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Abstract. Nitrate, sulfate and ammonium (NSA) are the
main secondary inorganic aerosols of PM2.5 and play an
important role in air pollution. In this study, a 3-year ob-
servational experiment was conducted from 1 January 2015
to 31 December 2017, in Chengdu, southwest China. NSA
pollution characteristics, chemical conversion generation,
emission reduction control sensitivity and pollutant regional
transport characteristics were analyzed. NSA are the most
important chemical compositions of particles with aerody-
namic equivalent diameter ≤ 2.5µm in ambient air (PM2.5),
and the contribution of nitrate to the accumulation of PM2.5
concentration is greater than that of sulfate and ammonium.
NSA also have obvious characteristics of annual, monthly,
seasonal, diurnal and weekly variations. Through observa-
tion data and model simulation, it was also found that the
existence of an aerosol aqueous environment plays an impor-
tant role in the formation and existence of NSA. Sensitiv-
ity analysis between NSA found that controlling NO−3 and
SO2−

4 plays an important role in reducing the contribution of
NSA to PM2.5, which also implies that the current control of
NOx and SO2 is important for improving air pollution. Com-
bined with meteorological conditions and potential source
contribution function (PSCF) analysis, local emissions and
regional emissions of pollutants are found to have impor-

tant impacts on Chengdu’s atmospheric environment. This
research result not only provides an assessment of the cur-
rent atmospheric emission reduction effect but also provides
an important reference for atmospheric pollution control.

1 Introduction

In recent years, with the rapid development of China’s do-
mestic economy and acceleration of urbanization, energy
consumption and pollutant emissions have also increased,
which increases the burden on the atmospheric environment,
and severe air pollution has become a focus of social con-
cern (X. G. Liu et al., 2013; An et al., 2019; Fu et al., 2014;
Zhao et al., 2017). When air pollution forms, mass concen-
trations of particles with aerodynamic equivalent diameter
≤ 2.5µm in ambient air (PM2.5, also known as fine parti-
cles) can reach a higher pollution level, which not only re-
duces atmospheric visibility but also carries a large number
of toxic species into the human lungs, increasing the risks
of cardiovascular and cerebrovascular diseases (Chang et al.,
2018; Tie et al., 2009; Kong et al., 2019; Zhao et al., 2018;
Y. R. Yang et al., 2015). Nitrate, sulfate, ammonium, organic
matter and elemental carbon are the main compositions of
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PM2.5, among which nitrate, sulfate and ammonium (NSA)
are the main secondary inorganic aerosols in PM2.5 (Ji et al.,
2019; Zheng et al., 2016). NSA mainly originates from the
secondary aerosols produced by complex chemical reactions
of NOx, SO2 and NH3 from coal combustion, vehicle exhaust
emissions and agricultural sources (X. Liu et al., 2013; Wang
et al., 2016; Tian et al., 2017).

Because China’s current main energy resource is still fos-
sil fuels, which are widely used in industry, for vehicles
and residentially, the emission reduction space of NSA is
still restricted by a large number of gaseous precursors of
NSA (Zhao et al., 2018; Tong et al., 2019). In addition, the
chemical conversion of NO2, SO2 and NH3 to form NSA
is still very complex, and both homogeneous and hetero-
geneous reactions involve the chemical conversion of sec-
ondary inorganic aerosols, such as photochemical reactions,
aqueous phase oxidation environments of aerosols and catal-
ysis of mineral dust (Cheng et al., 2016; Sun et al., 2014;
Wang et al., 2016; Ohta and Okita, 1990; He et al., 2014).
The formation of sulfate can increase the acidity of aerosols
(Sun et al., 2014). In contrast, the presence of NH3 can play
a role in neutralization and maintain the acid–base balance
of aerosols (Wang et al., 2016). If improper control mea-
sures are taken in pollution reduction control, such as further
ammonia emission reduction, the acidification of aerosols
and environmental problems of acid rain may be aggravated
(M. Liu et al., 2019). In addition to the air pollution caused by
the local emission of pollutants, the regional transportation of
pollutants from the surrounding cities also has an important
impact on the urban air quality. Determination of regional
transport sources of pollutants, taking regional joint preven-
tion and control measures, and jointly reducing the emissions
of pollutants will enable better air control effects, particu-
larly in the Beijing–Tianjin–Hebei region of northern China
(L. Chen et al., 2019).

Higher concentrations of NSA in PM2.5 were also found
in regions with more serious air pollution in China, such as
Beijing–Tianjin–Hebei, the Yangtze River Delta, the Pearl
River Delta, the Fenwei Plain and the Chengdu–Chongqing
region (An et al., 2019; Li et al., 2017; Y. Liu et al., 2019).
In response to this situation, the Chinese government issued
an Air Pollution Prevention and Control Action Plan (2013–
2017) in 2013 to reduce pollutant emissions and improve air
quality (the Sate Council, 2013, last access: 17 June 2020).
A large number of treatment measures have been taken re-
garding coal combustion, motor vehicle emissions and out-
dated industrial capacities, and by 2017, China’s ambient air
quality control measures had achieved good results (K. Liu
et al., 2019; Z. Chen et al., 2019; Cheng et al., 2019; Li
et al., 2019). In Beijing, PM2.5, NO2 and SO2 decreased by
35.2 %, 17.9 % and 69.8 %, respectively, in 2017 compared
with 2013 (Beijing Municipal Ecology and Environment Bu-
reau, 2018, last access: 17 June 2020). In Chengdu, PM2.5,
NO2 and SO2 decreased by 42.3 %, 15.9 % and 64.5 %, re-
spectively, in 2017 compared with 2013 (Chengdu Municipal

Ecology and Environment Bureau, 2018, last access: 17 June
2020). To continue to promote air quality improvement, the
Chinese government launched the “Three-Year Action Plan
for Winning the Blue Sky Defense Battle” in 2018, which
puts forward stricter requirements on how to further pro-
mote the implementation of emission reduction plans (the
Sate Council, 2018, last access: 17 June 2020). Through
long-term observations, a comprehensive analysis of PM2.5
chemical compositions and source characteristics is carried
out to verify the current implementation effects of emis-
sion reduction, and in-depth analyses of pollution reduction
control characteristics are of great significance for the next
step in air pollution control. However, these analyses may
be affected by the experimental equipment, observation sta-
tions and other conditions, and the time span of these atmo-
spheric observations usually includes several pollution pro-
cesses or lasts for weeks or months. Thus, it is difficult to an-
alyze the long-term variations in characteristics of air pollu-
tion through comprehensive observation. In particular, there
are few high-time-resolution (1 h) observation experiments
carried out with online automatic observation systems (Sun
et al., 2013; Tie et al., 2017; Guo et al., 2014). Especially in
the Sichuan Basin of southwest China, there are few long-
term observational experiments on NSA, which are the main
chemical compositions of PM2.5.

