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Abstract: To provide a comprehensive understanding of carbonaceous aerosol and its role in the haze
formation in the Central Plains Urban Agglomeration of China, size-segregated particulate matter
samples (PM1, PM2.5 and PM10) were continually collected from 20 December 2017, to 17 January 2018,
in Xinxiang, the third largest city of Henan province. The results showed that the mean mass
concentrations of PM1, PM2.5 and PM10 were 63.20, 119.63 and 211.95 µg·m−3, respectively, and the
organic carbon (OC) and elemental carbon (EC) were 11.37 (5.87), 19.24 (7.36), and 27.04 (10.27) µg·m−3,
respectively. Four pollution episodes that were categorized by short evolution patterns (PE1 and PE3)
and long evolution patterns (PE2 and PE4) were observed. Meteorological condition was attributed to
haze episodes evolution pattern. Carbonaceous components contributed to PE1 and PE2 under drier
condition through transportation and local combustion emission, while they were not main species in
PE3 and PE4 for haze explosive growth under suitable RH, whatever for the short or long evolution
pattern. The atmospheric self-cleaning processes were analyzed by a case study, which showed the
wet scavenging effectively reduced the coarse particles with a removal rate of 73%, while it was
not for the carbonaceous components in fine particles that is hydrophobic in nature. These results
highlight that local primary emissions such as biomass combustion were the important sources for
haze formation in Central China, especially in dry conditions.

Keywords: PM; particle size; carbonaceous compositions; haze episode; wet scavenging

1. Introduction

The frequent outbreaks and unprecedentedly high particulate matter (PM) concentrations of haze
pollution during winter in China has drawn worldwide attention. The health hazardous of PM is
size-dependent [1,2], due to its inhalable and adverse effects on the respiratory and cardiovascular
system [3]. Besides, distinctive physical or chemical processes are associated to particle size [4,5],
especially for the chemical components of a given size, such as carbonaceous species [6], which are
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closely related to a variety combustion processes and their secondary transformation [7–9]. However,
the unpredicted temporal and spatial variations in PMs’ atmospheric dynamics makes each PM
pollution event totally different, even if one pollution event contains the same chemical components as
another. Therefore, insight into the concentration of PM size distribution and carbonaceous components
are crucial to recognize the influence of the physical and chemical development of aerosol properties
during the haze formation process [10].

The temporal pollution characteristics and source apportionment of haze in winter have been
extensively reported in recent few years in China (e.g., [11–13]). For example, the peak value of
PM10 (aerodynamic diameter 10 µm and smaller) appeared in spring in northwest area of China,
such as Yulin [11], because of the frequent sand storms in Asia. In comparison, PM2.5 and PM1

(aerodynamic diameter 2.5 or 1 µm and smaller, respectively) showed similar seasonal variations
with high value in winter in most cities of China [12]. It seems to be more complex for PM diurnal
variations. A bimodal pattern was observed in most cities of north China due to morning and evening
rush hour. A unimodal pattern associated with morning rush hour was observed in the central
aera. While no clear pattern was observed in south China [13]. Therefore, the underlying aerosol
formation mechanisms are so complicated that no universal controlling measurement could be used
to mitigate PM fast and effectively. At present, various analogy methods aiming to comprehensively
understand the haze formation mechanism and processes had been reported in previous studies,
but haze-episode-based analysis was more effective to unveil the nature and differences between
each haze pollution. For example, fine PM is the main contributor of the two most serious haze
pollution episodes in eastern China in winter [14]. By further categorizing these into wet and dry
haze, the key chemical species was attributed to sulfate in wet haze episodes and nitrate in dry
haze episodes in Changzhou, a developed city in eastern China [15]. No doubt that the triggers are
highly episode-dependent, especially for the secondary aerosol formation process in atmospheric
PMs. Usually, carbonaceous aerosols constitute a substantial fraction of the atmospheric particles
in China, accounting for approximately 20–50% of the PM2.5 mass [16–18], even higher in PM1 [19].
The Carbonaceous aerosols could change radiative forcing, then result in climate change. In addition,
exposed in the toxic carbonaceous species longer, such as polycyclic aromatic hydrocarbons (PAHs)
and polychlorinated biphenyls (PCBs), have the potential to increase human carcinogenic risk [20].
It is noteworthy that most carbonaceous species are anthropogenic, which could be divide into
organic carbon (OC) and elemental carbon (EC). EC released directly through the combustion process
is the main light-absorbing fraction in the atmosphere and plays an important role in reducing
visibility and aerosol radiation forcing [21]. One the other hand, OC is derived not only from primary
emissions which is regarded as primary organic carbon (POC) such as coal burning, traffic and
biomass burning [22], but also from secondary organic carbon (SOC) formed by its precursors
through atmospheric chemical transformation [23]. Variations in secondary organic carbon (SOC)
and element carbon [24] were commonly attributed to atmospheric secondary formation and primary
emission. Therefore, analyzing variations in size-dependent carbonaceous components with aux
parameters on a basis of haze episodes event might facilitate to comprehensively understand each
haze formation process.

