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Abstract

To investigate the characteristics of water-soluble inorganic ions (WSIIs) and their roles in the 
occurrence of fine particulate matter (PM2.5) pollution events, we collected 23-h integrated PM2.5 
samples over 4 months in 2021 in Mianyang, Southwest China. Nine inorganic ions (Na+, NH4

+, K+, 
Mg2+, Ca2+, F−, Cl−, SO4

2−, and NO3
−) were analyzed through ion chromatography; hourly SO2, NO2, and 

O3 concentrations and meteorological parameters were measured using online monitoring instruments. 
Annual mean concentration of WSIIs was 11.7±9.1 μg m−3, constituting 35.0% of PM2.5. SO4

2−, NO3
−, 

and NH4
+ were the dominant ions. NO3

− concentration was highest in winter and lowest in summer; 
by contrast, SO4

2− concentrations were comparable in winter and spring but lower in autumn. 
NH4

+ concentration followed the same seasonal pattern as the sum of SO4
2− and NO3

− concentrations. 
PM2.5 pollution events primarily occurred in winter, with the mean concentration of 107.4±12.0 μg m−3 
on pollution days. SO4

2−, NO3
−, and NH4

+ concentrations were 1.6-2.2 times higher on pollution days 
than on non-pollution days, but SO2 and NO2 concentrations increased by a factor of approximately 
1.2, implying the enhanced secondary inorganic ions formation. PM2.5 pollution event occurrence 
was mainly associated with low wind speeds, high aerosol pH, and high aerosol water content. These 
findings highlight the key features of WSIIs during pollution periods in medium-sized cities and provide 
basic data for evaluating the effects of clean-air policies on the reduction of PM2.5 concentrations.
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Introduction

Fine particulate matter (PM2.5) is a complex mixture 
of water-soluble inorganic ions (WSIIs), carbonaceous 
components, and trace elements. Sulfate (SO4

2−), 
nitrate (NO3

−), and ammonium (NH4
+) (summarized 

as SNA), which are major chemical constituents of 
WSIIs, typically account for 6-50% of PM2.5, with the 
average across China being 34% [1]; thus, they play  
a critical role in air quality in China. SNA have received 
increasing research attention in recent decades owing 
to their substantial effects on aerosol hygroscopicity, 
light extinction efficiency, and contribution to pollution 
events, all of which cause visibility degradation, 
radiative imbalance, and air quality deterioration [2-
5]. Moreover, acidic particles such as SO4

2− and NO3
− 

can adversely affect aquatic and terrestrial ecosystems 
through wet and dry deposition [6, 7]. Although other 
ions account for only a small proportion of WSIIs and 
do not substantially influence PM2.5 concentration, they 
can be used as source markers [8-10]. For example, K+ 
is typically used as a marker of biomass burning, and 
Cl− can be used to identify source emissions from coal 
combustion [11, 12]. Furthermore, a substantial increase 
in Ca2+ concentration is thought to be associated with 
construction activities and the occurrence of dust events 
in spring [13].

SO4
2− and NO3

− are primarily formed through the 
oxidation of their gaseous precursors (i.e., SO2 and NO2) 
to H2SO4 and HNO3, respectively; subsequently, they 
undergo neutralization with NH3 to form salts such as 
(NH4)2SO4, NH4HSO4, and NH4NO3 depending on the 
amount of NH3 available [14]. These salts have different 
volatile properties; therefore, SO4

2− is primarily found 
in particles, whereas NO3

− can exist in the gas phase 
as HNO3 or in the particulate phase as NO3

− due to the 
gas–particle partition of NH4NO3 depending on the 
temperature and relative humidity of an environment 
[15]. Accordingly, investigating the influences of 
meteorological conditions on the levels of particulate 
NO3

− in the air is warranted. 
Studies have extensively investigated the 

characteristics of PM2.5 and WSIIs. For example, a global 
study revealed that the concentration of PM2.5 increased 
rapidly with the development of urbanization from 1998 
to 2015 in numerous regions of Asia and Africa while 
PM2.5 concentrations in regions and countries with low 
urbanization rates are low (e.g., Europe and the United 
States) [16]. A national review revealed that PM2.5 
concentrations were typically higher and lower in the 
northern and southern regions of China, respectively 
[1]. For example, in China, PM2.5 concentrations were 
the highest in Taiyuan in North China (273 μg m−3) and 
lowest in Lhasa in Southwest China (25.0 μg m−3), and 
they were different by almost one magnitude. Similar 
spatial distributions were observed for SNA; North 
China had the highest annual mean concentration of 
SNA (50.8 μg m−3), followed by East (40.5 μg m−3), 
South (23.0 μg m−3), and Southwest China (22.3 μg m−3). 

Studies have also reported that PM2.5 concentrations 
in China decreased substantially within 5 years after 
the implementation of numerous effective policies, 
including “the Air Pollution Prevention and Control in 
Key Regions” and “the Action Plan for Air Pollution 
Prevention and Control” [1, 17]. Furthermore, studies 
have explored the effects of the COVID-19 pandemic on 
urban air quality in the 3 years since the initiation of the 
pandemic, reporting major reductions in air pollutant 
concentrations during COVID-19 lockdown periods [18, 
19]. 

