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Abstract: Sulfate, nitrate and ammonium (SNA) are the dominant components of water-soluble ions
(WSIs) in PM2.5, which are of great significance for understanding the sources and transformation
mechanisms of PM2.5. In this study, daily PM2.5 samples were collected from September 2017 to
August 2018 within the Guiyang urban area and the concentrations of the major WSIs in the PM2.5
samples were characterized. The results showed that the average concentration of SNA (SO4

2−, NO3
−,

NH4
+) was 15.01 ± 9.35 µg m−3, accounting for 81.05% (48.71–93.76%) of the total WSIs and 45.33%

(14.25–82.43%) of the PM2.5 and their possible chemical composition in PM2.5 was (NH4)2SO4 and
NH4NO3. The highest SOR (sulfur oxidation ratio) was found in summer, which was mainly due
to the higher temperature and O3 concentrations, while the lowest NOR (nitrogen oxidation ratio)
found in summer may ascribe to the volatilization of nitrates being accelerated at higher temperature.
Furthermore, the nitrate formation was more obvious in NH4

+-rich environments so reducing NH3

emissions could effectively control the formation of nitrate. The results of the trajectory cluster
analysis suggested that air pollutants can be easily enriched over short air mass trajectories from local
emission sources, affecting the chemical composition of PM2.5.
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1. Introduction

In recent decades, as a result of increased urbanization and industrialization in China, air pollution,
including pollution haze, has become one of the most serious environmental problems impacting
the ecosystem, climate change, visibility and human health [1,2]. PM2.5 (particulate matter with an
aerodynamic equivalent diameter less than or equal to 2.5 µm) is one of the main factors causing haze
and as such, it has received significant research attention [3,4]. PM2.5 are complex fine particles that
are, primarily, composed of WSIs (water-soluble ions), carbonaceous species, minerals and metals [5,6].
Sulfate, nitrate and ammonium (SNA) are the major water-soluble ionic species in PM2.5 and have
been demonstrated to be associated with the process of haze formation. SNA also form the main acidic
and alkaline ions that influence the pH of PM2.5, causing environmental acidification [7,8]. Generally,
the generation of SNA depends on the gas-to-particle transformation of their precursors (such as SO2,
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NH3 and NOx) under conducive meteorological conditions, following various heterogeneous and
homogeneous reaction pathways [9,10].

Recently, studies focused on PM2.5 have been conducted in several cities in China. These studies
have mainly described the chemical characteristics of the WSIs in PM2.5 and have attempted to explore
the formation mechanisms and sources of PM2.5 [11–13]. The results of these studies have indicated
that the chemical composition of PM2.5 differs significantly based on the pollution conditions as a result
of variation in the sources or formation processes [14,15]. In particular, the concentrations of SNA have
been shown to vary with variation in their precursors or formation processes, which in turn, affects the
concentration of PM2.5 [7,16]. In addition, long-distance and short-distance transport of air pollutants
have been shown to play key roles in determining the chemical composition of PM2.5 [17,18]. It should
be noted that most observations to date have focused on a typical haze episode or samples from a
particular season and hence, our understanding of pollution patterns throughout the year is limited.
In addition, most studies have focused on large/mega cities, such as the Yangtze River, the Pearl
River Delta and the Beijing-Tianjin-Hebei region [3,4,9,11,17,19,20]. However, it has been reported that
regional differences and variation in terrain may have a significant influence on aerosol formation and
thus, the chemical characteristics and composition of aerosols may vary significantly [10]. For example,
Guo et al. [21] reported that variation in topography, climate and emission sources caused changes in
the characteristics of WSIs.

Guiyang is an important industrial city in Southwest China housing industries such as rubber,
metallurgy, energy extraction and electricity generation, among others [22,23]. The city has a large
and dense population (the population of Guiyang exceeded 4.80 million in 2017) and has experienced
a rapid increase in the level of traffic (the number of cars exceeded 0.9 million). Guiyang suffers
severe acid deposition due to the coal combustion in Southwest China over the past few decades [24];
on the other hand, Guiyang is also an important tourist resort. In recent years, with the development
of tourism and economic growth in Guiyang, the negative effects of human activities on ecological
environment have intensified [25] and there were some studies on air quality in the city [22–24].
For example, Liang et al. [22] has found that the industrial emissions, automobile exhaust and waste
incineration were the main factors affecting PM2.5 in autumn. Xiao et al. [23] has reported that SNA
were anthropogenic species, which depend on the coal consumption in Guiyang. However, most of
the aforementioned studies only focused on a typical haze episode or samples from a particular season.
Therefore, based on long-term and continuous observations, the comprehensive measurement of the
chemical characteristics of PM2.5 in Guiyang will be crucial.

This study aims to better understand the chemical characteristics of the major ions in the PM2.5,
based on continuous daily observations over a one-year period in Guiyang, Southwest China. Here,
we discuss the characteristics of PM2.5, its major ions and their seasonal variation. This study also
explores the formation mechanisms of SO4

2− and NO3
− from their gaseous precursors (SO2, NO2)

under different meteorological conditions. In addition, we conducted a backward trajectory cluster
analysis to examine the impact of regional transport on PM2.5.

2. Materials and Methodology

2.1. Description of the Location and Sample Collection

Guiyang city, the capital of Guizhou Province, is located in Southwestern China (E 106◦07′ to
E 107◦17,′ N 26◦11′ to N 27◦22′) and is surrounded by mountains [24]. The city is covered with
typical karst landforms and has a subtropical monsoon climate. The annual average temperature
is 15.49 ± 7.51 ◦C, the wind speed is 2.50 ± 0.66 m s−1, the relative humidity (RH) is about
77.72 ± 12.29% and the total precipitation was 1189.2 mm during the sampling period (Table 1)
(http://www.weatherandclimate.info/).

http://www.weatherandclimate.info/
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Table 1. The Seasonal and annual concentration of water-soluble ions and PM2.5 and meteorological
parameters during sampling in Guiyang (Mean ± SD, except the precipitation) and the precipitation
was the total values during each season.

Species Autumn Winter Spring Summer Annual Average

PM2.5 (µg m−3) 27.83 ± 19.52 45.81 ± 20.49 37.41 ± 18.03 20.95 ± 10.86 33.11 ± 20.00
WSIs (µg m−3) 17.92 ± 10.79 26.26 ± 10.94 18.61 ± 8.34 11.19 ± 4.98 18.52 ± 10.51
SO4

2− (µg m−3) 9.07 ± 4.94 10.33 ± 4.39 9.23 ± 4.20 5.81 ± 3.09 8.62 ± 4.52
NO3

− (µg m−3) 2.90 ± 3.60 5.92 ± 4.24 2.25 ± 1.99 0.79 ± 0.46 2.97 ± 3.50
NH4

+ (µg m−3) 3.04 ± 2.18 5.24 ± 2.42 3.49 ± 2.10 1.90 ± 1.17 3.42 ± 2.34
Ca2+ (µg m−3) 2.06 ± 0.90 3.18 ± 1.66 2.90 ± 1.28 2.11 ± 0.84 2.56 ± 1.30