Xinxiang is the third largest city of the Henan province, which is a hotspot area of severe haze
pollution in North China with the air quality index (AQI) value frequently exceeding 500 in recent
years, approximately double 300, the highest value of National Ambient Air Quality Standard of China
(NAAQS, GB 3095-2012). Previous studies conducted at Xinxiang have demonstrated the seasonal
characteristics of PM2.5 mass concentration and its chemical components, and subsequently speculated
about the potential sources [25,26]. However, PM1 and PM10 have been seldom reported. Moreover,
it is still a challenge for local government to further mitigate PM’s mass concentration in the following
Five-Year Plan, 60% of days were clean (PM2.5 and PM10 less than 75 and 150 µm m−3, respectively,
NAAQS, GB 3095-2012), unless we can understand each haze episode or a same type of haze episodes
as much as possible. The source-related, size-segregated mass concentrations and their carbonaceous
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components, and dynamic relationships among them may give us clues on the underlying mechanism
for each haze episode. Unfortunately, it remains unclear. Therefore, a monthly field measurement was
conducted in Xinxiang from December 2017 to January 2018, with the following expectation: (1) to
illustrate the characteristics of mass concentration and the carbonaceous components in PM1, PM2.5

and PM10; (2) to interpret the underlying processes of haze formation in different haze episodes.

2. Materials and Methods

2.1. Site Description and Sampling

The winter sampling campaign was conducted on the top of Tianjiabing teaching building (30 m
above the ground) the campus of Henan Normal University (35◦19′29”N, 113◦54′27”E; Figure 1.).
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PM1, PM2.5 and PM10 samples were simultaneously collected using three mid-volume air samplers
at a rate of 100 L/min (TH-150C; Tianhong Company, Wuhan, China). In order to avoid flow rate
decrease due to too much particle mass accumulated in the filter, two filter samples for each particles
size were collected onto pre-baked (450 ◦C, 4.5 h) quartz fiber filters (Φ90 mm, Pall) every day from 08:00
to 19:30 in the daytime and from 20:00 to 07:30 in the following day for the nighttime, respectively; thus,
a total of 87 aerosol samples were collected from 20 December 2017 to 17 January 2018. Before sampling,
the filters were conditioned at 25 ± 0.5 ◦C and 50 ± 2% relative humidity for 48 h using a microbalance.
All the filters were weighted using a microbalance with a resolution of 10 µg (XPE205; Mettler-Toledo,
Switzerland) before and after sampling. After that, samples were kept in a deep freezer at −20 ◦C until
chemical analysis.