The Sichuan Basin is among the most important areas of
air pollution in China (Qiao et al., 2019; Gui et al., 2019;
Zhong et al., 2019). Although there are many studies in this
area, there are few long-term studies of the hourly concentra-
tion data resolution of PM2.5 chemical compositions. In this
study, through 3 years of observations (from 1 January 2015
to 31 December 2017), we analyzed the pollution character-
istics of NSA, as well as their formation mechanism and pol-
lution control sensitivity. Finally, combined with local emis-
sions and regional transport characteristics, we analyzed the
air pollution transport characteristics of Chengdu air pollu-
tion.

2 Experiment and methods

2.1 Observation site

Comprehensive observations were carried out at the Chengdu
comprehensive observation station of atmospheric combined
pollution (30.63◦ N, 104.08◦ E). The observation equipment
was placed on the top of a building, approximately 25 m from
the ground, and there was no obvious pollution source within
approximately 200 m. The site is located in south section 1 of
Yihuan Road, Wuhou District, Chengdu (Fig. 1), and traffic
emission sources may be the main pollution emission source
around the observation station. This is a typical residential,
traffic and commercial mixed area that represents the char-
acteristics of the urban atmospheric environment. Chengdu
is also a megacity in the Sichuan Basin of southwest China,
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Figure 1. Observation site in Chengdu. The image on the top shows the aerosol optical depth (AOD, 550 nm) from 2015 to 2017 (National
Aeronautics and Space Administration, 2019, last access: 17 June 2020). The black dot in the image on the bottom shows the location of the
observation site in Chengdu (background map from © Google Maps, last access: 17 June 2020).

as well as an important part of the Chengdu–Chongqing re-
gion, which is among the regions with serious air pollution in
China. As shown in Fig. 1, the Sichuan Basin also has high
aerosol optical depth (AOD).

2.2 Instruments

During the research period, online experimental monitoring
instruments were used to obtain the observation data with an
hourly resolution (1 h). The equipment list is shown in Ta-
ble 1. Data quality control and assurance are an important
part of the atmospheric comprehensive observation experi-
ment, and this result is described in detail in the Supplement
(Fig. S1–S4 in the Supplement).

2.3 Chemical conversions and model methods

To clarify the conversion of gaseous pollutants to secondary
aerosols, the nitrogen oxidation ratio (NOR) and sulfur ox-
idation ratio (SOR) were used to reflect the conversions of
NO2 and SO2 to NO−3 and SO2−

4 , respectively (Sun et al.,
2014; Y. R. Yang et al., 2015). These ratios can be calculated
using Eqs. (1) and (2):

NOR= nNO−3 /(nNO−3 + nNO2), (1)

SOR= nSO2−
4 /(nSO2−

4 + nSO2), (2)

where n is the molar concentration.
The ISORROPIA-II thermodynamic model was used to

analyze the variation in interaction characteristics among
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Table 1. The experimental instruments used in this study.

Instruments Parameters Manufacturer/country

URG-9000 NO−3 /SO2−
4 /NH+4 /Na/Mg/Ca/Cl/K Thermo Fisher Scientific/USA

SHARP 5030 PM2.5 Thermo Fisher Scientific/USA
RT-4 OC/EC Sunset Laboratory/USA
Xact-625 Metal elements Cooper Environmental Services/USA
17i/450i/48i/49i NOx/NO2/NO/NH3/SO2/CO/O3 Thermo Fisher Scientific/USA
WXT520 Meteorological parameters Vaisala/Germany

OC: organic carbon; EC: element carbon.

aerosol chemical compositions (Fountoukis and Nenes,
2007; Guo et al., 2017; Ding et al., 2019). Temperature
(T), relative humidity (RH) and the concentrations of Na,
SO2−

4 , NH3, NO−3 , Cl, Ca, K and Mg were input into the
ISORROPIA-II thermodynamic equilibrium model. In this
study, we used the “forward problems” mode to run the
model, assuming that the aerosols were in a “metastable”
state (salts do not precipitate under supersaturated condi-
tions). At the time of data input, NH3 data were the sum of
NH3 and NH+4 . Previous studies had shown that the model
has better performance when the RH is greater than 30 %,
and some studies also believe that the model performance is
greater than 40 %, so this study maintains the RH at higher
than 40 % when data are input (Ding et al., 2019; Guo et al.,
2016). The simulated data and observed data were compared
and analyzed, and the observation data of NH3 were consis-
tent with the input data of the model. The linear regression
fitting slope of NH3 was 0.96 (R2

= 0.98), which showed
that the run result of the model had good reliability and per-
formance (Ding et al., 2019). Simultaneously, the aerosol wa-
ter content (AWC) was calculated, and the sensitivity of the
interaction between aerosol chemical compositions (NSA)
and the pH of aerosols was analyzed (Ding et al., 2019; Foun-
toukis et al., 2009). The pH was calculated using Eq. (3):

pH=−log10H+aq=̃− log10
1000H+air

AWC
, (3)

where H+aq (molL−1) is the concentration of hydronium ions
in liquid water of atmospheric particulate matter, which
can be calculated by the H+air and AWC (µgm−3) outputs
from the ISORROPIA-II thermodynamic equilibrium model
(Ding et al., 2019; Guo et al., 2017).

2.4 CPF and PSCF methods

We used the conditional probability function (CPF) to ana-
lyze the characteristics of pollutants under the influence of
wind direction (WD) and wind speed (WS). The analysis
results using CPF were obtained using the R programming
language, named openair. This function can be defined as
CPF=mθ,j/nθ,j , where mθ,j is the number of samples in
the WD interval θ and WS interval j with mixing ratios

greater than some “high” pollution concentration, and nθ,j
is the total number of samples in the same WD–WS interval
(Uria-Tellaetxe and Carslaw, 2014). Usually, a higher given
high pollution concentration (percentile) is chosen, such as
the 90th percentile, which will mask the lower percentile
pollution concentration source contributions. In this work, to
obtain a more complete contribution of pollution sources, a
range of percentile values, 0–25, 25–50, 50–75 and 75–100,
were selected for the CPF calculation.