Numerous case studies of PM2.5 pollution events 
have demonstrated the importance of enhanced 
secondary ions formation. Zhang et al. reported that 
sulfur oxidation rate (SOR) and nitrogen oxidation rate 
(NOR) increased with PM2.5 concentrations, with the 
SOR and NOR values increasing by approximately one 
magnitude during pollution days relative to clear days 
[20]. Ren et al. attributed the rapid generation of SO4

2− 
and the increase in SOR during a short pollution event 
in January to the quick oxidation of SO2 to SO4

2− in the 
liquid phase, which occurred through heterogeneous 
chemical processes under conditions of high relative 
humidity [21]. Qiao et al. indicated that the enhanced 
secondary ions formation with increasing SOR and NOR 
during a pollution period was responsible for the heavy 
pollution events in winter [14]. Tian et al. also revealed 
that the NOR value in Chongqing was approximately 
two times higher during a heavy pollution period than 
during clean days, emphasizing the key role of NO3

− 
formation [22]. Overall, PM2.5 pollution events typically 
occur in winter and are caused by a large production of 
secondary ions through heterogeneous reactions under 
high relative humidity conditions. However, Ou et al. 
demonstrated concurrent O3 and PM2.5 pollution in 
summer and indicated that the high concentrations of 
SNA and the high percentages of SNA in PM2.5 were 
related to the high levels of O3 in the daytime [23].

Located in Southwest China, Mianyang (~460 m 
a.s.l.) is characterized by mountainous terrain and 
particular meteorological conditions such as high 
relative humidity and low wind speeds all year round 
[24]. Studies on PM2.5 pollution in Southwest China 
have mainly focused on megacities such as Chengdu and 
Chongqing [15, 22]; few studies have examined medium- 
or small-sized cities, particularly regarding the trends of 
PM2.5 and the levels of its chemical constituents after 
the considerable reduction in emissions due to clean-air 
policies and the COVID-19 pandemic [3]. Accordingly, 
the main objectives of the present study are to (1) 
investigate the levels of PM2.5 and WSIIs pollution and 
the seasonal trends of PM2.5 and WSIIs in Mianyang in 
2021, (2) identify the chemical associations of WSIIs 
in PM2.5, and (3) explore the temporal evolutions of 
PM2.5 pollution events in winter under changes in 
meteorological conditions and secondary inorganic ions. 
The findings of this study can clarify the characteristics 
of WSIIs in PM2.5 and their key features during pollution 
events in medium-sized cities in Southwest China; they 
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can also provide basic data for evaluating the effects of 
clean-air policies and the COVID-19 pandemic on the 
variations of PM2.5 concentrations.

Materials and Methods 

PM2.5 Sampling

PM2.5 sampling was conducted on a university 
campus located in a suburban area of Mianyang (Fig. 
1). The sampling site was surrounded by restaurants 
and commercial zones, with no industries located close 
to it. In addition, there is a road within 0.5 km of the 
sampling site. Daily 23-h integrated PM2.5 samples were 
collected during each of the four seasons in 2021 (i.e., 
winter, from January 15 to February 6; spring, from 
May 1 to 30; summer, from July 2 to 31; and autumn, 
from October 7 to November 6). The samples were 
collected using a high-volume particulate matter sampler 
(TE-6070DBLX-2.5, Tisch, Ohio, USA) at a flow rate of 
1.2 m3 min−1. The quartz filters (8 × 10 inch, Whatman) 
used for sampling were baked at 450ºC for 4 h before 
sampling to remove impurities. In total, 112 PM2.5 
samples and 4 blanks were collected during the four 
seasons, and the samples were stored in a refrigerator at 
−18ºC before analysis.

Analysis of Inorganic Ions

Two pieces of quartz filter with a diameter of  
23 mm were punched from each sampling filter, and 
extraction was performed by immersing the filters in 
50 mL Milli-Q water for 40 min in an ultrasonic bath. 
Each extract was filtered using a 0.45 μm pore syringe 
filter to remove insoluble particles. Nine water-soluble 
inorganic ions (Na+, NH4

+, K+, Mg2+, Ca2+, F−, Cl−, SO4
2−, 

and NO3
−) were determined through ion chromatograph 

(ICS6000, Thermo Fisher). Anions were measured using 

an AS11-HC column with 30 mM KOH at a flow rate of 
1.5 mL min−1, and cations were separated using a CS12A 
column with 20 mM methanesulfonic acid at a flow rate 
of 1.0 mL min−1. Additional details on quality control 
and method performance are provided by Wang et al. 
[15].

Online Data Measurement

Hourly concentrations of SO2, NO2, O3, PM2.5, and 
PM10 were continuously measured at the nearest ambient 
monitoring station, located approximately 1 km from 
the sampling site (Fig. 1). Data on meteorological 
parameters, namely temperature, relative humidity, 
wind speed, and atmospheric pressure, were recorded 
hourly at a meteorological station in Mianyang, situated 
approximately 14 km from the sampling site (Fig. 1). 
Rainfall was recorded using a rain gauge sensor 
installed inside a precipitation sampler (APS-3A, 
Xianglan, China). Hourly concentrations of gaseous 
and particulate pollutants and meteorological data were 
averaged to obtain daily data that corresponded to the 
sampling dates for the four seasons.