2.2. Measurement

The OC and EC were determined on a 0.296-cm2 rounded quartz filter punch through the DRI
Model 2001 Thermal/Optical Carbon Analyzer with IMPROVE_A (Interagency Monitoring of Protected
Visual Environment) protocol. The quartz filters were heated in a non-oxidizing helium (He) tube
in four temperature gradients (120, 250, 450 and 550 ◦C) to analyze the OC1, OC2, OC3 and OC4,
respectively. Then, the temperature was raised stepwise to 550, 700 and 800 ◦C with 2% oxygen (O2)
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added, in order to analyze the EC1, EC2 and EC3, respectively. The gas generated under the above
temperature gradients was oxidized to CO2 via the oxidation furnace (MnO2), converted to CH4 under
the reduction environment, and the carbon content was determined using a flame ion detector (FID).
The pyrolysis OC [27] was defined as the carbon that combusted after the initial introduction of oxygen
and before the laser reflectance signal achieved its original value [17], and the OP was assigned to
the OC fraction. According to the IMPROVE_A protocol, Total carbon (TC) was defined as OC + EC,
OC was defined as OC1 + OC2 + OC3 + OC4 + OP, and EC was defined as EC1 + EC2 + EC3-OP.
According to the study conducted by Han, Cao [28], Char-EC is defined as EC1-OP, and Soot-EC is
defined as EC2 + EC3. Standard gas was used to calibrate the instrument every day, before and after
the sample analysis, and test the instrument blank. One of every 10 samples was randomly selected for
repeated testing. If the relative deviation of the sum of the EC and OC repeatedly tested is less than
5%, and if OC and EC are less than 10% [29], the sample analysis result is proven to be effective.

2.3. Backward Trajectories

The 48-h air mass backward trajectories that reached the sampling site (35◦19′29” N, 113◦54′27” E)
were calculated using the National Oceanic and Atmospheric Administration (NOAA) HYSPLIT-4
model. The meteorological data (1◦ × 1◦ latitude-longitude horizontal resolution) introduced into
the TrajStat software was acquired from the Global Data Assimilation System (ftp://arlftp.arlhq.noaa.
gov/pub/archives/gdas1/). The 48-h air mass back trajectories were calculated at a height of 500 m for
every sampling day, starting at 00:00. The cluster analysis was based on the 48-h backward trajectories,
which were categorized into four clusters for each season.

2.4. POC and SOC

EC is inert in the atmosphere, and might be a tracer for POC [30]. Due to the lack of an analytical
technique for directly quantifying the atmospheric concentrations of POC and SOC, the OC/EC
minimum ratio method, which relies mainly on the ambient measurement of OC and EC, has received
widespread application [31]. However, this approach can only be employed when the ratio of
(OC/EC)min can be assumed to remain reasonably constant during the sampling campaign [32].
Furthermore, the meteorology remained constant during the sampling period. Hence, the following
Equations (1) and (2) can be obtained for the semi-quantitative estimation of POC and SOC:

POC = EC×
(OC

EC

)
min

, (1)

SOC = OC− EC×
(OC

EC

)
min

, (2)

where (OC/EC)min is the minimum OC/EC ratio of the ambient aerosol.

3. Results and Discussion

3.1. Mass Concentrations of PM and Meteorological Condition

Figure 2 depicted the temporal variations of the mass concentrations of PM1, PM2.5 and PM10 in
the winter of 2017. The daily mean mass concentrations were 63.20 (range of 15.05 to 146.79) µg·m−3

for PM1, 119.63 (range of 19.62 to 248.06) µg·m−3 for PM2.5 and 211.95 (range of 73.34 to 466.41) µg·m−3

for PM10, respectively, which decreased by approximately 50% compared with those reported in the
wintertime of 2015 and 2016 (224 and 223µg·m−3, respectively). Nevertheless, 69% of the sampling
days were still recognized as polluted days, with a daily average PM2.5 exceeding 75 µg·m−3, and there
were nine days with a daily average PM2.5 exceeding 150 µg·m−3. This indicated it was still heavily
polluted and necessary to further mitigate in the future.