The potential source contribution function (PSCF) is based
on an analysis of pollution sources given the air mass back-
ward trajectory and can be used to judge the long-distance
regional transport of pollutants (Ji et al., 2019). In this study,
MeteoInfoMap and TrajStat (Wang et al., 2009) were used,
and the model simulation data input model was provided by
the National Oceanic and Atmospheric Administration (Na-
tional Oceanic and Atmospheric Administration, 2019, last
access: 17 June 2020); these data were calculated to the 24 h
backward trajectories at the observation site at a height of
500 m every 1 h from 1 January 2015 to 31 December 2017
(UTC+8). The calculated domain for PSCF was a range of
20–50◦ N, 75–115◦ E, and a grid cell with a resolution of
0.5◦× 0.5◦ was divided. The PSCF could be defined using
Eq. (4):

PSCFij =
Mij

Nij
Wij , (4)

Wij =


1.0(Nij ≥ 3Nave)

0.7(3Nave >Nij ≥ 1.5Nave)

0.4(1.5Nave >Nij ≥Nave)

0.2(Nave >Nij ),

(5)

where PSCFij is the value for the ij th grid cell and Mij

is the total number of endpoints in the ij th grid cell, with
pollution concentrations at the observation site (30.63◦ N,
104.08◦ E) that are greater than a given threshold value (the
75th percentile was selected for gaseous pollutants). Nij is
the number of backward trajectory endpoints in the ij th grid
cell (0.5◦× 0.5◦) during the simulation period. Therefore,
the PSCF reflects the two-dimensional planar position dis-
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tribution characteristics of potential sources, not the three-
dimensional characteristics that reflect the transmission of
pollution. To reduce the uncertainty in Nij , the empirical
weight function Wij was introduced in Eq. (5), where Nave
is the average of Nij during the simulation period (Ji et al.,
2019; Zhang et al., 2017; Wang et al., 2009).

3 Results and discussion

3.1 Pollution characteristics of the interannual and
entire observation periods

The annual average mass concentration of NSA and its pro-
portion in PM2.5 are shown in Table 2. The annual aver-
ages of PM2.5 were 67.78, 71.88 and 59.68 µgm−3, corre-
sponding to 2015, 2016 and 2017, respectively. However,
the pollution of PM2.5 in Chengdu was much higher than
the annual secondary guideline value (35 µgm−3, Ambient
air quality standards/GB3095-2012) and the World Health
Organization annual guideline value (10 µgm−3). The same
PM2.5 pollution problem was also a serious problem in Bei-
jing and Nanjing (Ji et al., 2019; Zheng et al., 2019). The
annual average mass concentration of NSA also changed sig-
nificantly, and the difference was large. The Mann–Whitney
U test showed that the variation in NO−3 was nonsignificant
(p > 0.05), and SO2−

4 and NH+4 had obvious significance
from 2015 to 2017 (p < 0.05), indicating that NO−3 had not
decreased significantly, and there was an increase in 2017
compared to 2015. SO2−

4 continued to decline, and NH+4 was
also lower in 2017 than in 2016. Notably, SO2−

4 and NH+4
decreased significantly in 2017 compared with 2015, but the
variation in NO−3 was nonsignificant. Meanwhile, the annual
averages of NO−3 /SO2−

4 were 0.95, 1.02 and 1.45 for 2015,
2016 and 2017, respectively, indicating that the contribution
of NOx emissions sources to PM2.5 was increased compared
with that of SO2 emissions sources (Li et al., 2017; Wang
et al., 2015). As shown in Table S1 in the Supplement, from
2013 to 2017, the emissions of NO2 in Chengdu were ob-
viously higher than those of SO2, but PM2.5, NO2 and SO2
all decreased due to the implementation of the Air Pollution
Prevention and Control Action Plan launched by the Chi-
nese government and a more detailed pollution control plan
launched by Sichuan Province. From 2015 to 2017, the mea-
sures taken by Sichuan Province in the coordinated reduc-
tion of multiple pollutants have been continuously strength-
ened, and the scope of management and control has been
continuously expanded, for example, in the improvement of
desulfurization, denitrification and dust removal technolo-
gies in key industries, from accelerated improvement in 2015
to deeper improvement in 2017. The process of eliminating
small coal-fired boilers began in 2015 and was completed
in 2017, when the ultra-low-emission coal-fired power plant
transformation was promoted. In terms of vehicle emission
control, we accelerated the elimination of yellow label vehi-

cles (general term for gasoline vehicles with emission levels
lower than the national I emission standard and diesel vehi-
cles with emission levels lower than the national III emission
standard when new vehicles are finalized) and “old vehicles”
(the emission level does not meet the national stage IV emis-
sion standard) in 2015 and basically completed the elimina-
tion of “yellow label” vehicles in 2017. The quality super-
vision of oil products has also been improved, and non-road
mobile machinery pollution control requirements were pro-
posed in the 2017 plan (The People’s Government of Sichuan
Province, 2015, 2016, 2017, last access: 17 June 2020). Com-
pared with 2015, NOx and SO2 decreased by 5.98 % and
32.35 %, respectively, in 2017, which shows that the treat-
ment of NOx and SO2 emissions has achieved remarkable
results, of which the SO2 emission reduction effect is the
best, followed by that of NOx. The effect of this emission
reduction is due to air pollution prevention measures, espe-
cially measures of “electricity instead of coal” and “natural
gas instead of coal” (refers to increased use of electricity and
natural gas in the residential sector to reduce coal combus-
tion).

The chemical compositions of PM2.5 from 2015 to 2017
vary with concentration, as shown in Fig. 2. With the accu-
mulation of PM2.5 in the atmosphere, the concentration of
NSA also increased significantly, but the proportion of NSA
in PM2.5 decreased (Fig. 2a and b). The variation trend of
OC, EC and metal elements with increasing PM2.5 concen-
tration is similar to that of NSA (Fig. 2c and d), and this
variation trend of OC and EC is consistent with the results
of long-term observation research carried out in Beijing (Ji
et al., 2019). With the accumulation of PM2.5 concentra-
tion, NSA, OC, EC and metal element concentrations have
an increasing trend, but their ratio with PM2.5 gradually de-
creases, indicating that other compositions have a higher con-
tribution. This result, on the one hand, may be since some
chemical compositions such as ions and dust have not been
included in the statistics; on the other hand, the unknown
component may also have a high contribution characteris-
tic to PM2.5 (Zhang et al., 2015; Huang et al., 2014). For
the contribution characteristics of unknown components of
PM2.5, studies in some regions of China show that the con-
tribution of higher PM2.5 concentration is higher than that
of lower PM2.5 concentration (Huang et al., 2014; Li et al.,
2017; Geng et al., 2019). When PM2.5 was less than 50
µgm−3 and greater than 250 µgm−3, the mass concentrations
of NSA were 11.57 and 90.06 µgm−3, respectively, and the
proportions were 37.78 % and 31.45 %, respectively. Com-
paring Fig. 2b and d, it was found that NSA was always the
main contributor in the entire process of PM2.5 accumulation,
which was significantly higher than the proportions of OC
and EC (Ji et al., 2019; K. Liu et al., 2019). In the accumula-
tion process of PM2.5 concentrations greater than 50 µgm−3,
NO−3 accounts for a high proportion in NSA and is stable at
approximately 14 %, and the proportion of SO2−

4 and NH+4
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Table 2. Comparison of annual mass averages (µgm−3) and proportions (%) for NSA (nitrate, sulfate and ammonium) from 2015 to 2017.