Data Analysis

The relationship between anion equivalent (AE) and 
cation equivalent (CE) was typically used to evaluate 
aerosol acidity. AE and CE can be calculated using the 
following equations:

    (1)

(2)

where [F−], [Cl−], [SO4
2−], and [NO3

−] are mass 
concentrations of four anions (μg m−3), while [Na+], 
[NH4

+], [K+], [Mg2+], and [Ca2+] are mass concentrations 
of five cations (μg m−3). The regression coefficient (slope 
of the linear regression between AE and CE) being close 
to 1.0 indicates neutral aerosol, while being higher or 
lower than 1.0 means acid or alkaline aerosols. Sulfur 
oxidation rate (SOR) and nitrogen oxidation rate (NOR) 
are commonly used to evaluate the degree of SO4

2− and 
NO3

− formation from their gaseous precursors [22, 25]. 
A higher SOR or NOR indicates the production of more 
secondary pollutants. SOR and NOR can be derived as 
follows:

               (3)

            (4)Fig. 1. Locations of sampling site, ambient monitoring station, 
and meteorological station in Mianyang.
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where n(SO4
2-), n(NO3

-), n(SO2), and n(NO2) are 
molar concentrations of SO4

2-, NO3
-, SO2, and NO2, 

respectively. 
The ISORROPIA II thermodynamic equilibrium 

model is typically used for estimating aerosol pH and 
aerosol water content (AWC) through the K+–Ca2+–
Mg2+–NH4

+–Na+–SO4
2−–NO3

−–Cl−–H2O aerosol system 
[26]. In this study, ISORROPIA II was run in metastable 
conditions and under the assumption that each aerosol was 
an aqueous solution. These conditions and assumption 
are reasonable because the relative humidity levels were 
all higher than 60% during the sampling period in winter. 
Because measurement errors that occur in the reverse 
mode usually cause considerable biases with respect 
to aerosol pH estimates [27], the forward mode of the 
ISORROPIA II model was used. The total concentration 
of a species (gas + aerosol), temperature, and relative 
humidity were used as the input parameters to conduct 
the ISORROPIA II model in the forward mode. In this 
study, the lack of gaseous NH3 and HNO3 data could have 
led to uncertain aerosol pH and water content estimates. 
In winter, the fraction of HNO3 to total nitrate (HNO3 
+ NO3

−) was typically less than 20% [28]; thus, the 
absence of gas HNO3 data would have a limited influence 
on aerosol pH estimates. We assumed that aerosol pH 
would be underestimated because of the absence of NH3 
data. Compared to the results lacking NH3 data, Guo et al. 
found that aerosol pH in the southeastern USA increased 
by 0.87-1.38 when gas NH3 concentration was included in 
the ISORROPIA-II model [29].

The performance of the ISORROPIA II model was 
evaluated by comparing the predicted concentrations 
of semi-volatile compounds with the measured 
concentrations. The major gas-particle partitioning pairs 
were HNO3–NO3

− and NH3–NH4
+. We observed strong 

correlations between predicted and observed NO3
− and 

NH4
+, with the correlation coefficients being 0.996 and 

0.988, respectively; furthermore, the slopes of their 
regression equations were 0.998 and 0.944 for NO3

− and 
NH4

+, respectively. These observations indicate that the 
ISORROPIA II model could be used to estimate the 
aerosol pH and AWC.

Results and Discussion

PM2.5 Concentrations and Seasonal Trends

Daily concentrations of PM2.5 varied from 
2.9 to 120.0 μg m−3, with an annual mean being 
34.6±27.5 μg m−3. Annual mean concentration of 
PM2.5 in Mianyang in 2021 was lower than those in 
megacities such as Chengdu and Chongqing but higher 
than those in less developed cities such as Bazhong 
and Aba in Sichuan province [30-32]. The annual 
mean concentration of PM2.5 in 2021 was lower than 
those obtained before 2020 [30, 33], implying that the 
improvement in the air quality in Mianyang was due to 
the clean-air policies and the COVID-19 pandemic.

Obvious seasonal variations of PM2.5 concentrations 
were observed. The highest seasonal mean concentration 
of PM2.5 was recorded in winter, which was approximately 
three times higher than the levels recorded in autumn 
and summer and twice the level recorded in spring  
(Table 1). PM2.5 concentrations were influenced by 
both source emissions and meteorological conditions. 
Mianyang is located in Southwest China, where 
temperatures are typically above 0ºC in winter. 
Therefore, coal combustion is not widely used 
for residential heating due to the warm weather. 
Nevertheless, meteorological conditions are likely 
the main reason for the high PM2.5 concentrations of 
Mianyang in winter. According to previous studies, 
the atmospheric boundary layer in Southwest China 
is low in winter, and temperature inversions occur 
frequently; these meteorological conditions do not 
promote the vertical dispersion of air pollutants [15, 
34]. The low wind speeds in winter are also unfavorable 
for the horizontal diffusion of air pollutants (Table 1). 
Furthermore, little rainfall (0.4 mm) occurred during 
the winter sampling period. All of these meteorological 
conditions facilitated the accumulation of PM2.5 in 
the air, resulting in high concentrations in winter. 
By contrast, the atmospheric boundary layer was 
high in summer, and the total amount of rainfall was 
approximately one magnitude higher in summer than in 
other seasons (Table 1); these conditions encouraged the 
diffusion and removal of air pollutants, resulting in low 
PM2.5 concentrations in summer.