ftp://arlftp.arlhq.noaa.gov/pub/archives/gdas1/
ftp://arlftp.arlhq.noaa.gov/pub/archives/gdas1/
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Figure 2. Concentration of particle mass in PM1, PM2.5 and PM10. 
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It has been widely accepted that specific meteorological conditions facilitate haze formation,
such as high relative humidity (RH), low wind speed (WS) and temperature inversion condition,
especially in wintertime in north China [33]. High RH is favored by atmospheric chemical reactions
in the dry season, and then accelerates the PM2.5 retention in low WS or temperature inversion
conditions [34]. Accordingly, in the present study, the mean RH and WS in the periods of PM2.5

exceeding 150 were 65% and 1.1 m·s−1, respectively (Figure S1). This is consistent to other studies in
Zibo (WS of 1.1 m·s−1 and a RH of 55%) [35] and Zhengzhou (2.0 m·s−1 and the RH of 50–65%) [36]
in the North China Plain. This suggested that meteorological conditions were important factors to
contribute to heavy haze formation.

3.2. Characteristics of the Four Pollution Episodes

The haze episode definition in this study referred to a previous study by Tan, Hu [37]. Briefly,
a complete haze episode is defined as the mass concentration of PM2.5 starting from less than
50 µg·m−3, up to a peak of more than 100 µg·m−3 and subsequently ending at less than 50 µg·m−3

again. We obtained four episodes that were 20–24 December 2017 (PE1), 24 December 2017–3 January
2018 (PE2), 3–8 January 2018 (PE3), and 10–17 January 2018 (PE4), respectively. Notably, PE4 was not a
complete pollution episode without the concentration of PM2.5 decreasing to less than 50 µg·m−3 due
to failure sampling after January 17.

The mean mass concentrations of PM1, PM2.5 and PM10 in the four pollution episodes were
in the range of 59.69 to 192.32 µg·m−3, 79.35 to 232.37 µg·m−3, 33.78 to 122.34 µg·m−3, and 59.85 to
257.19 µg·m−3, respectively (Figure 2). According to durations and the peak values of PM2.5 (Table 1),
the four PEs can be categorized into two short evolution pattern events (lasting for 5–6 days with
relatively lower peak PM2.5 concentration for PE1 and PE3) and two long evolution pattern events
(lasting for approximately 10 days with higher peak PM2.5 concentration for PE2 and PE4). The PM2.5

to PM10 ratio showed the same increase tendency to all four PEs as the elevation of PM2.5 (from
35.2% to 60.0%), which suggested the predominant contribution of fine particles on the developing
of haze pollution. However, compared to a previous study in Beijing [37], the duration of the long
evolution pattern was longer (11 vs. 9), but the peak concentrations of PM2.5 were lower than in
Beijing (250 vs. 310 µg·m−3). This was most likely attributed to the different key chemical compositions
and atmospheric chemistry processes between the two cities, especially in the extensity of secondary
inorganic and organic formation.
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Table 1. Characteristic of the four pollution episodes.