PM2.5 NO−3 SO2−
4 NH+4 NO−3 /PM2.5

∗ SO2−
4 /PM2.5

∗ NH+4 /PM2.5*

2015 67.78 9.13 10.37 6.14 12.90 16.54 8.77
2016 71.88 9.27 8.53 6.16 12.30 13.31 8.90
2017 59.68 9.17 6.88 5.01 14.05 13.23 7.91

∗ Average of sample proportions.

Figure 2. Variation characteristics of the NSA (nitrate, sulfate and ammonium) and other chemical compositions with different concentrations
of PM2.5. (a) NSA mass concentration. (b) Percentage of NSA in PM2.5. (c) Chemical compositions of organic carbon (OC), elemental
carbon (EC) and metal elements. (d) Percentage of OC, EC and metal elements in PM2.5.

continues to decrease (M. Liu et al., 2019; Wang et al., 2016).
When the PM2.5 concentration was less than 50 µgm−3, the
concentration of SO2−

4 was higher than that of NO−3 , and the
concentration of NH+4 was lower than the NH+4 concentra-
tion of PM2.5 at 50 to 100 µgm−3, possibly due to SO2−

4 con-
centration being higher than the NO−3 concentration, forming
more chemically stable (NH4)2SO4 (Guo et al., 2017). In ad-
dition, when the PM2.5 was less than 50 µgm−3, low RH and
strong solar radiation were also important ways to generate
sulfate (Yao et al., 2018).

3.2 Monthly and seasonal variations

The monthly variation characteristics of NSA from 2015
to 2017 are shown in Fig. 3. At the beginning and end of
each year, the pollutant concentration is relatively high and
relatively low in the middle of each year. The meteorolog-
ical conditions also have obvious monthly variation char-
acteristics (Fig. S5a, b in the Supplement); from April to
August, they have higher WS and lower RH, which is not
only conducive to the dilution and diffusion of pollutants
but also reduces the chemical conversions of pollutants by

aqueous phase and influences the formation of secondary in-
organic aerosols (Wang et al., 2016; Ji et al., 2019). Over-
all, the concentrations are higher in January and December
and lower in July and August. The highest monthly aver-
age NO−3 reached 19.98 µgm−3 in January 2017, and the
highest monthly average SO2−

4 and NH+4 were 22.08 and
12.66 µgm−3 in January 2015, respectively. The lowest con-
centrations of NSA appeared in August 2017, which were
1.96, 3.07 and 1.62 µgm−3. The gaseous precursors of NSA
also have obvious monthly variations, and the NOx and SO2
trends were similar to those of NO−3 and SO2−

4 (Figs. 3
and 4). NH3 emissions were significantly different, with in-
creases in warmer months (April–July) and colder months
(September–December). On the one hand, NH3 volatiliza-
tion was promoted by relatively high Ts (Fig. S5c); on the
other hand, the use of agricultural fertilizers and livestock
farming were also important sources of NH3 in China. Sec-
ond, from urban regions, fossil fuel combustion and motor
vehicle emissions also contribute significantly (X. Liu et al.,
2013; Pan et al., 2016). Notably, NH3 increased significantly
from April to December 2017 compared with 2015 and 2016,
especially during low-T months (Fig. 4c). The results of an
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Figure 3. Monthly variations in NSA (nitrate, sulfate and ammonium) concentrations from 2015 to 2017. (a) NO−3 . (b) SO2−
4 . (c) NH+4 .

analysis of the monthly concentration variation in pollutants
indicate that the implementation of pollution reduction and
control measures should be strengthened at the beginning of
each year (January to March) and the end of the year (Octo-
ber to December).

The seasonal variation in NSA is shown in Fig. S6 in
the Supplement, and the concentration in winter was much
higher than that in summer. NO−3 only declined in spring
and summer from 2015 to 2017, with an increase in autumn
and winter (Fig. S6a). Seasonal variations in NH+4 were sim-
ilar to those of NO−3 , with higher concentrations in winter
and the lowest in summer (Fig. S6c). This may be because
higher Ts and WSs can not only promote the decomposi-
tion of NH4NO3 in summer but also promote the dilution
and diffusion of pollutant concentrations (Guo et al., 2017;
An et al., 2019). There is a significant downward trend in
SO2−

4 , which continues to decrease in spring, summer and
winter from 2015 to 2017 (Fig. S6b). In autumn, the con-
centration was the highest in 2016, and it was significantly
lower in 2017 than in 2015 and 2016. The variation ampli-
tude of NSA and gaseous pollutants in cold months was sig-

nificantly higher than that in warm months (Figs. 3, 4 and
S6). This higher variation amplitude may be due to the dif-
ferences in pollutant accumulation and scavenging processes.
This finding also indicates that the instability of local pol-
lutant emissions and regional transport during cold months
was affected by meteorological conditions (Li et al., 2017;
Ji et al., 2018). The large variation amplitude of pollutants
in different months, similar to the changes in the Beijing–
Tianjin–Hebei region of northern China and Chengdu, is due
to the accumulation and removal of pollution by meteorolog-
ical conditions and pollutant emissions (Ji et al., 2019; Qin
et al., 2019; H. Zhang et al., 2019).

3.3 Diurnal and weekly variations

From 2015 to 2017, the concentration of NSA was higher
in the daytime than in the evening (Fig. 5a), and similar re-
sults were found in different seasons (Fig. 5b), which may
be due to the combination of pollutant emissions and mete-
orological conditions. As shown in Fig. S7 in the Supple-
ment, from 09:00 to 11:00 UTC+8, the concentrations of
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Figure 4. Monthly variations in NOx, SO2 and NH3 concentrations from 2015 to 2017. (a) NOx. (b) SO2. (c) NH3.