Coarse particles are generally emitted from primary 
sources, whereas PM2.5 is from both primary sources 
and secondary formation [35]. In the present study, 
the annual mean value of the PM2.5/PM10 ratio was 
0.54, and the seasonal mean ratio was 0.62 in winter, 
0.50 in spring, 0.50 in summer, and 0.57 in autumn  
(Table 1). The higher PM2.5/PM10 ratios in winter and 
autumn indicate the formation of more secondary 
aerosols during these seasons relative to spring and 
summer. In spring, high wind speeds caused crustal dust 
resuspension, which probably increased the percentage 
of coarse particles in PM10 and led to a low PM2.5/PM10 
ratio.

WSIIs Concentrations in PM2.5 
and Seasonal Trends

Daily concentrations of SO4
2−, NO3

−, Cl−, F−, Na+, 
NH4

+, K+, Mg2+, and Ca2+ were in the range of 0.23-
10.5, 0.19-18.4, 0.02-2.3, 0.01-0.2, 0.03-1.0, 0.09-8.4,  
0.02-1.1, 0.01-0.1, and 0.01-1.4 μg m−3, respectively. 
Annual mean concentration of total WSIIs in 2021 
was 11.7±9.1 μg m−3, accounting for approximately 
35% of the PM2.5 concentration. NO3

− and SO4
2− were 

two dominant anions, accounting for 37% and 30% 
of WSIIs, respectively. Among the five cations, NH4

+ 
contributed the most, accounting for 21% of WSIIs.  
The other six ions in PM2.5 each accounted for less than 
10% of WSIIs. 
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of NO3
− in spring was approximately two times that 

recorded in autumn; this finding could be related to the 
high concentration of O3 in spring, which promoted the 
conversion of NO2 to HNO3. 

The seasonal pattern of SO4
2− was different from 

that of NO3
−. The highest concentration of SO4

2− was 
recorded in spring, which was approximately 2.5 times 
higher than the lowest concentration in autumn. The 
concentration of SO4

2− in winter was 5% lower than that 
in spring but 1.5 times higher than that in summer. High 
concentrations of O3 and higher temperatures in spring 
and summer contributed to the higher concentration of 
SO4

2− due to a stronger photochemical reaction. However, 
between summer and spring, the more frequent rainfall 
in summer and higher concentration of SO2 in spring 
resulted in a lower SO4

2− concentration in summer than 
in spring. In winter and autumn, the concentration 
of SO4

2− was mainly influenced by SO2 precursor 
concentrations; that is, the high SO2 concentration 
in winter resulted in a high SO4

2− concentration, 

The highest seasonal mean concentration of WSIIs 
appeared in winter, followed by spring, summer, 
and autumn, accounting for 32%, 41%, 39%, and 
28% of PM2.5, respectively (Table 1). NO3

− exhibited 
considerable seasonal variability, with its concentration 
being approximately five times higher in winter than in 
summer. Furthermore, the concentration of NO3

− was 
approximately twofold greater in spring than in autumn 
but approximately 50% lower in spring than in winter. 
The relatively high concentration of NO3

− in winter 
can be partially explained by the high concentration of 
NO2, which was nearly two to three times higher than 
the concentrations in the other seasons and resulted 
in more secondary NO3

− formation. In addition, the 
low temperature in winter could have increased the 
particulate NO3

− fraction [36]. By contrast, the lowest 
concentration of NO2 and highest temperature were 
recorded in summer, causing the lowest concentration 
of NO3

−. Although the concentration of NO2 was only 
20% higher in spring than in autumn, the concentration 

Annual
mean

Spring
mean

Summer
mean

Autumn
mean

Winter

Mean Non-pollution Pollution

Meteorological parameters

T (ºC) 19.2±7.1 22.4±2.3 27.6±2.1 15.4±1.5 8.9±1.7 8.6±1.9 9.5±0.99

RH (%) 72.8±11.5 68.2±9.6 75.6±10.4 80.6±11.0 65.0±8.0 64.2±8.7 66.6±6.2

WS (m s-1) 1.8±0.47 2.0±0.43 1.8±0.28 1.8±0.62 1.7±0.43 1.8±0.47 1.5±0.28

Rainfall (mm) 255.5 35.5 217.3 2.4 0.40 0 0.40

Gases (μg m-3)

SO2 6.4±2.1 7.3±2.0 6.3±1.7 4.1±0.47 8.7±1.5 8.1±1.0 10.0±1.8

NO2 26.7±13.9 26.2±8.0 16.5±6.4 21.8±7.6 47.3±12.4 43.3±7.8 56.2±16.5

O3 52.6±29.3 70.4±22.9 77.3±22.9 25.5±12.4 33.7±11.7 33.7±8.9 33.6±17.5

WSIIs and PM (μg m-3)