Pollution Episode 1 2 3 4

Period 12/20–12/24 12/24–1/3 1/3–1/8 1/10–1/17
Duration time (day) 5 11 6 >8

Average growth rate of PM1 (µg·m−3
·day−1) 25.0 25.2 11.6 2.1

Average growth rate of PM2.5 (µg·m−3
·day−1) 42.3 31.6 17.7 26.0

Average growth rate of PM10 (µg·m−3
·day−1) 56.8 34.8 10.2 14.5

In order to obtain more information on the four PEs, variation in the growth rate of size-dependent
PM in each episode was calculated (Table 1). All three size fractions increased and were comparable
in PE1 (25.0, 17.3 and 14.5 µg·m−3 for PM1, PM1–2.5 and PM2.5–10, respectively), while a predominant
increase appeared for PM1 (25.2 µg·m−3) in PE2. The air mass wiggled between the south of Henan
province and the south of Hebei province on 22–23 December in PE1 (Figure S2a), which facilitated
the accumulation of PMs transported in the study area. However, the relatively clear and humid air
mass from the south on December 27 and stable meteorological conditions appeared on the following
December 28 in PE2, which most likely pointed to a heterogenous reaction under high local primary
emission (Figure S2b). On the contrary, a predominant increase rate was observed for PM1 (11.6 µg·m−3)
in PE3, which may be attributed to the aerosol merging effect in ice crystal. Differently, for PE4,
the growth rate of PM2.5 (26.0 µg·m−3), especially for PM1–2.5 (23.9 µg·m−3) was significantly higher
than that of PM10 and PM1. This was typically a feature of the secondary reaction and hygroscopic
growth of PMs under stagnant conditions with high RH (58.2%) and low WS (0.82 m·s−1) (Table S1).
The detailed reasons for this will be discussed in Section 3.3. Besides all four PEs, a lasting three
days of snowfall was observed on 2–4 January. Subsequently, the PM2.5–10 mass decreased by 75%.
The effective clearance of the coarse particles by wet scavenging was consistent with a previous study
in Beijing, which showed that the removal effects through precipitation are positive for both PM2.5 and
PM2.5–10, and the efficiency is 19.1–68.5% and 31.7–86.3%, respectively [38].

3.3. OC and EC Fractions

The average mass concentration of carbonaceous components (OC and EC) in PM1, PM2.5 and
PM10 were 11.37 and 5.87, 19.24 and 7.36µg·m−3, and 27.04 and 10.27µg·m−3 during the whole sampling
days, respectively (Figure 3). For the four PEs, both the mean OC and EC concentrations of PM1, PM2.5

and PM10 in PE3 were the lowest, with values in range of 6.59 to 12.39 µg·m−3 and 3.60–6.41 µg·m−3,
respectively. While both OC and EC values were comparable in other three PEs, with values
approximately double that in PE3 (Table 2). The proportion of TAC (TAC = OM + EC, OM (organic
matter) = 1.6×OC [39]) in PM1, PM2.5 and PM10 ranged from 25.4% to 59.7%, 17.2% to 58.1%, and 11.1%
to 38.7%, with an average proportion of 43%, 36% and 26%, respectively. The decreasing trend with
particle size increasement was consistent to that in previous study, which reported TAC accounted for
59.2% of PM0.1, while it was 44.6% and 43.8% of PM2.5 and PM10 in Vietnam [40]. The variation in
size-dependent OC and EC concentration in these four PEs are discussed in the following three sections.
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Table 2. Concentration and range of carbonaceous components in PM1, PM2.5 and PM10 in the four 
PEs. 

PE 
PE1 PE2 PE3 PE4 

PM1 PM2.5 PM10 PM1 PM2.5 PM10 PM1 PM2.5 PM10 PM1 PM2.5 PM10 
TC (μg·m−3) 18.29 26.92 37.78 19.90 31.62 40.50 10.46 11.46 18.52 17.57 30.82 46.26 
OC (μg·m−3) 11 20.23 28.33 12.95 23.07 28.75 6.59 7.86 12.39 11.52 22.03 34.54 
EC (μg·m−3) 5.54 6.71 9.70 6.95 8.54 11.76 3.60 3.87 6.14 6.06 8.79 11.72 

POC (μg·m−3) 8.07 10.87 14.38 10.13 13.83 17.43 5.63 5.83 9.10 8.82 14.23 17.37 
PC (μg·m−3) 13.52 17.58 24.08 17.08 22.37 29.19 9.23 9.7 15.24 14.88 23.02 29.09 

SOC (μg·m−3) 4.69 9.36 13.95 3.11 10.17 11.32 0.96 2.03 3.95 2.69 7.80 17.18 
SOC/OC 34% 46% 45% 19% 38% 37% 15% 26% 23% 23% 34% 42% 
TAC/PM 46% 51% 28% 36% 37% 26% 46% 24% 23% 44% 32% 26% 
OC/EC 2.22 3.06 2.77 1.85 2.83 2.42 1.80 2.19 1.98 1.92 2.48 2.72 
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Table 2. Concentration and range of carbonaceous components in PM1, PM2.5 and PM10 in the four PEs.