RH (%) 79.35 ± 10.20 77.65 ± 15.68 75.73 ± 12.40 78.11 ± 10.03 77.72 ± 12.29
T (°C) 16.34 ± 5.64 5.76 ± 4.34 17.01 ± 4.37 22.95 ± 10.86 15.49 ± 7.51

Precipitation (mm) 131.2 84.5 454.5 519 -
wind speed (m s−1) 2.56 ± 0.62 2.43 ± 0.58 2.68 ± 0.86 2.30 ± 0.48 2.50 ± 0.66

The sampling site was located on Guanshui road (E 106◦44′7′′, N 26◦34′27′′) in the Nanming
district, Guiyang City (Figure 1). A total of 365 PM2.5 samples were collected on a continuous daily
basis from September 2017 to August 2018 using a KC-1000 (Laoshan Electrical Appliance Factory,
Qingdao, China) with a PM2.5 impactor. The specific flow rate was 1050 L min−1 for 23.5 h and
quartz fiber filters (8 × 10 in., Tissuquartz™ Filters, Washington, USA), which were precombusted in a
muffle furnace for 240 min at 425 ◦C, were used to remove impurities such as potential organic matter.
All PM2.5 samples were stored in a freezer at −20 ◦C until chemical analysis.
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2.2. Chemical Analysis

First, 1/8 of each PM2.5 sample filter was cut using ceramic scissors and was placed in a separate
clean 50 mL centrifuge tube; 50 mL of ultrapure water was added to each centrifuge tube [26].
Each tube containing a sample was incubated for 30 min under ultrasonication and then shaken for
30 min with a shaker, then, the tubes were centrifuged for 10 min with 2000 revolutions per minute.
Finally, the supernatant was filtered using a syringe filter with a 0.22 µm microporous membrane.
All filtrate was stored in a refrigerator at −20 ◦C to determine the concentrations of the inorganic ions.
Concentrations of the inorganic ions (Na+, NH4

+, K+, Mg2+, Ca2+, F−, Cl−, NO3
− and SO4

2−) were
measured using ion chromatography (Dionex Aquion (AQ)™, Thermo Scientific™, Massachusetts,
USA). The cations (Ca2+, Mg2+, Na+, K+, NH4

+) were determined using the IC system with a CS12A
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4 × 250 mm analytical column and the anions (SO4
2−, NO3

– and Cl−) were determined by the same
system with an AS23 4 × 250 mm analytical column.

The extraction efficiency of all ions was calculated by conducting spike-recovery checks.
The standard solution of each individual ion was spiked separately to 5 blank filters and analyzed
using the same procedure [8]. The extraction efficiency of all ions was observed to be ranging from 85.7
to 109.3%. Three blank samples were also analyzed using the same procedure and the concentrations
of the inorganic ions were found to be below the limits of quantification. In addition, the relative
standard deviation was less 6% for the reproducibility test.

2.3. The Backward Trajectories and Meteorological Data

In this study, two days’ (48 h) air mass backward trajectories were calculated using TrajStat
software [27] with GDAS (Global Data Assimilation System) data provided by the National Oceanic and
Atmospheric Administration (NOAA ARL). A total of 365 backward trajectories of the concentrations
of the main ions in the four seasons were used in further analyses. The trajectories over the four
seasons were classified into several different clusters by the K-means clustering method [28]. Four
clusters were found in the four seasons; the results will be discussed in Section 3.

In addition, the concentrations of gaseous pollutants (such as PM2.5, SO2, NO2 and O3) were
obtained from national environmental monitoring stations closest to the sampling site during the
sampling period (https://www.aqistudy.cn/).

2.4. Statistical Analyses

Statistical analysis was conducted by SPSS 16.0 (SPSS Science, Chicago, USA) and graphs were
mainly created with Origin 2018 (OriginLab Corporation, Massachusetts, USA). The t-test was used to
examine the differences different seasons in this study. Statistically significant difference was set at the
level of p < 0.05.

3. Results and Discussion

3.1. Characteristics and Seasonal Variations of PM2.5 and Major Ions

3.1.1. PM2.5

Table 1 shows the average concentration of PM2.5 in Guiyang in each season from 2017 to 2018
in Guiyang. It should be noted that the highest average concentration of PM2.5 was found in winter
and the lowest in summer. The same trend was reported in Shanghai and Heze [19,29]. PM2.5
concentration levels were mainly determined by pollution source emissions, air mass migration,
gas-to-particle partition and chemical conversion, which are all associated with meteorological
conditions [4]. In winter, local residents consume a lot of fuel (including coal) for heating, as the
temperature is low (5.76 ± 4.34 ◦C) in Guiyang; this likely results in high emission of air pollutants
(such as SO2 and NOx). In addition, there is significantly less precipitation in winter (84.5 mm) than in
summer (519 mm), hence, the scavenging of atmospheric particulate matter is likely weaker in winter
than in summer (Table 1 and Figure S1) [30].

3.1.2. Major Inorganic Ions

The annual average total concentration of WSIs was 18.52 ± 10.51 µg m−3, comprising 55.93%
(17.58–85.32%) of the PM2.5. The difference between the average total concentration of WSIs at
each season are significant (t-test, p < 0.05) and the seasons change trend as follows—summer <

autumn < spring < winter. This is consistent with the temporal trend in PM2.5 concentration (Table 1).
During the sampling period, the major inorganic ions in PM2.5 included SO4

2−, NO3
−, NH4

+ and
Ca2+, accounting for 94.87% of the total WSIs (Table 1 and Figure 2). It is worth noting that the
annual average concentration of SNA (SO4

2−, NO3
−, NH4

+) was 15.01 ± 9.35 µg m−3, accounting for

https://www.aqistudy.cn/


Atmosphere 2020, 11, 847 5 of 16

81.05% (48.71–93.76%) of the total WSI concentration and 45.33% (14.25–82.43%) of the PM2.5 mass.
Furthermore, there were strong correlations between NH4

+ and both SO4
2− and NO3

− (Figure S2),
suggesting that the possible chemical compositions of the SNA in the PM2.5 were (NH4)2SO4 and
NH4NO3, which is consistent with previous studies [31]. Interestingly, the concentration of SNA was
lowest in summer and highest in winter; the concentrations of NO3

− and NH4
+ were 2 to 7 times

higher in winter than in summer. Such seasonal variation can be attributed to the low temperature in
winter, which promotes the formation of particulate NH4NO3 from HNO3(gas) and NH3(gas), while
NH4NO3 may preferably decompose to gaseous HNO3(gas) and NH3(gas) at high temperatures in
summer [32]. The variation in NO3

− concentration could also be ascribed to the seasonality of NO2

emissions (Figures 3a and 4d) [33]. Compared with other urban studies, the current study found a
higher proportion of Ca2+ in the PM2.5, which may be related to the typical karst landforms in Guiyang
(weathering of rocks) [7,34,35].
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To further explore the characteristics of SNA under different PM2.5 concentrations, the PM2.5
concentrations were divided into eight gradients (<10 µg m−3, 10–20 µg m−3, 20–30 µg m−3,
30–40 µg m−3, 40–50 µg m−3, 50–60 µg m−3, 60–70 µg m−3 and >70 µg m−3), as shown in Figure 3.
It can be seen that the concentration of SNA in PM2.5 increased with the increases in the PM2.5
concentration (Figure 3e). Further, the growth trend of NO3

− was significantly higher than that of
NH4

+ and SO4
2− (Figure 3a–c), indicating that NO3

− has a greater effect on PM2.5 than NH4
+ and

SO4
2−; these findings are discussed in more detail in Section 3.2. In addition, the ratio of SNA to WSIs

changed only slightly with changes in PM2.5 concentration (Figure 3f), suggesting a stable contribution
ratio of anthropogenic sources under different PM2.5 concentrations.