PM2.5 34.6±27.5 35.9±20.1 20.1±19.7 22.0±14.4 68.8±28.8 51.9±12.5 107.4±12.0

PM10 61.4±44.2 72.9±38.7 37.5±32.2 36.5±21.5 110.0±41.6 85.5±17.3 166.1±18.1

Na+ 0.23±0.18 0.23±0.07 0.29±0.30 0.19±0.12 0.19±0.07 0.20±0.08 0.18±0.05

NH4
+ 2.5±2.1 3.0±2.0 1.5±1.5 1.3±1.1 4.6±2.1 3.6±1.3 7.0±1.5

K+ 0.34±0.25 0.48±0.26 0.18±0.09 0.17±0.08 0.63±0.17 0.59±1.32 0.71±0.16

Ca2+ 0.48±0.34 0.52±0.20 0.37±0.13 0.17±0.21 0.94±0.28 0.90±0.29 1.0±0.25

Cl- 0.32±0.35 0.25±0.16 0.10±0.09 0.20±0.13 0.84±0.41 0.70±0.22 1.2±0.58

SO4
2- 3.5±2.3 4.8±2.7 3.1±1.9 1.8±1.1 4.6±1.7 3.9±1.1 6.3±1.8

NO3
- 4.3±4.5 4.8±4.2 1.8±2.9 2.3±2.0 9.5±4.7 7.0±2.7 15.2±2.8

WSIIs 11.7±9.1 14.2±8.5 7.4±6.1 6.1±4.3 21.6±8.6 17.1±5.1 31.8±5.8

SOR 0.25±0.11 0.29±0.12 0.24±0.11 0.21±0.10 0.26±0.07 0.24±0.06 0.30±0.09

NOR 0.09±0.06 0.11±0.06 0.06±0.04 0.07±0.04 0.13±0.06 0.11±0.04 0.18±0.06

PM2.5/PM10 0.54±0.13 0.50±0.13 0.50±0.06 0.57±0.19 0.62±0.06 0.60±0.67 0.65±0.03

Table 1. Annual and seasonal mean values of meteorological parameters, gases, and particulate matters and major inorganic ions in PM2.5.
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and the low SO2 concentration in autumn resulted in a 
low SO4

2− concentration. 
NH4

+ is typically formed through the reactions of NH3 
with H2SO4 and HNO3. Thus, the concentration of NH4

+ in 
the air is influenced by NH3 availability under ammonia-
poor conditions and H2SO4 and HNO3 concentrations 
under ammonia-rich conditions. In this study, SO4

2− and 
NO3

− were completely neutralized by NH4
+ in all four 

seasons (Fig. 2), implying that the sampling site had an 
ammonia-rich environment. Thus, NH4

+ concentrations 
in Mianyang were primarily influenced by the amounts 
of acidic species. As expected, the concentration of NH4

+ 
followed the same seasonal pattern as the sum of SO4

2− 
and NO3

− concentrations; specifically, winter recorded the 
highest NH4

+ concentration, followed by spring, summer, 
and autumn. 

Because Mianyang is an inland city, the 
concentrations of ions that originate primarily from sea 
spray (i.e., Na+ and Mg2+) were extremely low relative 
to those of other ions. In addition, for K+ and Cl−, a 
small contribution from marine sources was expected. 
Typically, Cl- is thought to be from coal combustion. 
However, biomass burning is also an important source 
of Cl-, as reported in previous studies [37-39]. Therefore, 
K+ and Cl− in Mianyang were mainly emitted from 
biomass burning, although coal combustion also 
contributed to the concentration of Cl− in the air. The 
concentrations of K+ and Cl− were highest in winter, 
which could be due to the increase in biomass burning 
for residential heating. In addition, the stable weather 
conditions in winter resulted in the accumulation of air 
pollutants, which increased K+ and Cl− concentrations. 
In winter, the correlation between K+ and Cl− was weak 
(R2 = 0.29) and the concentration of Cl− was 30% higher 
than that of K+; these findings imply the contribution 
of coal combustion to Cl−, in addition to biomass 
burning, in winter. Furthermore, the concentration of 
K+ was approximately 2.7 times higher in spring than 
in summer and autumn; this finding can be attributed 
to stubble burning after crop harvest in spring. Similar 
to that of NO3

−, the extremely low concentration of Cl− 
recorded in summer was due to the high volatility of 
NH4Cl under high temperatures and the efficient wet 
scavenging resulting from frequent rainfall. 

Ca2+ exhibited a pronounced seasonal trend, with 
winter recording the highest concentration, followed 
by spring, summer, and autumn. Typically, the 
concentration of Ca2+ is higher in spring than in the 
other seasons because of the long-range transport of 
dust storms originating from Northwest China [13]. In 
the present study, the seasonal mean concentration of 
Ca2+ was higher in winter than in spring, which could 
be related to construction activities occurring in the 
vicinity of the sampling site.

Ion Balance and Chemical Forms of WSIIs

Correlation coefficients derived from the linear 
regression between AE and CE were greater than 0.99 
for all seasons (R2 = 0.997, 0.995, and 0.991 for winter, 
spring, and summer, respectively), except for autumn  
(R2 = 0.987), indicating that the nine ions measured 
in this study were the major constituents of WSIIs.  
The slopes of the linear regression approached 1.0 in 
winter and spring, signifying their neutral properties, 
and they were approximately 0.85 in summer and 
autumn, indicating their weak alkaline characteristics. 
The excess amounts of cations in summer and autumn 
can be attributed to the presence of undetected anions 
such as carbonate and oxalate.

Correlation analysis can be performed to determine 
the main chemical forms of WSIIs [40]. SO4

2− typically 
exists as NH4HSO4 or (NH4)2SO4 depending on the 
amount of NH4

+ available. If the [NH4
+]/[SO4

2−] molar 
ratio is greater than 2.0, (NH4)2SO4 is the main form of 
SO4

2−; if it is less than 1.0, SO4
2− is present as NH4HSO4. 