PE
PE1 PE2 PE3 PE4

PM1 PM2.5 PM10 PM1 PM2.5 PM10 PM1 PM2.5 PM10 PM1 PM2.5 PM10

TC (µg·m−3) 18.29 26.92 37.78 19.90 31.62 40.50 10.46 11.46 18.52 17.57 30.82 46.26
OC (µg·m−3) 11 20.23 28.33 12.95 23.07 28.75 6.59 7.86 12.39 11.52 22.03 34.54
EC (µg·m−3) 5.54 6.71 9.70 6.95 8.54 11.76 3.60 3.87 6.14 6.06 8.79 11.72

POC (µg·m−3) 8.07 10.87 14.38 10.13 13.83 17.43 5.63 5.83 9.10 8.82 14.23 17.37
PC (µg·m−3) 13.52 17.58 24.08 17.08 22.37 29.19 9.23 9.7 15.24 14.88 23.02 29.09

SOC (µg·m−3) 4.69 9.36 13.95 3.11 10.17 11.32 0.96 2.03 3.95 2.69 7.80 17.18
SOC/OC 34% 46% 45% 19% 38% 37% 15% 26% 23% 23% 34% 42%
TAC/PM 46% 51% 28% 36% 37% 26% 46% 24% 23% 44% 32% 26%
OC/EC 2.22 3.06 2.77 1.85 2.83 2.42 1.80 2.19 1.98 1.92 2.48 2.72

Char-EC/Soot-EC 6.97 7.88 6.77 6.54 6.87 10.13 4.74 4.24 5.39 6.82 10.67 8.52

3.3.1. Effect of PMs Accumulation by Transportation and Local Emission in PE1 and PE2

The growth rates of OC in PE1 were comparable for PM1 and PM1–2.5, with values of 5.18 and
2.84 µg·m−3

·day−1, respectively (Table 3), which come up to 21% and 16% of the mass growth rates of
PM1 and PM1–2.5. The values increased up to 27% and 23% if we calculated TC growth rate to PM1

and PM1–2.5 mass. Interestingly, the percentages of TC in PM1 and PM1–2.5 mass were 30% and 24%,
respectively, on the day of peak concentration. Additionally, the three sizes of PM mass concentration
had similar increase rates. All this does not seem to take place chemical reaction rather than a physical
process. Considering that the air mass wiggled on 23 December in PE1 combined with SOC increasing
in PM1 fraction, we confidently speculated that a strong aerosol aging process took place during fully
mixing with the polluted air from the south of Henan, west of Shandong and south of Hebei in PE1
(Figure S2a). In addition, the proportion of the four components of OC (OC1, OC2, OC3 and OC4) in
TC during the formation of pollution was relatively stable in PE1 (Figure 4; since the content of EC3
and optical pyrolyzed OC (py) components are too low and the proportions are negligible, they are not
in consideration), which was also a partly proof of the full mixing effect of air masses.
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Table 3. The growth rate of OC, SOC, POC and PC of PM1, PM2.5 and PM10 in 4 PEs.

Sizes PE1 PE2 PE3 PE4

Average growth rate of OC (µg·m−3
·day−1)

PM1 5.18 3.67 2.27 1.75
PM2.5 8.02 3.47 1.54 3.99
PM10 9.31 2.89 1.70 3.27

Average growth rate of SOC (µg·m−3
·day−1)

PM1 2.65 1.46 0.27 0.12
PM2.5 3.47 1.93 0.60 2.27
PM10 5.03 1.58 0.99 1.66

Average growth rate of POC (µg·m−3
·day−1)