The SNA concentrations of other cities over the world are showed in Table 2. It can be seen
that the concentrations of SNA in this study are higher than in Xishan Forest park (7.34 µg m−3) and
Qinghai-Tibet Plateau (2.06 µg m−3), where the influence of human activities is relatively small [21,36].
It indicates that the influence of the contribution of human activities on PM2.5 are significant in
Guiyang. However, it is clear that the concentrations of SNA are higher in northern than southern cities
in china, such as the Beijing (53.27 µg m−3), Tianjin (52.41 µg m−3), Shijiazhuang (75.42 µg m−3), Hefei
(38.53 µg m−3) [32,37]. This phenomenon can be attributed to the following two reasons. On the one
hand, the economic and population growth may lead to more pollutants were emission. On the other
hand, local residents consume a lot of coal for heating under the cold season. Compared with other
cities of the world, the concentrations of SNA in Guiyang are close to the Quang Ninh (14.00 µg m−3)
in Vietnam and Seoul (16.08 µg m−3) in Korea and higher than Lowa (4.01 µg m−3) in America [38],
Fukuoka (8.84 µg m−3) in Japan [39] and Masovian (5.78 µg m−3) in Poland [40], which showed more
serious pollution in Guiyang. Overall, PM2.5 pollution in Guiyang is still exists and it also need taken
to the effective control-measures to alleviate.
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Table 2. SNA ( µg m−3) of PM2.5 in different cities (regions) over China and world.

Site SO42− NO3− NH4
+ SNA Time Reference

China

Guiyang 8.62 2.97 3.42 15.01 2017–2018 This study
Kunming 6.91 2.52 2.64 12.07 2017–2018 [21]
Nanning 8.63 3.82 3.42 15.87 2017–2018 [41]
Beijing 19.44 20.32 13.51 53.27 2012–2013 [37]
Tianjin 24.26 19.62 8.53 52.41 2012–2013 [37]

Shijiazhuang 35.66 30.47 9.29 75.42 2009–2010 [37]
Hefei 15.60 15.11 7.82 38.53 2012–2013 [32]

Tibetan
Plateau 1.43 0.41 0.22 2.06 2010–2011 [36]

Xishan Forest
Park 6.10 0.43 0.81 7.34 2013–2014 [21]

Poland Masovian 2.17 2.44 1.17 5.78 2016 [40]

Japan Fukuoka 2.57 3.01 3.26 8.84 2015 [39]

America Lowa 1.64 1.58 0.79 4.01 2011–2012 [38]

India Pune 4.80 0.89 0.51 6.20 2015–2016 [42]

Vietnam Quang Ninh 9.20 1.50 3.30 14.00 2009–2010 [43]

Korea Seoul 7.39 4.75 3.94 16.08 2012–2013 [44]

3.2. Formation Mechanisms of SO4
2− and NO3

−

3.2.1. SO4
2−

As discussed above, SNA accounted for an overwhelming percentage of PM2.5 and played a key
role in varying the concentration of PM2.5. Therefore, it is important to explore the SNA formation
pathways in order to take measures to control PM2.5 loading. According to previous reports, SO4

2−

is homogeneously formed through gas-phase oxidation (SO2 + ·OH↔SO3
2−) and then H2SO4 is

formed [10,45]. In addition, aerosol-phase SO4
2− can be formed via heterogeneous reactions with

H2O2/O3 oxidation of sulfur under metal catalysis and in-cloud processes [45].
Generally, the SOR (sulfur oxidation ratio) is used as an indicator of the extent of the SO4

2−

formation process [46]. The SOR was calculated as follows:

SOR =
n(SO2−

4 )

n(SO2−
4 ) + n(SO2)

, (1)

where n(SO4
2−) and n(SO2) refer to the molar concentrations of SO4

2− and SO2, respectively. According
to a previous report, when SOR > 0.1, strong photochemical oxidation transforms SO2 to SO4

2− [47].
As shown in Figure 4a, the SOR values in this study were higher than 0.1, indicating that significant
SO2 oxidation occurred in all four seasons. During the study period, SOR varied seasonally as
follows—summer > spring > autumn > winter. The highest SOR values and the lowest SO2 level
were observed in summer, indicating stronger transformation of SO2 to SO4

2−. Meng et al. [48]
reported that high solar radiation and higher HO· concentrations are the key factors that promote
homogeneous transformation of SO2 to SO4

2−. In addition, higher O3 concentrations may contribute
to the oxidation of SO2 in summer [48,49]. The scavenging effect of precipitation on SO2 may also play
a significant role [8]. Meanwhile, highest SO4

2−, the lowest SOR and highest SO2 levels were found in
winter (Figures 3b and 4a,c). It is reasonable to assume that a large amount of SO2 would have been
emitted from coal burning and this can significantly accumulate under stagnant weather conditions
during winter [50]. Therefore, even in the case of low SOR, higher SO2 may still lead to more SO4

2−

production in winter. Additionally, lower solar radiation during winter can reduce photochemical
activity under stagnant weather conditions and inhibit the oxidation of SO2 to SO4

2− [51]. Over all,
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the higher temperature and HO· may lead to higher SOR in summer, while the much higher SO2

concentrations and stagnant weather condition will cause more SO4
2− production in winter although

the transformation were relatively low.
As shown in Figure 4, the PM2.5 concentrations were divided into eight gradients. We found

that the concentrations of SO2 and SO4
2− increased with increasing concentration of PM2.5 (Figures

3b and 4c), suggesting that the loading of SO2 and/or SO4
2− could have been a controlling factor in

PM2.5 pollution. As expected, the lowest SOR value and the highest concentration of SO2 were both
observed in the highest PM2.5 concentration (Figure 4a,c). This can primarily be attributed to lower
solar radiation and higher SO2 emissions under hazy weather.

3.2.2. NO3
−

NO3
− is mainly formed through homogeneous and heterogeneous reactions involving oxidation

of NO2 by OH radicals and hydrolysis of N2O5 [14,52]. The NOR (nitrogen oxidation ratio) is used as
an indicator of the extent of the NO3

− formation process [46]. The NOR was calculated as follows:

NOR =
n(NO−3 )

n(NO−3 ) + n(NO2)
, (2)

where n(NO3
−) and n(NO2) refer to the molar concentrations of NO3

− and NO2, respectively. The NOR
exhibited the opposite seasonal trend to the SOR—winter > autumn > spring > summer. Generally,
higher solar radiation during summer can enhance photochemical activity.