Furthermore, both NH4HSO4 and (NH4)2SO4 can be 
observed when the [NH4

+]/[SO4
2−] molar ratio is between 

1.0 and 2.0. This study found high correlations between 
NH4

+ and SO4
2− during all four seasons, with the slopes 

of the linear regression being greater than 2 (Fig. 2), 
indicating that the main form of SO4

2− was (NH4)2SO4 
and not NH4HSO4. Excess NH4

+ also reacts with HNO3 
and/or HCl to form semi-volatile NH4NO3 and volatile 
NH4Cl. We also observed strong correlations between 
NH4

+ and 2[SO4
2−] + [NO3

−] during all four seasons, with 
their correlation coefficients being greater than 0.98. 
Furthermore, the slopes of their linear regression were 

Fig. 2. Scatter plots of [NH4
+] vs. [SO4

2−] a), 2[SO4
2−] + [NO3

−] b), and 2[SO4
2−] + [NO3

−] + [Cl−] c).
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all greater than or close to 1.0, demonstrating that NH3 
was sufficient for neutralizing both H2SO4 and HNO3 and 
(NH4)2SO4 and NH4NO3 were the two primary chemical 
components of WSIIs. When Cl− concentration was 
added to the total concentration of the anions, the slopes 
of the linear regression for [NH4

+] versus 2 [SO4
2−] + 

[NO3
−] + [Cl−] approached unity for winter, summer, and 

autumn (Fig. 2), highlighting the presence of NH4Cl. In 
spring, the presence of excess Cl− was probably due to 
the involvement of K+ in the formation of KCl.

Overview of PM2.5 Pollution Events

The National Ambient Air Quality Standards 
(NAAQS) guideline promulgated by the Chinese 
government in 2012 is 75 μg m-3 for 24 h mean 
concentration of PM2.5. Hence, we classified non-
pollution days and pollution days based on this guideline. 
Specifically, the pollution day is defined as a sampling 
day with daily mean PM2.5 concentration being above 
75 μg m-3. Otherwise, it is considered to be a non-pollution 
day. During the four seasons, daily PM2.5 concentration 
was higher than 75 μg m−3 on 9 days, which accounted for 
7.9% of the total number of sampling days. Specifically, 
the numbers of pollution days in winter (7 days), spring 
(1 day), and summer (1 day) accounted for 30%, 3.3%, 
and 3.3% of the total number of sampling days in each 
season. These findings indicate that PM2.5 pollution 
mainly occurred in winter and that the air quality was 
favorable in the other three seasons. The pollution days 
are highlighted in gray in Fig. 3 (e.g., January 15, January 
20-23, and February 2-3); the remaining days were 
regarded as non-pollution days.

Overall, the concentrations of all major WSIIs were 
higher on pollution days than on non-pollution days 
(approximately 1.1-2.2 times greater during pollution 
days; Table 1). The concentrations of the three abundant 
inorganic ions, SO4

2−, NO3
−, and NH4

+, increased by a 
factor of 1.6, 2.2, and 1.9, respectively. However, the 
percentage contribution of the three major ions to PM2.5 
did not vary greatly; the contribution of NO3

− increased 
only slightly, and the percentage contribution of SO4

2− 
and NH4

+ to PM2.5 decreased slightly (i.e., from 7.5% 
to 5.9% for SO4

2− and from 6.9% to 6.5% for NH4
+; 

Table 1). Furthermore, the percentage contribution of 
SNA to PM2.5 exhibited a slightly declining trend from 
non-pollution (28%) to pollution days (26%). This 
pollution characteristic of PM2.5 is different from those 
observed in other plain regions of China [41, 42], where 
substantial increases in SO4

2− concentrations during 
pollution events were observed under conditions of 
higher relative humidity and the percentage contribution 
of SNA to PM2.5 increased substantially.

For the gaseous precursors SO2 and NO2, the 
concentration of SO2 increased from 8.1 μg m−3 on non-
pollution days to 10.0 μg m−3 on pollution days (i.e., it 
increased by a factor of 1.2), and the concentration of 
NO2 increased from 43.3 μg m−3 on non-pollution days 
to 56.2 μg m−3 on pollution days (i.e., it increased by a 
factor of 1.3); these increases were less pronounced 
relative to the increases in SO4

2− and NO3
−, indicating the 

role of secondary aerosol formation in the occurrence 
of PM2.5 pollution events. Furthermore, the SOR value 
increased from 0.24 on non-pollution days to 0.30 on 
pollution days, and the NOR value increased from  
0.11 on non-pollution days to 0.18 on pollution days; 

Fig. 3. Time series of hourly meteorological parameters, gases, and daily PM2.5 concentrations from January 15 to February 6, 2021.
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these increases reflected the increased formation of 
SO4

2− and NO3
− during PM2.5 pollution events. 

The concentrations of gases and major inorganic ions 
were influenced by weather conditions. As presented 
in Table 1, wind speed and atmospheric pressure were 
lower on pollution days than on non-pollution days, and 
these conditions promoted air pollutant accumulation; 
high temperature and relative humidity on pollution 
days may also promote secondary aerosol formation 
through photochemical oxidation and heterogeneous 
reactions. Notably, the overall characteristics of gases, 
major inorganic ions, and meteorological conditions 
during pollution days provide only an overview of the 
occurrence of PM2.5 pollution, and the primary causes of 
each pollution event should be further discussed.

