(NASA). The data of VIIRS (375m) was used (https://firms.modaps.eosdis.nasa.gov/active_fire/
(accessed on 10 October 2022)); Figure S6: Arrival time (local time) of the trajectories of each cluster
during each sampling period. Different colors represent different clusters; Table S1: Summary
of average meteorological parameters, mass concentrations of atmospheric pollutants and PM2.5
composition for three sites during sampling periods in each season; Table S2: Summary of the f43, f44
and elemental ratios derived from PMF-resolved OA factors for different cities in previous studies;
Table S3: Summary of the f43, f44 and elemental ratios derived from PMF-resolved OA factors for
Beijing in previous studies.
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