SO2, NOx, NH3 and CO increased significantly, indicating
that the primary emission of pollutants was relatively strong.
At this time, although RH is in a declining stage, it still
has a relatively high atmospheric humidity (approximately
65 %), and O3 and NO2/NO also occasionally show an in-
creasing trend, indicating that the atmospheric oxidizability
has also increased (Figs. S7 and S8 in the Supplement). This
situation also provides favorable conditions for the forma-
tion of secondary aerosols and promotes the accumulation
of NSA (Cheng et al., 2016; Wang et al., 2016; Sun et al.,
2014). In addition, before 10:00, relatively low WS will en-
able easy pollutant concentration accumulation. In contrast,
the higher WS in the afternoon may be the main factor for
the decrease in pollutant concentration (Figs. 5 and S8). Pho-
tochemical reactions may also be one of the factors in the
formation of NSA, and the concentration of O3 peaks at ap-
proximately 15:00, which may be affected by the free radi-
cals generated by photochemistry. At approximately 19:00,
the ratio of NO2/NO reached its highest value, and the con-
centration of NO2 also increased significantly (Song et al.,
2018; Zhu et al., 2019). At night, with the increase in RH
(Fig. S8), dissolved ozone, free radicals, hydrogen perox-
ide and NO2 can catalyze SO2 to form secondary aerosols
through an aqueous phase reaction (Zhang et al., 2015; An

et al., 2019). The seasonal diurnal variation in NSA is shown
in Fig. 5b. The concentration of NSA in winter was obvi-
ously higher than that in summer, and the diurnal variation
range was larger. The concentrations in spring and autumn
were closer, but the diurnal variation in spring was larger
than that in autumn. The larger diurnal variation range not
only indicates serious pollution but also indicates the impor-
tance of other factors affecting air quality, such as meteoro-
logical conditions and secondary aerosol conversion condi-
tions (Ji et al., 2019; Y. Yang et al., 2015). The peak value
of the NSA seasonal diurnal variation also varies in different
seasons. The peak value appears at approximately 13:00 in
winter, approximately 10:00 in spring and summer, and ap-
proximately 12:00 in autumn, possibly due to the influence
of meteorological conditions. In previous studies in Beijing–
Tianjin–Hebei and the Pearl River Delta, the concentration of
pollutants was affected by meteorological factors, and it was
usually lower in the daytime than at night. In the Yangtze
River Delta, the peak usually occurs in the morning, but in
our study, the concentration was higher in the daytime than
at night (Peng et al., 2011; Wang et al., 2018; J. Guo et al.,
2017). In addition to the diurnal variations in WS and atmo-
spheric humidity, some studies have shown that due to the
unique topographical structure of the Sichuan Basin, the at-
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Figure 5. Diurnal variations in NSA (nitrate, sulfate and ammonium) from 2015 to 2017. (a) Annual average. (b) Seasonal average.

mospheric circulation between the Qinghai–Tibetan Plateau,
Yunnan-Guizhou Plateau and Sichuan Basin and the meteo-
rological conditions of the Chengdu region are affected, such
as the characteristics of air mass transport and typical “night
rain” (more precipitation at night than in the day) under the
influence of atmospheric circulation (Y. Zhang et al., 2019;
L. Zhang et al., 2019).

The weekly variation in NSA is shown in Fig. S9 in
the Supplement. During the overall observational period,
workdays (Monday to Friday) showed higher variations than
weekends (Saturday and Sunday), with the highest variation
being on Tuesday and the lowest being on Sunday. Despite
the difference in mean values between Tuesday and Sunday,
nonparametric tests show that the difference in mean val-
ues was nonsignificant (Mann–Whitney U test, P > 0.05).
As shown in Fig. S9, the average trends of NO−3 and NH+4
were consistent from Monday to Sunday. The correlation

coefficient was 0.94 (P < 0.01) from 2015 to 2017, which
indicates that they have a common source and that vehicle
emissions also have an important contribution to NH+4 (Pan
et al., 2016). The average NO−3 , SO2−

4 and NH+4 concentra-
tions from 2015 to 2017 were 9.21, 8.64 and 5.64 µgm−3 on
workdays and 8.56, 8.33 and 5.29 µgm−3 on weekends, re-
spectively. The average values of NOx, SO2 and NH3 were
42.43, 4.35 and 20.39 ppb on weekdays and 39.60, 4.34 and
19.67 ppb on weekends, respectively. Similarly, the mean dif-
ference between NSA and gaseous precursors (NOx, SO2
and NH3) was not significant by the Mann–Whitney U test
on weekdays and weekends. Population standard deviation
comparisons of NO−3 , SO2−

4 and NH+4 showed that workdays
had higher standard deviations than did weekends, with 7.96,
6.04 and 4.35 on weekdays and 6.76, 5.69 and 3.88 on week-
ends, respectively. It could also be seen from the box plot of
NSA weekly variation that the concentration range on work-
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ing days was slightly larger than that on weekends (Fig. S10
in the Supplement). Analysis of the diurnal variation in NSA
gaseous precursors on weekdays and weekends shows that
the variation trend is relatively consistent (Fig. S11 in the
Supplement), and the concentration of NOx on weekdays will
be slightly higher at the peak of 09:00 to 10:00 than on week-
ends, which may be affected by the morning rush hour of
vehicles. In this study, NSA and gaseous precursors are also
slightly higher on weekdays than on weekends, which indi-
cates that in Chengdu’s air pollution prevention and control
actions, the management of relevant industries and depart-
ments should be strengthened on weekdays.

3.4 Chemical characteristics of NSA

3.4.1 Chemical conversion characteristics of NSA

Figure 6 shows the abilities of NO2 and SO2 to chemi-
cally convert to NO−3 and SO2−

4 at different PM2.5 con-
centrations. With the increase in PM2.5 concentration, NOR
and SOR gradually increased, indicating that the formation
ability of NO−3 and SO2−

4 increased during the formation
of air pollution. In this study, when the PM2.5 concentra-
tion was ≤ 50 µgm−3, the average NOR and SOR were 0.07
and 0.27, respectively, and when the PM2.5 concentration
was greater than 250 µgm−3, the average NOR and SOR
increased to 0.22 and 0.41, respectively, indicating that the
chemical conversion and formation ability of secondary in-
organic aerosols was obviously enhanced when air pollution
was aggravated. Previous studies suggested that when NOR
and SOR were greater than 0.1 and 0.2, respectively, it has
intense conversions and forms secondary inorganic aerosols
(Y. R. Yang et al., 2015).

Figure 7 shows the variation characteristics of NSA chem-
ical conversions with increasing RH. NOR and SOR in-
creased with increasing RH, suggesting that NO2 and SO2
were more likely to produce NO−3 and SO2−

4 under higher-
RH conditions. Previous studies have shown that the pres-
ence of NH3 and NO2 can promote the chemical conversion
of SO2 to SO2−

4 in the aqueous phase (Wang et al., 2016).
In an aerosol aqueous phase environment, alkaline aerosol
(NH3) components can promote the dissolution of SO2 and
the formation of SO2−

4 under the oxidation of NO2 (Cheng
et al., 2016). Especially when the atmosphere is polluted, the
formation of SO2−