Changes in Meteorological Conditions during 
the Evolution of PM2.5 Pollution Events

The wintertime sampling period was divided into six 
stages according to whether the concentration of PM2.5 
was greater or less than 75 μg m−3: Stage 1 (January 15), 
Stage 2 (January 16 to 19), Stage 3 (January 20 to 23), 
Stage 4 (January 24 to February 1), Stage 5 (February 
2 to 3), and Stage 6 (February 4 to 6). Among the six 
stages, the daily mean concentrations of PM2.5 in those 
sampling days in Stage 1, Stage 3, and Stage 5 were 
higher than 75 μg m−3, which were classified as pollution 
days; while the remaining sampling days in Stage 2, 
Stage 4, and Stage 6 showed lower PM2.5 concentrations 
(less than 75 μg m−3), which were classified as non-
pollution days. The hourly variations of gas and PM2.5 
concentrations and the meteorological conditions 

in winter are presented in Fig. 3; the daily mean 
concentrations of SO4

2−, NO3
−, and NH4

+, in addition 
to the SOR, NOR, aerosol pH, and AWC values, are 
presented in Fig. 4.

In Stage 1, which was the first pollution day 
during the observation period, the daily mean PM2.5 
concentration was 94.3 μg m−3. The mean concentration 
of PM2.5 decreased by 56% from Stage 1 to Stage 2. 
Regarding the changes in meteorological conditions 
from Stage 1 to Stage 2, the temperature decreased 
by 36%, but the relative humidity, wind speed, and 
atmospheric pressure all increased (from 53% to 57% 
for relative humidity, 1.2 to 2.1 m s−1 for wind speed, 
and 957.0 to 962.9 hPa for atmospheric pressure). These 
findings suggest that the considerable increase in wind 
speed, particularly the increase on the first day of Stage 
2 (January 16, 3.2 m s−1), was the main reason for the 
considerable decrease in PM2.5 concentration because of 
the favorable dispersion conditions.

An extended and severe pollution event occurred 
in Stage 3, during which the mean concentration of 
PM2.5 was 113.3 μg m−3 and the highest daily mean 
PM2.5 concentration was recorded (January 21: 120 μg 
m−3). From Stage 2 to Stage 3, the observed temperature 
and relative humidity increased by 60% and 17%, 
respectively, which likely promoted the formation 
of secondary aerosols through photochemical and/
or heterogeneous reactions. By contrast, wind speed 
decreased from 2.1 m s−1 in Stage 2 to 1.6 m s−1 in Stage 
3, leading to the accumulation of air pollutants at a low 
wind speed. Similar to the removal mechanism in Stage 
2, the decrease in PM2.5 concentration in Stage 4 was 
likely related to the increase in wind speed. 

Fig. 4. Time series of concentrations of SO4
2−, NO3

−, and NH4
+; SOR; NOR; aerosol pH; and aerosol water content (AWC) from January 

15 to February 6, 2021.
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In Stage 5, the mean concentration of PM2.5 was 
approximately two times that in Stage 4. Wind speed 
and atmospheric pressure remained stable from Stage 
4 to Stage 5, whereas temperature increased slightly 
from 9.5ºC to 10.0ºC. The observed relative humidity 
increased from 67% to 72% from Stage 4 to Stage 5, 
highlighting the key role of heterogeneous reactions in 
the formation of secondary aerosols. An approximately 
50% decrease in PM2.5 concentration occurred from 
Stage 5 to Stage 6, which can be attributed to the wet 
scavenging that occurred on February 4. 

Variations of Gases and SNA Concentrations during 
the Evolution of PM2.5 Pollution Events

SO4
2−, NO3

−, and NH4
+ were the three major 

components of WSIIs, accounting for more than 80% of 
WSIIs; thus, only the variations of these three ions and 
their potential causes are discussed in this subsection.  
In Stage 1, SO2 and NO2 showed the highest 
concentrations among the six periods, resulting in 
high SO4

2− and NO3
− concentrations. In Stage 2, the 

concentrations of SO4
2−, NO3

−, and NH4
+ and those of the 

two gaseous precursors (i.e., SO2 and NO2) decreased 
by 26%–60% relative to the concentrations recorded 
in Stage 1, indicating the effective dispersion of all 
pollutants because of the increased wind speed. 