However, as shown in Figure 4b, the NOR and average temperature exhibited opposite trends.
This may be due to volatilization of nitrates being accelerated at higher temperatures [32]. Furthermore,
the NOR was highest in winter (>0.1), which indicates that more NO2 was oxidized to NO3

−. The Meng
et al. [48] has reported that the heterogeneous reactions main occur in winter and the availability of
HO· for NO2 oxidization become lower with increasing NO2 concentrations [53]. Meanwhile, relatively
higher proportions of NO2 would be oxidized by the O3, even though the O3 concentrations were lower
in winter. Additionally, RH can have a strong influence on SO4

2− and NO3
− formation, especially

when RH > 60% [54]. However, in this study, almost no correlation was observed between RH and
SOR, nor between RH and NOR. Since the RH in all seasons was above 70% and exhibited consistent
variation, it appears that RH is not the primary factor affecting seasonal variation in the SOR and NOR
in Guiyang. Similar phenomena have been reported in a previous study [8].

In the current study, the NOR and the concentrations of NO3
− and NO2 were found to increase

with increasing PM2.5 concentration (Figures 3 and 4). The possible reasons are discussed below.
Generally, NO3

− is produced by the oxidation reaction of O3 and OH. As ·OH production decreases on
hazy days, the oxidization of NO2 via the O3 pathway might increase with increasing NO2 emissions;
this could result in a higher NOR and would have a positive impact on the concentration of PM2.5 [55].
Thus, in our study, NO3

− formation may be dominated by the O3 oxidation pathway during hazy
days [53]. On the other hand, as discussed above, there were inverse relationships between temperature
and both the NO3

− and PM2.5 concentrations and more NO2 was oxidized to NO3
− in winter resulting

in an increased PM2.5 concentration. Therefore, the variation in the NOR with PM2.5 concentration
might also be ascribed to the changes in temperature.

Pathak et al. [9] has reported that when NH4
+/SO4

2−
≥1.5 (molar ratio, NH4

+-rich), NO3
− forms

via a gas-phase reaction—NH3 + HNO3 ↔ NH4NO3 and when NH4
+/SO4

2− < 1.5 (molar ratio,
NH4

+-poor), NO3
− forms via hydrolysis of N2O5 in the preexisting aerosols and the formation reaction

is as follows—N2O5(aq) + H2O(aq)↔ 2NO3
−(aq) + 2H+(aq). In the current study, 79.2% of the samples

were NH4
+-rich (NH4

+/SO4
2−
≥1.5); this is consistent with results from Chengdu in 2017 [14]. As shown

in Figure 5a, there was a significant correlation (R2 = 0.56) between the NH4
+/SO4

2− molar ratio and
the NO3

−/SO4
2− molar ratio, suggesting that the formation of NH4NO3 primarily occurred via a
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gas-phase reaction in the NH4
+-rich environment [9]. “Excess ammonium” was defined as the amount

of ammonium in excess of that required for NH4
+/SO4

2−=1.5, which was calculated as follows [9,56]:

NH4
+-excess = (NH4

+/SO4
2−
− 1.5) × SO4

2−, (3)

where NH4
+ and SO4

2− refer to their molar concentrations. As shown in Figure 5b, the correlation
between NO3

− and NH4
+-excess (R2 = 0.67, p < 0.05) was significantly stronger in the NH4

+-rich
environment than in the NH4

+-poor environment (R2 = 0.07, p > 0.05), which indicates that
homogeneous gas-phase formation of NH4NO3 was significant when there was “excess NH4

+.”
Generally, the slope of regression line between NH4

+-excess and NO3
− closed to 1, suggesting that

NH4
+-excess and NO3

− could be neutralized [7]. In this study, a shallower slope (k = 0.65) between
NH4

+-excess and NO3
− was found with the NH4

+-rich samples, which indicated that NH4
+ could not

be completely neutralized by the NO3
− and the remaining NH4

+ would affect the basicity of the PM2.5
samples [7].
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In addition, a shallower slope (k = 0.65) was found in the NH4
+-rich samples, which indicates

that NH4
+ could not be completely neutralized by the NO3

−, the remaining NH4
+ affected the basicity

of the PM2.5 samples. However, there was no linear correlation between NO3
− and the NH4

+-poor
samples, indicating that NO3

− formation was not obvious in the NH4
+-poor environment [7].

In order to further study the effect of NH4
+ on NO3

− formation, the relationship between NH4
+

and NOR was evaluated. As shown in Figure 6, there was a strong linear relationship between NOR
and NH4

+ concentration. NOR increased more quickly in the case of NH4
+ > 4 µg m−3 (Figure 6), which

indicates that the NH4
+ concentration might be an important controlling factor for the transformation of

NO2. NH4
+ is a secondary product of atmospheric NH3 and reducing NH3 emissions could effectively

control the formation of NO3
− in Guiyang [57].
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3.3. The Clustering Analysis of Backward Trajectory

3.3.1. Trajectory Clustering

Air quality is affected by local emissions and regional transport of air pollutants. Backward
trajectories are useful to assess source regions and transport pathways of PM2.5 [8]. In terms of the
seasonal changes of the air masses arriving in Guiyang, the major trajectories were divided into four
clusters in each season by k-means clustering. The obtained results are shown in Figure 7.

In autumn (Figure 7a), there was no significant difference in the proportion that each of the four
clusters of trajectories contributed to the total trajectories. Among the clusters, cluster 2 and cluster 4
originated locally in Guizhou province, accounting for 53.84% of the total trajectories. In addition,
cluster 1 (21.98%) and cluster 3 (24.18%) originated from the west of Guangxi province and the north of
Hunan province, respectively. In contrast, in the other three seasons, there were significant differences
in the proportion that each of the four clusters of trajectories contributed to the total trajectories.
In winter (Figure 7b), cluster 1 was derived from Guizhou province in conjunction with the northwest
of Guangxi province; it crossed over the southern part of Guizhou province before arriving at Guiyang
city. This cluster accounted for the highest proportion of the total trajectories (54.44%). The other
clusters originated from the north of Guizhou province, the west of Yunnan province and northwest
of Hunan province and accounted for 17.78%, 5.56% and 22.22% of the total trajectories, respectively.
In spring (Figure 7c), cluster 1 (51.09%) accounted for the highest proportion of the total trajectories
and was derived from the west of Guangxi province and traveled across the south of Guizhou province
before arriving at Guiyang city. Cluster 2 (22.83%) and cluster 4 (18.48%) originated from the northwest
and northeast parts of Guiyang city, respectively. Cluster 3 (7.61%) accounted for the lowest proportion
of the total trajectories, it originated from the southwest of Yunnan province and crossed over the south
of Yunnan province before arriving at Guiyang city. In summer (Figure 7d), cluster 1 accounted for
the highest proportion of the total trajectories (47.83%); it originated from the central area of Guangxi
province. The other clusters originated from the northeast of Guizhou province, the north of Vietnam
and the north of Hunan province and accounted for 22.83%, 15.22% and 14.13% of the total trajectories,
respectively. Overall, although the air masses that originated from Guangxi Province accounted for a
large proportion across all four seasons in this study, short- and long-distance air transport was evident.
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Specifically, air masses that were derived from Yunnan province and Hunan province reflected the
features of long-distance air transport (cluster 1 and 3 in autumn, cluster 3 and 4 in winter, cluster 3
in spring and cluster 3 and 4 in summer). In contrast, the air masses that originated from Guizhou
province or areas surrounding Guangxi province showed the features of short-distance air transport
(cluster 2 and 4 in autumn, cluster 1 and 2 in winter, cluster 1, 2 and 4 in spring and cluster 1 and 2
in summer).
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3.3.2. The Corresponding Concentrations of Species