4 by SO2 through the aqueous phase envi-
ronment can contribute most of the SO2−

4 (Sun et al., 2013).
When the RH is greater than 80 %, the NOR appears to de-
cline, possibly because HNO3 is semivolatile, and the T in-
creases at this time (Fig. 7c), which is not conducive to the
condensation of gaseous HNO3 to particulate matter, which
affects the amount of NO−3 in PM2.5 (H. Guo et al., 2017).
According to the ISORROPIA-II thermodynamic equilib-
rium model simulation, AWC also increases with RH (Fig. 7
d), and the increase in AWC can provide a liquid environment
for aerosols, which is conducive to the dissolution and con-

version of gaseous precursors of NO2, SO2 and NH3 and pro-
motes the formation of more NSA. The Pearson’s correlation
coefficients of RH and NOR and SOR were 0.12 and 0.16
(p < 0.01), and the AWC and NOR and SOR were 0.73 and
0.37 (p < 0.01), respectively, showing a significant positive
correlation, indicating that the increase in AWC may be ben-
eficial to the conversion of NO2 and SO2 to NO−3 and SO2−

4 .
As shown in Fig. S12 in the Supplement, the simulated val-
ues of NSA (metastable state, liquid phase components) are
compared with the observed data. The linear regression fit-
ting slope is approximately 1 (p < 0.01), indicating that the
effect of the liquid phase environment in PM2.5 is obvious;
in addition, stable state simulation is also performed, and the
linear regression fitting slopes of the NSA liquid phase state
data output from the model and the observation data are 0.73,
0.63 and 0.74, and the Pearson’s correlations are 0.82, 0.71
and 0.80 (p < 0.01), indicating that they are more often com-
bined with AWC in the aerosol aqueous phase environment at
a stable state. Previous studies have also confirmed that the
aqueous phase environment of aerosols plays an important
role in the formation of secondary inorganic aerosols (Wang
et al., 2016; Cheng et al., 2016).

3.4.2 Sensitivity analysis

The molar ratio analysis of NSA shown in Fig. 8 was used to
analyze the chemical relationships among NSA. (NH4)2SO4
and NH4NO3 are mainly composed of NH+4 , SO2−

4 and
NO−3 in particulate matter (Malm and Hand, 2007; Meier
et al., 2009). Because (NH4)2SO4 has better stability than
NH4NO3, NH+4 will first combine with SO2−

4 and then with
NO−3 (Liu et al., 2012). The annual average molar ratio of
NH+4 to 2 ·SO2−

4 was more than 1, which indicates that SO2−
4

can be completely neutralized by NH+4 (Fig. 8a). The mo-
lar ratios of residual NH+4 (NH+4 −2 ·SO4) to NO−3 were
0.85, 0.96 and 1.04 in 2015, 2016 and 2017, respectively.
As shown in Fig. 8a and b, the gradual increase in the ratio
(slope k) from 2015 to 2017 indicates that there is an increase
in NH+4 in aerosol compared with SO2−

4 and NO−3 , espe-
cially in 2017, with a ratio of 1.04, indicating the presence of
other forms of NH+4 , such as NH4Cl and (NH4)2C2O4 (Sun
et al., 2006). Seasonal variations in NH+4 , SO2−

4 and NO−3
are shown in Fig. 8c and d. The higher molar ratio in autumn
indicates that the intensity of ammonia emission in autumn
was higher than that in other seasons. This result also shows
that the proportion of NH+4 relative to NO−3 and SO2−

4 in
PM2.5 has increased. Therefore, while currently controlling
NOx and SO2 emissions, it is also necessary to strengthen
NH3 emissions control.

Table 3 shows the sensitivity analysis of the concentration
variations in SO2−

4 , NO−3 and NH+4 . ISORROPIA-II thermo-
dynamic equilibrium model sensitivity analysis is described
in detail in the Supplement. The coefficient of variance rep-
resents the response of the species to variations in other com-
ponents. The coefficients of variance for NH+4 and NO−3
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Figure 6. Analysis of atmospheric chemical conversion ability at different PM2.5 concentrations. (a) NOR (nitrogen oxidation ratio). (b) SOR
(sulfur oxidation ratio).

Figure 7. Effects of RH on the chemical conversion of NSA (nitrate, sulfate and ammonium). (a) NOR (nitrogen oxidation ratio). (b) SOR
(sulfur oxidation ratio). (c) Temperature (T ). (d) AWC (aerosol water content).

Table 3. Sensitivity analysis of NSA (nitrate, sulfate and ammo-
nium) concentration variations during the different observation pe-
riods.

Period Variation Coefficients of variance

NO−3 NH+4 SO2−
4

2015–2017 NO−3 51.42 0.0005
TNH3 15.76 0.47
SO2−

4 1.70 52.22

Coefficients of variance: standard deviation/average ×100 %.
Variation TNH3: NH3+NH+4 (µg m−3).

Variation SO2−
4 and NO−3 units are µg m−3.

produced by SO2−
4 changes were 52.22 and 1.70, respec-

tively. Similarly, the coefficients of variance for NH+4 and
SO2−

4 produced by NO−3 changes were 51.42 and 0.0005,
respectively. The large coefficient of variance for NH+4 in-
dicates that the changes in NO−3 and SO2−

4 can affect the

presence of NH+4 , which also indicates that NH4NO3 and
(NH4)2SO4 were the main states of NH+4 (Liu et al., 2012).
The coefficients of variance for SO2−

4 and NO−3 produced
by TNH3 (NH3+NH4) changes were 0.47 and 15.76, respec-
tively, and the effect of TNH3 on SO2−

4 was less than that of
NO−3 , which indicates that NH+4 experienced a surplus over
SO2−

4 and that NH+4 first combines with SO2−
4 to form stable

(NH4)2SO4, and the remaining NH+4 and NO−3 will combine
to form NH4NO3.

Through the implementation of the Air Pollution Preven-
tion and Control Action Plan, the reduction in SO2−

4 in PM2.5
has achieved good results. Therefore, while continuing to
promote “electricity instead of coal” and “natural gas instead
of coal” to reduce coal combustion pollution, more strin-
gent control measures should be added for NO−3 and NH+4
emissions. To further improve air quality, the Chinese gov-
ernment launched a “Three-Year Action Plan for Winning
the Blue Sky Defense Battle” in 2018 and proposed emis-
sion reduction targets for NOx and SO2 emissions, which
will be 15 % lower in 2020 than in 2015 (the Sate Coun-
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Figure 8. Molar ratio analysis of NSA (nitrate, sulfate and ammonium). (a) Interannual variation in the molar ratio of SO2−
4 and NH+4 .