In Stage 3, the concentration of SO2 and NO2 on 
January 20 increased sharply to 13.0 and 71.6 μg m-3 

from 8.4 and 53.3 μg m-3 on January 19 in Stage 2, 
respectively, with an enhanced factor of 1.3-1.5. The 
concentrations of SO4

2− and NO3
− also increased by a 

factor of approximately 1.5, highlighting the crucial role 
of the stable weather conditions characterized by the 
extremely low wind speed (1.2 m s−1) on January 20. The 
concentrations of SO2 and NO2 began to decrease toward 
the end of Stage 2, but those of SO4

2− and NO3
− continued 

to increase. Those opposing trends between gaseous 
precursors and secondary aerosols can be explained 
by the increased wind speed and enhanced secondary 
formation. The increase in wind speed from January 
21 to 22 increased the dispersion of local air pollutants, 
which likely reduced SO2 and NO2 concentrations. 
Nevertheless, the high wind speed also promoted the 
regional transport of particulate pollutants and likely 
resulted in increases in the concentrations of SO4

2− 
and NO3

−. Additionally, the enhanced transformation 
from gaseous precursors to particulate matters likely 
increased the concentrations of the particulates SO4

2− and 
NO3

− but reduced those of SO2 and NO2; this argument 
is supported by the substantial increases in SOR and 
NOR from January 21 to 22 (from 0.22 to 0.36 for SOR 
and from 0.11 to 0.25 for NOR). On the basis of the 
elevated temperature and O3 concentration and the high 
relative humidity, the increased concentrations of SO4

2− 
and NO3

− in Stage 3 can be attributed to the enhanced 
secondary ions formation through photochemical and 
heterogeneous reactions. Furthermore, the considerable 
increase in AWC from Stage 2 (4.0 μg m−3) to Stage 3

(17.7 μg m−3) supported the formation of SO4
2− and 

NO3
− through heterogeneous reactions. In Stage 4, 

the concentrations of the gaseous precursors and 
SNA decreased by approximately 22%-45%, and the 
decreases in the concentrations of SNA were greater 
than the decreases in gases, particularly NO3

− and NH4
+, 

which had decreasing rates of more than 40%. 
In Stage 5, a short-term PM2.5 pollution event 

occurred. During this stage, the mean concentration of 
SO2 increased by approximately 26% compared with 
that in Stage 4, and no obvious change was detected 
for NO2. Nevertheless, from Stage 4 to Stage 5, the 
concentrations of SO4

2−, NO3
−, and NH4

+ increased by a 
factor of 1.8, 2.2, and 2.0, respectively, indicating that the 
enhanced secondary ions formation contributed to PM2.5 
pollution. The values of SOR (0.35) and NOR (0.22) in 
Stage 5 were approximately 1.3-1.9 times higher than 
those in Stage 4 and also higher than the mean values 
in Stage 3. The distinctive meteorological characteristics 
of Stage 5 comprised a high relative humidity level 
(71%) and high AWC (26.8 μg m−3), which facilitated 
the formation of SO4

2− and NO3
− through heterogeneous 

reactions. In Stage 6, the mean concentrations of SO4
2−, 

NO3
−, and NH4

+ decreased by approximately 50% 
relative to the mean concentrations in Stage 5, although  
the concentrations of SO2 and NO2 decreased by only 
7%-16%. These reductions can primarily be ascribed 
to the occurrence of rainfall on the first day of Stage 6, 
which led to the more effective scavenging of inorganic 
ions relative to gases. 

In summary, meteorological conditions and the 
enhanced secondary inorganic ions formation drove the 
evolution of PM2.5 pollution in winter in Mianyang. Low 
wind speeds facilitated air pollutant accumulation, and 
high relative humidity and AWC levels were conducive 
for SO4

2− and NO3
− formation through heterogeneous 

reactions. Additionally, the equilibrium (HNO3 ↔ H+ 

+ NO3
−) tended to shift toward particulate NO3

− when 
the aerosol pH was high. Compared with data collected 
from other cities [21, 43-45], the aerosol pH was 
higher in Mianyang, varying from 3.0 to 4.1 in winter. 
Although the difference in aerosol pH between the non-
pollution and pollution days was not obvious (Fig. 4), 
the high aerosol pH was still conducive to the existence 
of particulate NO3

−, indicating its key role in PM2.5 
pollution events. The slight increase in the percentage 
contribution of NO3

− to PM2.5 from the non-pollution 
(13.6%) to the pollution (14.2%) days also reflected the 
key role of NO3

− in the occurrence of PM2.5 pollution.

Conclusions

This study investigated the characteristics of 
PM2.5 and water-soluble inorganic ions in Mianyang 
(a medium-sized city in Southwest China) in 2021. The 
annual mean concentration of PM2.5 (34.6±27.5 μg m−3) 
was determined to be lower than the recommended 
NAAQS limit, indicating an improvement in the air 
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quality in Mianyang after the implementation of clean-
air policies. We observed obvious seasonal variations 
for all WSIIs, with the highest concentrations of the 
WSII constituents being detected in winter (except for 
the concentration of SO4

2−, which peaked in spring). 
The concentrations of semi-volatile constituents (e.g., 
NO3

− and Cl−) decreased by more than 80% in summer 
relative to the peak values in winter. PM2.5 pollution 
events mostly occurred in winter, during which 
approximately 30% of the sampling days exhibited a 
daily PM2.5 concentration of more than 75 μg m−3. Low 
wind speeds, high relative humidity, high AWC, and 
high aerosol pH levels all contributed to the occurrence 
of PM2.5 pollution events.

Although the enhanced secondary inorganic ions 
formation occurred on the pollution days, data on 
the variations of the concentrations of carbonaceous 
compounds were unavailable, preventing us from 
exploring the causes of PM2.5 pollution thoroughly. In 
our future research, we will use available source marker 
data (e.g., trace elements and organic compounds) to 
estimate the quantitative contributions of effective 
clean-air policies and the COVID-19 pandemic to the 
decreases in PM2.5 concentrations.
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