The corresponding average concentrations of species are shown in Table S1 and Figure 8.
The higher concentration of total WSIs was found in short-distance trajectories across the four seasons
and accounted for a large proportion of PM2.5, suggesting that the WSIs in PM2.5 are more enriched in
short trajectories from local emission sources [58,59]. Interestingly, the higher concentrations of PM2.5
were observed in the longest trajectories (cluster 3) from Yunnan province in winter and spring and the
corresponding total WSIs concentration was lower than other trajectories. This could be explained
the PM2.5 that carried in the long-distance air mass from Yunnan Province, which could contain a
large number of other components. Furthermore, the higher concentration of SNA was observed
in short-distance trajectories across the four seasons, which indicated that SNA mainly comes from
local sources. In other words, the short-distance trajectories contain greater emissions of primary
pollutants, leading to higher concentrations of NH4

+, NO3
− and SO4

2−. On the other hand, lower SNA
concentrations were found in long-distance trajectories (cluster 1 in autumn, cluster 3 in winter, cluster
3 in spring and cluster 3 in summer). However, the emissions of gaseous precursors (NO2 and SO2,
no data for NH3) in these areas are close to Guiyang, such as Kunming and Nanning [21,41]. Thus, lower
SNA concentrations were found in some trajectories, which could be ascribed to these trajectories that
reflected long-distance air transport and were fast-moving, so the pollutants may not easily be enriched
in these trajectories [58,59]. While some long-distance trajectories also contained a high proportion of
SNA. These trajectories originated from Hunan province, which is highly populated and has many
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industrial zones and this may result in higher SO2 and NOx emissions [60]. Generally, the differences
meteorological conditions may impact on the concentrations of PM2.5, such as the wet scavenging [61].
However, there are no significant effects of the accumulated rainfall to PM2.5 concentration in each
backward trajectory in this study (Table S1). Previous studies have shown that precipitation will reduce
the concentrations of PM2.5 and the decrease depended more on the precipitation duration than on
intensity [61]. Thus, it appears that wet scavenging is not the primary factor affecting the air mass
regional transport in Guiyang. It is noteworthy that the highest concentrations of Ca2+ were observed
in Karst landform areas (Guizhou province, Yunnan province and Guangxi province), indicating that
rock weathering is the main source of Ca2+, consistent with the results of Section 3.1.
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4. Conclusions

In this paper, the total annual average concentration of WSIs accounted for 55.93% (17.58–85.32%)
of the PM2.5 mass concentrations. SNA (15.01 ± 9.35 µg m−3) as the major WSIs, accounted for 81.05%
(48.71–93.76%) of total WSI concentration and 45.33% (14.25–82.43%) of the PM2.5 mass. The results
suggest that the PM2.5 was mainly composed of (NH4)2SO4 and NH4NO3. Further, the variations SOR
and NOR showed opposite seasonal trends, which were mainly due to meteorological conditions and
other factors, such as the temperature and O3 and so forth. This study also found that the NOR showed
a similar variation in trend with increasing PM2.5 concentration. This was opposite to the trend of
SOR, which implies that the NOR rather than the SOR has a positive effect on PM2.5 concentration.
Furthermore, there was a stronger correlation between NO3

− and NH4
+-excess indicating that the

homogeneous gas-phase formation of NH4NO3 is significant under NH4
+-rich (NH4

+/SO4
2−
≥ 1.5)

conditions, while NO3
− formation was not obvious under NH4

+-poor conditions. Further, the NOR
was more strongly correlated with NH4

+ concentration, thus reducing the NH3 emissions could
effectively control the formation of NO3

−. Trajectory cluster analysis results showed that clusters
derived from Yunnan and Hunan reflected the features of long-distance air transport, while air masses
that originated from Guizhou province or the juncture of Guizhou province with Guangxi province,
showed the features of short-distance air transport. The higher average concentrations of total WSIs
and SNA were found in the short-distance trajectories, indicating that they mainly came from local
sources and can be easily enriched over short-distances.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4433/11/8/847/s1,
Figure S1: Meteorological parameter and PM2.5 concentrations during sampling period, Figure S2: Correlation
between NH4

+ and NO3
-, SO4

2-, Table S1: The mean concentration of measured species for each type of air mass
arriving in Guiyang (Mean±SD, µg m-3, Rain as the total rainfall).

http://www.mdpi.com/2073-4433/11/8/847/s1


Atmosphere 2020, 11, 847 13 of 16

Author Contributions: Methodology, Z.-Y.Z. and N.-J.Z.; Software, H.X. and Q.-k.L.; Investigation, H.X. and
X.-D.L.; Writing-Original Draft Preparation, H.X.; Writing-Review & Editing, H.-Y.X and X.-D.L.; Supervision,
X.-D.L.; Project Administration, H.-Y.X. and X.-D.L. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (Grant Nos. 41773006
and 41425014).

Acknowledgments: The authors gratefully acknowledge Chandra Mouli Pavuluri and Ding Shi-yuan at Tianjin
university for making valuable comments.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. He, J.; Balasubramanian, R.; Burger, D.F.; Hicks, K.; Kuylenstierna, J.C.I.; Palani, S. Dry and wet atmospheric
deposition of nitrogen and phosphorus in singapore. Atmos. Environ. 2011, 45, 2760–2768. [CrossRef]

2. Xu, L.; Lingaswamy, A.P.; Zhang, Y.; Liu, L.; Wang, Y.; Zhang, J.; Ma, Q.; Li, W. Morphology, composition,
and sources of individual aerosol particles at a regional background site of the yrd, china. J. Environ. Sci.
2019, 77, 354–362. [CrossRef] [PubMed]

3. Tang, X.; Chen, X.; Tian, Y. Chemical composition and source apportionment of PM2.5—A case study from
one year continuous sampling in the chang-zhu-tan urban agglomeration. Atmos. Pollut. Res. 2017, 8,
885–899. [CrossRef]

4. Tao, J.; Gao, J.; Zhang, L.; Zhang, R.; Che, H.; Zhang, Z.; Lin, Z.; Jing, J.; Cao, J.; Hsu, S.C. PM2.5 pollution
in a megacity of southwest China: Source apportionment and implication. Atmos. Chem. Phys. 2014, 14,
8679–8699. [CrossRef]

5. Zhang, F.; Cheng, H.-R.; Wang, Z.-W.; Lv, X.-P.; Zhu, Z.-M.; Zhang, G.; Wang, X.-M. Fine particles (PM2.5) at a
cawnet background site in central china: Chemical compositions, seasonal variations and regional pollution
events. Atmos. Environ. 2014, 86, 193–202. [CrossRef]

6. Zhang, R.; Jing, J.; Tao, J.; Hsu, S.-C.; Wang, G.; Cao, J.; Lee, C.S.L.; Zhu, L.; Chen, Z.; Zhao, Y. Chemical
characterization and source apportionment of PM2.5 in beijing: Seasonal perspective. Atmos. Chem. Phys.
Discuss. 2013, 13, 9953–10007. [CrossRef]