PM1 2.53 2.22 1.19 1.63
PM2.5 4.55 1.54 0.94 1.72
PM10 4.64 1.30 0.71 1.61

Average growth rate of PC (µg·m−3
·day−1)

(increased to the maximum)

PM1 4.27 4.21 1.67 2.42
PM2.5 7.36 9.85 1.29 4.67
PM10 7.27 7.27 0.99 4.27
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EC and POC are both mainly produced by primary emissions [41–43]. Therefore, summation of
EC and POC could be regarded as the primary emission carbon (PC). The mean PC concentrations
were 17.08, 22.37 and 29.19 µg·m−3 for PM1, PM2.5 and PM10, respectively. The concentration as well
as the growth rate of PC in PE2 was clearly higher (4.21 in PM1, 9.85 µg·m−3

·day−1 in PM2.5 and
7.27 µg·m−3

·day−1 in PM10, respectively) (Table 3). Eventually, the ratios of TC to PM were 20% and
35% in the day with peak PM1 and PM2.5 mass concentration, with 81% and 78% contribution from PC.
These indicated that local primary emission pollution has an important contribution to the formation
of PE2. Through higher ratios of Char-EC/Soot-EC (ranging from 2.93 to 11.17 µg·m−3 for PM1, 2.38
to 18.67 µg·m−3 for PM2.5, and 4.95 to 17.04 µg·m−3 for PM10, with an average ratio of 6.54, 6.87 and
10.13 µg·m−3, respectively) (Table 2), we speculated that the incomplete combustion process from
heating, such as biomass burning [44–46], or the difference in coal types, such as bituminous coal [46],
need to be paid more attention in the controlling strategy. In summary, these results highlighted the
accumulation effect on transportation and local primary emission under low RH condition.

3.3.2. Effect of Photochemical Reaction and Hygroscopic Growth in PE3 and PE4

Different to PE1 and PE2, the RH was relatively higher in PE3 and PE4. Carbonaceous components
were predominantly in PM1, accounting to 37% and 39% in the day with peak PM1 mass concentration
in PE3 and PE4, respectively. For PE3, it started after a snowfall. The temperature was below 0 ◦C
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and RH was 84%. In ice dominant condition, carbon components as ice cores could grow through ice
collision, leading to aerosol aging [47]. This maybe the reason we overserved such high contribution
of TC to PM1 mass. However, the situation changed in PM1–2.5, with only 2% contribution to PM
increasement. Considering high RH and more radiation in clear air, a strong photochemical reaction or
heterogenous reaction with SO2 or NO2 took place, which contributed to the fast increase of PM2.5.

In PE4, carbonaceous components contributed to 13% PM2.5 increasement. Although it was higher
than that of PE3, it was 46–63% lower than that of PE1 and PE2. Moreover, the SOC growth rates were
predominantly in PM2.5 with a value of 2.27 µg·m−3

·day−1 (Table 3). Although an increase in SOC
dominance occurred in PM2.5, the low percentile of SOC to PM2.5 did not seem to contribute to such an
explosive growth in PM2.5 mass. Other components should contribute more in PE4, such as secondary
inorganic aerosol through heterogenous reaction and hygroscopic growth. A previous study revealed
that the particle size rapidly increased when the relative humidity exceeded 50% [48]. The liquid water
not only satisfied the demand for the hygroscopic growth of PM, but also facilitated heterogeneous
reactions for forming more secondary aerosols, and subsequently accelerating hygroscopic growth,
eventually accounting for 48% of the total secondary organic aerosols [49]. In PE4, the average
wind speed was 0.82 m·s−1 and the average relative humidity was 58.2%. Long-term stagnant and
high-humidity meteorology conditions promoted the non-carbonaceous components to grow into
PM1–2.5 through hygroscopic growth. In summary, these above clues strongly point to the influence
of hygroscopic growth of PM and the heterogeneous secondary reaction from non-carbonaceous
components on the formation of haze in suitable RH condition.