(b) Interannual variation in the molar ratio of NO−3 and NH+4 . (c) Seasonal variation in the molar ratio of SO2−
4 and NH+4 . (d) Seasonal

variation in the molar ratio of NO−3 and NH+4 . k: fitting slope of linear regression.

cil, 2018, last access: 17 June 2020). The results of using the
ISORROPIA-II thermodynamic equilibrium model to simu-
late NO−3 , SO2−

4 and TNH3 emission reduction control ef-
fects of 5 %, 10 %, 15 % and 20 % are shown in Table S3 in
the Supplement, showing that controlling the concentration
of NO−3 and SO2−

4 is also helpful to reduce the concentra-
tion of NH+4 and indicating that controlling its precursor NOx
and SO2 is of great significance to reduce the secondary in-
organic aerosol in PM2.5 (the detailed results are described in
the Supplement). Previous studies have also shown that the
conversion of SO2 to SO2−

4 in the aqueous phase not only
increases the conversion of SO2−

4 but also enhances the for-
mation of NO−3 in the aqueous phase (Wang et al., 2016).
Therefore, SO2 emission reduction may play a key role in the
process of controlling emission reduction in NSA pollution,
as it not only reduces the presence of NH+4 ((NH4)2SO4) in
particulate matter but also affects the formation of NH4NO3
by influencing the formation of NO−3 . NO2 and NH3 can also
promote the conversion of SO2 to SO2−

4 through an aqueous
phase environment (Wang et al., 2016). Therefore, priority
control of NOx and SO2 emissions is an important way to
reduce NSA in particulate matter.

The increase in NSA can increase the hygroscopicity prop-
erties of aerosols, and more AWC can increase the pH by
diluting the hydrogen ion concentration (Kong et al., 2020;
Ding et al., 2019). Previous studies have also shown that
SO2−

4 formation reduces aerosol pH (Sun et al., 2014). The
effects of NO−3 , SO2−

4 and TNH3 on pH when using the
ISORROPIA-II thermodynamic equilibrium model to simu-

late pollutant concentration reduction are shown in Table S3.
With the decrease in NO−3 and SO2−

4 , the pH value increases,
but NO−3 has no obvious effect on the pH value. SO2−

4 has an
obvious effect on the pH value, which indicates that the for-
mation of SO2−

4 in the aerosol can increase the acidity of the
aerosol (Sun et al., 2014). The greater the reduction of TNH3,
the lower the pH value is, which shows that the presence of
NH3 as an alkaline gas can alleviate some of the acidity pro-
duced by SO2−

4 (Cheng et al., 2016). When the synergistic
control of pollutants is reduced, it also has a certain effect on
pH, increasing from 4.07 to 4.16. Some studies believe that if
ammonia emissions are reduced significantly, the risk of acid
rain may increase (M. Liu et al., 2019). As shown in Fig. S13
in the Supplement, the acid rain problem in China is mainly
concentrated in southern China, especially in southwestern
China, southern China and the Yangtze River Delta in east-
ern China. Therefore, how to adjust the emission reduction
ratio in combination with the characteristics of regional air
pollution and energy consumption and thus help reduce the
problem of aerosol acidity changes caused by air pollution
reduction is a problem worthy of in-depth study. Therefore,
when controlling NOx, SO2 and NH3 emissions, it is neces-
sary to consider the aerosol acid and alkali changes caused
by emission reduction.
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3.5 Characteristics of local emissions and regional
transport

3.5.1 Local emissions

The concentration of pollutants is obviously affected by me-
teorological conditions; for example, WS and WD can affect
the accumulation and removal of pollutants (Li et al., 2016).
Figures S14–S16 in the Supplement show the annual varia-
tion characteristics of NSA and gas precursors affected by
the WS and WD using CPF. Overall, the higher WS was ac-
companied by a lower pollutant concentration. As the WS
decreased, the pollution became serious, and the pollution
hotspots were gradually concentrated. On the whole, when
the WS was usually greater than 2 ms−1, the pollution was
light (pollutant concentration percentile was between 0 and
25). When WS was usually less than 1 ms−1, the pollution
was heavy (pollutant concentration percentile was between
75 and 100), which also reflects the distance and orientation
between the emission source and the observation station, in-
dicating that when the pollution was serious, the contribution
of local source emissions was more prominent.

NO−3 and NOx have similar distributions of pollution
hotspots in the polar plot diagram (Fig. S14), and when the
concentration percentile was 0–25, the hotspots were concen-
trated in the northeast and southeast directions and widely
distributed. When the concentration percentile was 25–50,
the sources of NO−3 and NOx were distributed west, south-
west and northeast of the observation site, and there were im-
portant contribution sources in the northwest direction (WS
was approximately 3–4 ms−1) in 2017. When the WS was
approximately 1–2 ms−1 and the concentration percentile
was 50–75, the important NOx source was in the northwest
direction. When the accumulation of pollution concentration
was high (concentration percentile was 75–100), the NO−3
source was mainly concentrated in the east and southeast of
the observation site, and NOx was distributed in the south
and southeast, with WSs of less than 1 ms−1. Additionally,
the distribution of pollution hotspots was relatively wide in
2016 (the annual mean values of NOx were 42.15, 43.99 and
39.63 ppb in 2015, 2016 and 2017, respectively), indicating
that the source was relatively wide, which may be one of the
reasons for the relatively high concentration. The SO2−

4 and
SO2 pollution sources affected by meteorological conditions
also have similar distribution characteristics (Fig. S15). At
a higher concentration of pollutants, the pollution hotspots
of SO2−

4 were distributed in the east and southeast of the
observation site, and SO2 was distributed in the northeast,
southeast and west. Compared with 2017 and 2016, the dis-
tribution of SO2 pollution sources in 2016 was also more ex-
tensive, mainly in the west and northeast. The NH3 emis-
sions were slightly different from those of NOx and SO2
(Fig. S16). Under conditions of high pollution concentration
(concentration percentile was 75–100), the pollution hotspots
were distributed in the west in 2015 (WS was approximately

2–3 ms−1), in the north in 2016 (WS was approximately 1
and 3 ms−1) and in the near distance in 2017 (WS was ap-
proximately 0.5 ms−1). The higher pollution concentration
was accompanied by a relatively higher WS (2015 and 2016),
which indicates that the NH3 emission transport in the sur-
rounding area was more obvious, which may come from
the surrounding agricultural source distribution area (L. Liu
et al., 2019; Liu et al., 2013). The annual mean value of
NH3 emissions in 2017 was 27.91 ppb, which is significantly
higher than those in 2015 and 2016 at 17.93 and 16.55 ppb,
respectively. During the 25–50 concentration percentile pe-
riod of NH3, there was a WS of approximately 2 ms−1 east
of the observation site, and during the 50–75 concentration
percentile period, there was an obvious source northwest of
the observation site, with a WS of approximately 4 ms−1.
During the 75–100 concentration percentile periods, the pol-
lution sources were mainly local. This shows that in 2017,
in addition to the pollution sources being distributed in the
east and northwest, the higher NH3 emissions were also con-
tributed by the surrounding emission sources northwest of
Chengdu.