7. He, K.; Zhao, Q.; Ma, Y.; Duan, F.; Yang, F.; Shi, Z.; Chen, G. Spatial and seasonal variability of PM2. 5 acidity
at two Chinese megacities: Insights into the formation of secondary inorganic aerosols. Atmos. Chem. Phys.
2012, 12, 1377–1395. [CrossRef]

8. Xu, J.S.; Xu, M.X.; Snape, C.; He, J.; Behera, S.N.; Xu, H.H.; Ji, D.S.; Wang, C.J.; Yu, H.; Xiao, H. Temporal and
spatial variation in major ion chemistry and source identification of secondary inorganic aerosols in northern
Zhejiang province, China. Chemosphere 2017, 179, 316–330. [CrossRef]

9. Pathak, R.K.; Wu, W.S.; Wang, T. Summertime PM2.5 ionic species in four major cities of China: Nitrate
formation in an ammonia-deficient atmosphere. Atmos. Chem. Phys. 2008, 9, 1711–1722. [CrossRef]

10. Tian, M.; Wang, H.B.; Chen, Y.; Yang, F.M.; He, K.B. Characteristics of aerosol pollution during heavy haze
events in Suzhou, China. Atmos. Chem. Phys. 2015, 16, 7357–7371. [CrossRef]

11. Tao, J.; Zhang, L.; Zhang, R.; Cao, J. A review of current knowledge concerning PM2.5 chemical composition,
aerosol optical properties, and their relationships across China. Atmos. Chem. Phys. 2017, 17, 1–70. [CrossRef]

12. Jeong, J.-H.; Shon, Z.-H.; Kang, M.; Song, S.-K.; Kim, Y.-K.; Park, J.; Kim, H. Comparison of source
apportionment of PM2.5 using receptor models in the main hub port city of east Asia: Busan. Atmos. Environ.
2017, 148, 115–127. [CrossRef]

13. Liu, B.; Na, S.; Dai, Q.; Mei, R.; Sui, B.; Bi, X.; Feng, Y. Chemical composition and source apportionment of
ambient PM2.5 during the non-heating period in Taian, China. Atmos. Res. 2016, 170, 23–33. [CrossRef]

14. Huang, X.; Zhang, J.; Luo, B.; Wang, L.; Tang, G.; Liu, Z.; Song, H.; Zhang, W.; Yuan, L.; Wang, Y. Water-soluble
ions in PM2.5 during spring haze and dust periods in Chengdu, China: Variations, nitrate formation and
potential source areas. Environ. Pollut. 2018, 243, 1740–1749. [CrossRef] [PubMed]

15. Xu, L.; Duan, F.; He, K.; Ma, Y.; Zhu, L.; Zheng, Y.; Huang, T.; Kimoto, T.; Ma, T.; Li, H. Characteristics of
the secondary water-soluble ions in a typical autumn haze in Beijing. Environ. Pollut. 2017, 227, 296–305.
[CrossRef]

http://dx.doi.org/10.1016/j.atmosenv.2011.02.036
http://dx.doi.org/10.1016/j.jes.2018.09.011
http://www.ncbi.nlm.nih.gov/pubmed/30573100
http://dx.doi.org/10.1016/j.apr.2017.02.004
http://dx.doi.org/10.5194/acp-14-8679-2014
http://dx.doi.org/10.1016/j.atmosenv.2013.12.008
http://dx.doi.org/10.5194/acpd-13-9953-2013
http://dx.doi.org/10.5194/acp-12-1377-2012
http://dx.doi.org/10.1016/j.chemosphere.2017.03.119
http://dx.doi.org/10.5194/acp-9-1711-2009
http://dx.doi.org/10.5194/acp-16-7357-2016
http://dx.doi.org/10.5194/acp-17-9485-2017
http://dx.doi.org/10.1016/j.atmosenv.2016.10.055
http://dx.doi.org/10.1016/j.atmosres.2015.11.002
http://dx.doi.org/10.1016/j.envpol.2018.09.126
http://www.ncbi.nlm.nih.gov/pubmed/30408861
http://dx.doi.org/10.1016/j.envpol.2017.04.076


Atmosphere 2020, 11, 847 14 of 16

16. Zhou, M.; Zhang, Y.; Han, Y.; Wu, J.; Du, X.; Xu, H.; Feng, Y.; Han, S. Spatial and temporal characteristics of
PM2.5 acidity during autumn in marine and coastal area of Bohai sea, China, based on two-site contrast.
Atmos. Res. 2018, 202, 196–204. [CrossRef]

17. Huang, X.; Liu, Z.; Liu, J.; Bo, H.; Wang, Y. Chemical characterization and source identification of PM2.5

at multiple sites in the Beijing-Tianjin-Hebei region, China. Atmos. Chem. Phys. 2017, 17, 12941–12962.
[CrossRef]

18. Li, J.; Du, H.; Wang, Z.; Sun, Y.; Yang, W.; Li, J.; Tang, X.; Fu, P. Rapid formation of a severe regional
winter haze episode over a mega-city cluster on the north China plain. Environ. Pollut. 2017, 223, 605–615.
[CrossRef]

19. Wang, H.L.; Qiao, L.P.; Lou, S.R.; Zhou, M.; Ding, A.J.; Huang, H.Y.; Chen, J.M.; Wang, Q.; Tao, S.K.;
Chen, C.H. Chemical composition of PM2.5 and meteorological impact among three years in urban Shanghai,
China. J. Clean. Prod. 2016, 112, 1302–1311. [CrossRef]

20. Tao, J.; Cheng, T.T.; Zhang, R.J. Chemical composition of summertime pmand its relationship to aerosol
optical properties in Guangzhou, China. Atmos. Ocean. Sci. Lett. 2015, 5, 88–94.

21. Guo, W.; Zhang, Z.; Zheng, N.; Luo, L.; Xiao, H.; Xiao, H. Chemical characterization and source analysis of
water-soluble inorganic ions in PM2.5 from a plateau city of Kunming at different seasons. Atmos. Res. 2020,
234, 104687. [CrossRef]

22. Liang, L.; Na, L.; Landis, M.S.; Xu, X.; Feng, X.; Zhuo, C.; Shang, L.; Qiu, G. Chemical characterization and
sources of PM2.5 at 12-h resolution in guiyang, china. Acta Geochim. 2018, 37, 334–345. [CrossRef]

23. Xiao, H.Y.; Liu, C.Q. Chemical characteristics of water-soluble components in TSP over Guiyang, sw China,
2003. Atmos. Environ. 2004, 38, 6297–6306. [CrossRef]

24. Xiao, H.W.; Xiao, H.Y.; Long, A.M.; Wang, Y.L.; Liu, C.Q. Chemical composition and source apportionment
of rainwater at Guiyang, sw China. J. Atmos. Chem. 2013, 70, 269–281. [CrossRef]

25. Tian, H.; Qiu, P.; Cheng, K.; Gao, J.; Lu, L.; Liu, K.; Liu, X. Current status and future trends of SO2 and NOx
pollution during the 12th FYP period in Guiyang city of China. Atmos. Environ. 2013, 69, 273–280. [CrossRef]

26. Zhang, Z.; Zeng, Y.; Zheng, N.; Luo, L.; Xiao, H. Fossil fuel-related emissions were the major source of
NH3 pollution in urban cities of northern China in the autumn of 2017. Environ. Pollut. 2019, 256, 113428.
[CrossRef] [PubMed]