3.3.3. Effect of Wet Scavenging

When the emission of pollution sources was stable, meteorological conditions were the important
factors that affected the concentration of PM and its components, such as the atmospheric self-cleaning
processes by rainfall or snowfall [50]. The scavenging activity of snowfall is a crucial indicator of air
quality improvement in winter. In 2–4 January 2018, a moderate snowfall was observed in Xinxiang
lasting for three days. It is clearly showed that both OC and EC had low concentrations in PE3 (Table 2).
In particular, the concentration of OC significantly decreased on 2–4 January (Figure 3). In order to
visually show the wet scavenging effect of snowfall on PE3, three days before snowfall and other days
in PE3 was used as the pre-snowfall and snowfall period to calculate the clearance rate. The clearance
rates of OC and EC were 65% and 59% for PM1, 67% and 49% for PM2.5, and 44% and 32% for PM10,
respectively. The carbonaceous components in PM1 had the highest clearance rate, but as for the PM
mass concentration, PM10 had the highest clearance rate (59% for PM1, 64% for PM2.5 and 73% for
PM10), which indicated that wet scavenging could effectively remove coarse particles and that OC was
not predominant components in PM10. In addition, we estimated the clearance rates of POC and SOC
to further elucidate wet scavenging effect on OC. The clearance rates of POC and SOC were 59% and
90% for PM1, 49% and 85% for PM2.5, and 32% and 64% for PM10, respectively. The clearance trends
of POC and SOC for the three sizes were similar to that of OC. Notably, more than 85% of SOC was
removed in PM1 and PM2.5 through wet cleansing while POC was not. This most likely related to the
fact that SOC was composed of more hydrophilic components [50–54]. Witkowska [51] found that
precipitation was the most effective form of atmospheric cleansing of water soluble organic carbon
(WSOC) contained in PM1 and PM2.5 aerosols, and snow and rain cleaned WSOC more effectively
when precipitation lasted longer than 24 h. Accordingly, it has been reported that 10–80% of the OC in
aerosols is composed of WSOC [52–54]. On mid-latitude areas, wet deposition can remove as much as
80% of the carbonaceous aerosols [55]. Compared with OC, the influence of snowfall events on the EC
concentration was relatively lower, which may relate to that EC has a longer atmospheric residence
time than OC as its smaller size [56,57].
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4. Conclusions

The daily mean mass concentration of PM1, PM2.5, and PM10 were 63.20, 119.63 and 211.95 µg·m−3,
respectively. The average mass concentrations of OC and EC in PM1, PM2.5 and PM10 were 11.37 and
5.87, 19.24 and 7.36, and 27.04 and 10.27 µg·m−3, respectively. The average proportions of TM for
the three particle sizes of PM1, PM2.5 and PM10 were 43%, 36% and 26%, respectively. These results
revealed that the carbonaceous components in fine particles is high, and decrease along with the
increase in particle size.

These four episodes were categorized as a short evolution pattern (PE1 and PE3) and a long
evolution pattern (PE2 and PE4). Unstable metrological conditions, such as air mass frequently
fluctuating or heavy wind blowing, was the main reason for the short evolution pattern. In comparison,
stagnant condition facilities to atmospheric chemical reaction, which would last for more days in long
evolution pattern. Carbonaceous components contributed to PE1 and PE2 under drier conditions
through transportation and local combustion emission, while they were not main species in PE3 and
PE4 for haze explosive growth under suitable RH, whether for the short or long evolution pattern.
These results highlight that local primary emissions such as biomass combustion were important
sources of haze formation in Central China, especially in dry conditions.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/10/10/3498/s1,
Figure S1: Mass concentration of PM2.5 and meteorological conditions (wind speed and relative humidity) during
sampling period, Figure S2: The backward air mass trajectories of 48 h starting form Xinxiang, (a) for PE1, (b) for
PE2, (c) for PE3 and (d) for PE4, Table S1: Meteorological parameters during the sampling period.
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