3.5.2 Gaseous precursors of NSA regional transport

The PSCF is used to analyze the potential source distribu-
tion of pollutants to determine the regional transport char-
acteristics of pollutants (Ji et al., 2019). In addition, con-
sidering the aerosol lifetime, SO2 (approximately 9.6 d) and
NOx (approximately 1 d) are also very different (Guo et al.,
2014), and the research also shows that NH3 is signifi-
cantly contributed by local source emissions (Walker et al.,
2004). Therefore, we comprehensively consider selecting a
24 h backward trajectory to carry out PSCF simulation in
the Chengdu region. Figure 9 shows the PSCF analysis of
NOx, SO2 and NH3, with significant differences in their po-
tential source distributions. The higher PSCF value of NOx
was mainly distributed west, northwest and southwest of
Chengdu in 2015, northwest and south of Chengdu in 2016,
and south, west and northeast of Chengdu in 2017. The PSCF
of NO2 and NO (Fig. S17 in the Supplement) also reflects
that their potential sources are mainly influenced by the in-
terior of Sichuan Province, especially in the cities around
Chengdu. Chengdu is located along the western margin of
the Sichuan Basin, and it was also observed through satel-
lite remote sensing data that the higher NO2 emissions in the
Sichuan Basin were distributed in Chengdu and Chongqing
(Fig. S18a in the Supplement). The SO2 emissions were
widely distributed, mainly in the Sichuan Basin. Among
them, Leshan City and Meishan City south of Chengdu had
higher SO2 emissions, and another higher-emission source
was distributed in Chongqing (Fig. S18b). The PSCF anal-
ysis of SO2 showed that the higher PSCF values were dis-
tributed in southern, western and southwestern Chengdu.
Therefore, a comparison of Figs. 9 and S18b shows that the
main source of SO2 may be distributed in the southern, west-
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Figure 9. PSCF (potential source contribution function) of NOx, SO2 and NH3 in Chengdu from 2015 to 2017.

ern and southwestern margin region of the Sichuan Basin. In
particular, Leshan, Ya’an and Meishan were important po-
tential sources. As shown in the PSCF analysis of NH3 in
Fig. 9, the higher PSCF was also concentrated in the inner
Sichuan Basin, especially in the urban agglomeration around
Chengdu. In 2015, the potential source of NH3 was mainly
distributed in the southwest and northeast of Chengdu, with
higher PSCF in Nanchong and other regions. In the south-
west, it was concentrated in Ya’an, Meishan and Leshan. In
2016, potential sources were mainly distributed in the south-
west of Ya’an, Meishan, Leshan and the southern part of
the Garzê Tibetan Autonomous Prefecture. There were two
characteristics of potential sources in 2017. A relatively light
source was relatively close to Chengdu, and the high PSCF
was in Chengdu, which can be considered the contribution
of local emissions. The other contribution is obvious as a
long-distance potential source contribution, mainly in some
cities in the northeast, Nanchong, Guangyuan and Mianyang,
and to a certain extent at the junction of Shaanxi, Gansu
and Sichuan. In 2017, in addition to the contribution of lo-
cal emissions, the contribution of regional transport in the
northeast may also be an important reason for the higher NH3
concentration. Figure S19 in the Supplement shows satel-

lite remote sensing data of NH3. Overall, the higher NH3
column concentration is distributed in the Sichuan Basin,
mainly concentrated in the region near Chengdu, showing
that NH3 is more discharged in the Sichuan Basin, especially
in the surrounding areas of Chengdu. In addition, through
the analysis of the Multi-resolution Emission Inventory for
China (MEIC), it is also found that the higher NOx, SO2 and
NH3 emissions in Sichuan Basin are mainly concentrated in
Sichuan Basin, as shown in Fig. S20 in the Supplement. It
can also be seen that NOx is mainly concentrated in more-
developed Chengdu and Chongqing, SO2 emissions are ob-
vious in Chengdu and western Chongqing, NH3 emissions
are widely distributed, and there are higher emission char-
acteristics in Chengdu and its surrounding areas. Therefore,
according to the analysis of pollution emissions and PSCF in
Chengdu, it is necessary to strengthen regional air pollution
control and take regional joint prevention and control mea-
sures to reduce the impact of air pollutant regional transport.
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4 Conclusions

The 3-year observation experiment with hourly resolution of
NSA from 1 January 2015 to 31 December 2017 was car-
ried out in Chengdu in southwest China, which is in the
Sichuan Basin. The pollution characteristics of NSA’s an-
nual, monthly, seasonal, diurnal and weekly variations were
demonstrated. The characteristics of chemical conversion
and the sensitivity of emission reduction control were ana-
lyzed. Finally, combined with meteorological parameters and
PSCF simulation, the local emission and regional transport
characteristics of NSA gaseous precursors were also illus-
trated. The main conclusions were as follows.

1. With the increase in PM2.5 concentration, the NSA
mass concentration increased, accounting for 31.45 %–
37.78 % of PM2.5, and the contribution of NSA was
higher than that of carbon aerosol (OC and EC). From
2015 to 2017, the contribution of NO−3 to PM2.5 in-
creased, and in 2017, it became the main contribution
component of NSA, and it plays an important role in the
concentration accumulation of PM2.5. Higher and lower
NSA concentrations were seen in winter and summer,
respectively, and higher concentrations were seen more
during the day than at night. Although the NSA con-
centration on weekdays was slightly higher than that on
weekends, the mean difference between them was non-
significant.

2. With the increase in PM2.5 concentration, there is an
increasing trend of NOR and SOR, which indicates
that the formation of NO−3 and SO2−

4 increases obvi-
ously, and the increase in RH will promote the forma-
tion of NO−3 and SO2−

4 . Using the ISORROPIA-II ther-
modynamic equilibrium model, it is found that NSA in
aerosols are more likely to combine with AWC, which
indicates that the aqueous environment of aerosols plays
an important role in promoting the formation of NSA.
The analysis of the interaction between NSA also con-
firmed that NH+4 will first combine with SO2−

4 to form
(NH4)2SO4, and the remaining NH+4 will combine with
NO−3 to form NH4NO3. The sensitivity analysis of NSA
concentration shows that reducing NOx and SO2 is ben-
eficial to reducing NSA contribution in PM2.5, but their
changes also have an important impact on the pH of
aerosols.

3. Local emissions and regional transport of NSA gaseous
precursors have an important impact on air pollution
in Chengdu. When pollution is aggravated, the contri-
butions of NOx and SO2 to local emissions are rela-
tively obvious. In addition to the local emission of NH3,
the contribution of pollution sources around Chengdu is
also relatively obvious. PSCF analysis shows that the
potential sources of pollution transmission in Chengdu
are mainly distributed in Sichuan Province, and the most

prominent contribution is made in Sichuan Basin, espe-
cially among the cities around Chengdu. The analysis
of local emissions and regional transport shows that it is
necessary to implement joint prevention and control of
air pollution in the Sichuan Basin.
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