27. Wang, Y.Q.; Zhang, X.Y.; Draxler, R.R. Trajstat: Gis-based software that uses various trajectory statistical
analysis methods to identify potential sources from long-term air pollution measurement data. Environ.
Model. Softw. 2009, 24, 938–939. [CrossRef]

28. Salvador, P.; Artíñano, B.; Pio, C.; Afonso, J.; Legrand, M.; Puxbaum, H.; Hammer, S. Evaluation of aerosol
sources at European high altitude background sites with trajectory statistical methods. Atmos. Environ. 2010,
44, 2316–2329. [CrossRef]

29. Liu, B.; Wu, J.; Zhang, J.; Lu, W.; Yang, J.; Liang, D.; Dai, Q.; Bi, X.; Feng, Y.; Zhang, Y. Characterization and
source apportionment of PM2.5 based on error estimation from epa pmf 5.0 model at a medium city in China.
Environ. Pollut. 2017, 222, 10–22. [CrossRef]

30. Wang, X.; Zhang, L.; Moran, M. Uncertainty assessment of current size-resolved parameterizations for
below-cloud particle scavenging by rain. Atmos. Chem. Phys. 2010, 10, 5685–5705. [CrossRef]

31. Chang, C.C.; Yuan, C.S.; Li, T.C.; Su, Y.L.; Tong, C.; Wu, S.P. Chemical characteristics, source apportionment,
and regional transport of marine fine particles toward offshore islands near the coastline of northwestern
Taiwan strait. Environ. Sci. Pollut. Res. 2018, 25, 32332–32345. [CrossRef] [PubMed]

32. Deng, X.; Shi, C.; Wu, B.; Yang, Y.; Jin, Q.; Wang, H.; Zhu, S.; Yu, C. Characteristics of the water-soluble
components of aerosol particles in Hefei, China. J. Environ. Sci. 2016, 42, 32–40. [CrossRef] [PubMed]

33. Li, J.; Han, Z. Seasonal variation of nitrate concentration and its direct radiative forcing over east Asia.
Atmosphere 2016, 7, 105. [CrossRef]

34. Jansen, R.C.; Yang, S.; Chen, J.; Hu, Y.J.; Chang, X.; Hong, S.; Jiao, L.; Min, Z. Using hourly measurements
to explore the role of secondary inorganic aerosol in PM2.5 during haze and fog in Hangzhou, China.
Adv. Atmos. Sci. 2014, 31, 1427–1434. [CrossRef]

35. He, Q.; Yan, Y.; Guo, L.; Zhang, Y.; Zhang, G.; Wang, X. Characterization and source analysis of water-soluble
inorganic ionic species in PM2.5 in Taiyuan city, China. Atmos. Res. 2017, 184, 48–55. [CrossRef]

http://dx.doi.org/10.1016/j.atmosres.2017.11.014
http://dx.doi.org/10.5194/acp-17-12941-2017
http://dx.doi.org/10.1016/j.envpol.2017.01.063
http://dx.doi.org/10.1016/j.jclepro.2015.04.099
http://dx.doi.org/10.1016/j.atmosres.2019.104687
http://dx.doi.org/10.1007/s11631-017-0248-1
http://dx.doi.org/10.1016/j.atmosenv.2004.08.033
http://dx.doi.org/10.1007/s10874-013-9268-3
http://dx.doi.org/10.1016/j.atmosenv.2012.12.033
http://dx.doi.org/10.1016/j.envpol.2019.113428
http://www.ncbi.nlm.nih.gov/pubmed/31706780
http://dx.doi.org/10.1016/j.envsoft.2009.01.004
http://dx.doi.org/10.1016/j.atmosenv.2010.03.042
http://dx.doi.org/10.1016/j.envpol.2017.01.005
http://dx.doi.org/10.5194/acp-10-5685-2010
http://dx.doi.org/10.1007/s11356-018-3093-9
http://www.ncbi.nlm.nih.gov/pubmed/30229491
http://dx.doi.org/10.1016/j.jes.2015.07.010
http://www.ncbi.nlm.nih.gov/pubmed/27090692
http://dx.doi.org/10.3390/atmos7080105
http://dx.doi.org/10.1007/s00376-014-4042-2
http://dx.doi.org/10.1016/j.atmosres.2016.10.008


Atmosphere 2020, 11, 847 15 of 16

36. Xu, J.; Wang, Z.; Yu, G.; Qin, X.; Ren, J.; Qin, D. Characteristics of water soluble ionic species in fine
particles from a high altitude site on the northern boundary of tibetan plateau: Mixture of mineral dust and
anthropogenic aerosol. Atmos. Res. 2014, 143, 43–56. [CrossRef]

37. Zhao, P.S.; Dong, F.; He, D.; Zhao, X.J.; Zhang, W.Z.; Yao, Q.; Liu, H.Y. Characteristics of concentrations and
chemical compositions for PM2.5 in the region of Beijing, Tianjin, and Hebei, China. Atmos. Chem. Phys.
2013, 13, 4631–4644. [CrossRef]

38. Kundu, S.; Stone, E.A. Composition and sources of fine particulate matter across urban and rural sites in the
midwestern united states. Environ. Sci. Process. Impacts 2014, 16, 1360–1370. [CrossRef]

39. Itahashi, S.; Uno, I.; Osada, K.; Kamiguchi, Y.; Yamamoto, S.; Tamura, K.; Wang, Z.; Kurosaki, Y.; Kanaya, Y.
Nitrate transboundary heavy pollution over east Asia in winter. Atmos. Chem. Phys. 2016, 17, 3823–3843.
[CrossRef]

40. Judarezler, K.; Reizer, M.; Maciejewska, K.; Blaszczak, B.; Klejnowski, K. Characterization of atmospheric
PM2.5 sources at a central European urban background site. Sci. Total Environ. 2020, 713, 136729. [CrossRef]

41. Guo, W.; Long, C.; Zhang, Z.; Zheng, N.; Xiao, H.; Xiao, H. Seasonal control of water-soluble inorganic ions
in PM2.5 from nanning, a subtropical monsoon climate city in southwestern China. Atmosphere 2019, 11, 5.
[CrossRef]

42. Gawhane, R.D.; Rao, P.S.P.; Budhavant, K.B.; Waghmare, V.; Meshram, D.C.; Safai, P.D. Seasonal variation of
chemical composition and source apportionment of PM2.5 in Pune, India. Environ. Sci. Pollut. Res. 2017, 24,
21065–21072. [CrossRef] [PubMed]

43. Hang, N.T.; Oanh, N.T.K. Chemical characterization and sources apportionment of fine particulate pollution
in a mining town of Vietnam. Atmos. Res. 2014, 145, 214–225. [CrossRef]

44. Kim, Y.; Seo, J.; Kim, J.Y.; Lee, J.Y.; Kim, H.; Kim, B.M. Characterization of PM2.5 and identification of
transported secondary and biomass burning contribution in Seoul, Korea. Environ. Sci. Pollut. Res. Int. 2018,
25, 4330–4343. [CrossRef]

45. Zhao, X.; Zhao, P.; Xu, J.; Meng, W.; Pu, W.; Dong, F.; He, D.; Shi, Q. Analysis of a winter regional haze event
and its formation mechanism in the north China plain. Atmos. Chem. Phys. 2013, 13, 5685–5696. [CrossRef]

46. Hu, G.; Zhang, Y.; Sun, J.; Zhang, L.; Shen, X.; Lin, W.; Yang, Y. Variability, formation and acidity of
water-soluble ions in PM2.5 in Beijing based on the semi-continuous observations. Atmos. Res. 2014, 145,
1–11. [CrossRef]

47. Ohta, S.; Okita, T. A chemical characterization of atmospheric aerosol in Sapporo. Atmos. Environ. Part A
Gen. Top. 1990, 24, 815–822. [CrossRef]

48. Meng, C.C.; Wang, L.T.; Zhang, F.F.; Wei, Z.; Yang, J. Characteristics of concentrations and water-soluble
inorganic ions in PM2.5 in Handan city, Hebei province, China. Atmos. Res. 2016, 171, 133–146. [CrossRef]

49. Voutsa, D.; Samara, C.; Manoli, E.; Lazarou, D.; Tzoumaka, P. Ionic composition of PM2.5 at urban sites of
northern Greece: Secondary inorganic aerosol formation. Environ. Sci. Pollut. Res. Int. 2014, 21, 4995–5006.
[CrossRef]

50. Valverde, V.; Pay, M.T.; Baldasano, J.M. A model-based analysis of SO2 and NO2 dynamics from coal-fired
power plants under representative synoptic circulation types over the Iberian peninsula. Sci. Total Environ.
2016, 541, 701–713. [CrossRef]

51. Liu, Z.; Hu, B.; Agronomy, C.O.; University, H.A.; Company, W.T. Characteristics of aerosol size distributions
and chemical compositions during wintertime pollution episodes in Beijing. Atmos. Res. 2016, 168, 1–12.
[CrossRef]

52. Lin, Y.C.; Cheng, M.-T. Evaluation of formation rates of NO2 to gaseous and particulate nitrate in the urban
atmosphere. Atmos. Environ. 2007, 41, 1903–1910. [CrossRef]

53. Wang, Y.L.; Song, W.; Yang, W.; Sun, X.C.; Tong, Y.D.; Wang, X.M.; Liu, C.Q.; Bai, Z.P.; Liu, X.Y. Influences
of atmospheric pollution on the contributions of major oxidation pathways to PM2.5 nitrate formation in
Beijing. J. Geophys. Res. Atmos. 2019, 124, 4174–4185. [CrossRef]

54. Qu, W.; Wang, J.; Zhang, X.; Wang, D.; Sheng, L. Influence of relative humidity on aerosol composition:
Impacts on light extinction and visibility impairment at two sites in coastal area of China. Atmos. Res. 2015,
153, 500–511. [CrossRef]

55. Bäumer, D.; Vogel, B.; Versick, S.; Rinke, R.; Möhler, O.; Schnaiter, M. Relationship of visibility, aerosol optical
thickness and aerosol size distribution in an ageing air mass over south-west Germany. Atmos. Environ. 2008,
42, 989–998. [CrossRef]

http://dx.doi.org/10.1016/j.atmosres.2014.01.018
http://dx.doi.org/10.5194/acp-13-4631-2013
http://dx.doi.org/10.1039/C3EM00719G
http://dx.doi.org/10.5194/acp-17-3823-2017
http://dx.doi.org/10.1016/j.scitotenv.2020.136729
http://dx.doi.org/10.3390/atmos11010005
http://dx.doi.org/10.1007/s11356-017-9761-3
http://www.ncbi.nlm.nih.gov/pubmed/28730356
http://dx.doi.org/10.1016/j.atmosres.2014.04.009
http://dx.doi.org/10.1007/s11356-017-0772-x
http://dx.doi.org/10.5194/acp-13-5685-2013
http://dx.doi.org/10.1016/j.atmosres.2014.03.014
http://dx.doi.org/10.1016/0960-1686(90)90282-R
http://dx.doi.org/10.1016/j.atmosres.2015.12.013
http://dx.doi.org/10.1007/s11356-013-2445-8
http://dx.doi.org/10.1016/j.scitotenv.2015.09.111
http://dx.doi.org/10.1016/j.atmosres.2015.08.013
http://dx.doi.org/10.1016/j.atmosenv.2006.10.065
http://dx.doi.org/10.1029/2019JD030284
http://dx.doi.org/10.1016/j.atmosres.2014.10.009
http://dx.doi.org/10.1016/j.atmosenv.2007.10.017


Atmosphere 2020, 11, 847 16 of 16

56. Pathak, R.K.; Chan, C.K. Inter-particle and gas-particle interactions in sampling artifacts of PM2.5 in
filter-based samplers. Atmos. Environ. 2005, 39, 1597–1607.

57. Wang, S.; Nan, J.; Shi, C.; Fu, Q.; Gao, S.; Wang, D.; Cui, H.; Saiz-Lopez, A.; Zhou, B. Atmospheric ammonia
and its impacts on regional air quality over the megacity of Shanghai, China. Sci. Rep. 2015, 5, 15842.
[CrossRef]

58. Karaca, F.; Camci, F. Distant source contributions to PM10 profile evaluated by som based cluster analysis of
air mass trajectory sets. Atmos. Environ. 2010, 44, 892–899. [CrossRef]

59. Gao, X.; Yang, L.; Cheng, S.; Gao, R.; Zhou, Y.; Xue, L.; Shou, Y.; Wang, J.; Wang, X.; Nie, W. Semi-continuous
measurement of water-soluble ions in PM2.5 in Jinan, China: Temporal variations and source apportionments.
Atmos. Environ. 2011, 45, 6048–6056. [CrossRef]

60. Zhai, Y.; Liu, X.; Chen, H.; Xu, B.; Zhu, L.; Li, C.; Zeng, G. Source identification and potential ecological risk
assessment of heavy metals in PM2.5 from Changsha. Sci. Total Environ. 2014, 493, 109–115. [CrossRef]

61. Ikeuchi, H.; Murakami, M.; Watanabe, S. Scavenging of PM2.5 by precipitation and the effects of precipitation
pattern changes on health risks related to PM2.5 in Tokyo, Japan. Water Sci. Technol. 2015, 72, 1319–1326.
[CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/srep15842
http://dx.doi.org/10.1016/j.atmosenv.2009.12.006
http://dx.doi.org/10.1016/j.atmosenv.2011.07.041
http://dx.doi.org/10.1016/j.scitotenv.2014.05.106
http://dx.doi.org/10.2166/wst.2015.346
http://www.ncbi.nlm.nih.gov/pubmed/26465301
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methodology 
	Description of the Location and Sample Collection 
	Chemical Analysis 
	The Backward Trajectories and Meteorological Data 
	Statistical Analyses 

	Results and Discussion 
	Characteristics and Seasonal Variations of PM2.5 and Major Ions 
	PM2.5 
	Major Inorganic Ions 

	Formation Mechanisms of SO42- and NO3- 
	SO42- 
	NO3- 

	The Clustering Analysis of Backward Trajectory 
	Trajectory Clustering 
	The Corresponding Concentrations of Species 


	Conclusions 
	References

