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Abstract: To date, research regarding the changes of the sulfur and nitrogen rates in Wuhan during
the summer is limited. In this study, we analyzed the air quality in Wuhan, China, using water-soluble
ion, gaseous precursor, and weather data. A Spearman correlation analysis was then performed to
investigate the temporal changes in air quality characteristics and their driving factors to provide
a reference for air pollution control in Wuhan. The results indicate that SO2 in the atmosphere at
Wuhan undergoes secondary conversion and photo-oxidation, and the conversion degree of SO2 is
higher than that of NO2. During the summers of 2016 and 2017, secondary inorganic atmospheric
pollution was more severe than during other years. The fewest oxidation days occurred in summer
2020 (11 days), followed by the summers of 2017 and 2014 (25 and 27 days, respectively). During the
study period, ion neutralization was the strongest in summer 2015 and the weakest in August 2020.
The aerosols in Wuhan were mostly acidic and NH4

+ was an important neutralizing component.
The neutralization factors of all cations showed little change in 2015. K+, Mg2+, and Ca2+ level
changes were the highest in 2017 and 2020. At low temperature, high humidity, and low wind speed
conditions, SO2 and NO2 were more easily converted into SO4

2− and NO3
−.

Keywords: air pollution; secondary oxidation; neutralization factor; meteorological factors; Wuhan

1. Introduction

In recent years, air pollution has become a common concern in China. Controlling
air pollution is essential for sustainable development as well as for practicing low carbon
environmental protection policies. The atmosphere of Wuhan is rich in SO2 and NO2,
which causes harm to human health, and SO2 and NO2 will combine to form nitric acid,
which is an important source of acid rain [1]. During the 2020 outbreak of COVID-19,
studies have shown that air pollution can exacerbate the spread of severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) [2]. Furthermore, SO2 specifically contributes to the
spread of SARS-CoV-2 [3]. Therefore, air pollution problems should not be underestimated.
These require our immediate attention for improving the overall air quality.

Previously, in order to study air pollution, many scholars have investigated the char-
acteristics of air quality changes in different regions. For example, Liu [4] studied the
characteristics of PM2.5 pollution in the Wuhan urban circle. Guo [5] investigated the
characteristics of the air quality index and its influencing factors from 2016 to 2019 in
an urban agglomeration in the middle reaches of the Yangtze River. Yan [6] analyzed
the characteristics of Zhengzhou’s four-season sulfur oxidation rate (SOR) and nitrogen
oxidation rate (NOR). Lei [7] analyzed the SOR and NOR of Heze City from November 2017
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to January 2018. Zong [8] analyzed the SOR and NOR of Hengyang City during January,
April, July, and September of 2019. Wu [9] investigated the SOR and NOR in Baoding City
from November to December 2017. Zhao [10] used a correlation econometric model to
analyze the correlation between air quality index (AQI) and pollutants. In this study, we
used the Spearman correlation analysis to investigate the correlation between AQI and
meteorological factors in Wuhan.

Studies have focused on fine particulate matter in the air but have largely ignored
secondary ion oxidation rates. Those studies have used the secondary ion oxidation rate
to compare polluted and clean days or to compare heating and non-heating seasons. This
study focused on secondary ion oxidation rates and used a longer study period. Herein,
summer data during seven years were compared and analyzed. In addition, we conducted
a statistical analysis of the neutralization ratio of ions in order to understand the acid-base
neutralization degree of atmospheric particles. The correlations between SOR, NOR, and
meteorological factors were studied to explore their causal relationships. This study aimed
to provide a clearer picture of the state of the atmosphere in Wuhan, such that appropriate
measures can be taken to reduce air pollution.

2. Materials and Methods
2.1. Study Area

Wuhan (29◦58′–31◦22′ N, 113◦41′–115◦05′ E) covers an area of 8569.2 km2 and has a
subtropical monsoon climate with high summer temperatures and rain and low winter
temperatures and rain. Wuhan is the capital of Hubei Province, located in the eastern
part of Hubei Province and middle reaches of Yangtze River. Agricultural land in the city
accounts for 564,609 hm2, 66% of the total land area. Land under construction accounts
for 139,699 hm2, 16.3% of the total land area. Unused land accounts for 150,601 hm2,
17.6% of the total land area. Wuhan is one of China’s most economically developed
cities. The seventh national census indicates that the permanent population of Wuhan is
approximately 12.4 million people. The number of civil vehicles in 2020 was ~3.8 million.
With the development of Wuhan’s economy and rise in its population, SO2 emission has
increased. SO2 has the characteristics of universality, and it seriously endangers the social
economy and ecological environment [11]. Therefore, it is urgent to reduce SO2 emissions.
NO2 in the air can promote O3 formation, which, in turn, has several adverse environmental
effects [12]. Data from Department of Ecology and Environment of Hubei Province indicates
that since 2018–2020, SO2 levels in Wuhan have reached the national ambient air quality
level II. Although NO2 compliance rate is not 100%, the trend is increasing annually. In
2018, the NO2 compliance rate was 91.8%, while it was 93.7% in 2019 and 96.2% in 2020.

2.2. Datasets

The SO2, NO2, and AQI pollutant data used in this study were obtained from the
Wuhan Ecological Environment Bureau (http://hbj.wuhan.gov.cn, accessed on 28 Decem-
ber 2020). The national secondary concentration limits of SO2 and NO2 are 150 µg/m3

and 80 µg/m3, respectively. Ion and meteorological data were obtained from the Hubei
Provincial Environmental Monitoring Center station. The monitoring point is located at
Hongshan District (30.54◦ N, 114.37◦ E) (Figure 1). Barring any missing data in some time
periods, the data are quality controlled. The data processing in this paper mainly follows
the mean method, which calculates the daily, monthly, and quarterly mean values of the
ions of interest.

http://hbj.wuhan.gov.cn
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Figure 1. Map showing the location of the sampling point.

The sampling instrument used for ion data was the Monitor for Aerosols and Gasses in
Ambient Air (MARGA) 1S (Metrohm AG, Herisau, Switzerland). It uses a unique sampling
device to directly absorb particulate pollutants and soluble gases into the water phase, and
then uses an ion analyzer to monitor their components. The process is fully automatic.

2.3. Methods

The time period of ion and gaseous precursor data selected in this study was sampled
from 0:00 to 23:00 in June, July, and August 2014–2020. The time resolution of ion data and
SO2 was 1 h, and the time resolution of NO2 was 1 d. The meteorological data used in this
study were sampled from 0:00 to 23:00 in June, July, and August 2015–2020, with a time
resolution of 1 h. During the sampling period, the wind speed ranged from 0.5 to 3 m s−1,
temperature ranged from 20 to 35 ◦C, humidity ranged from 50 to 100%, and air pressure
ranged from 900 to 1100 hPa.

SOR and NOR are commonly used to express the degree of conversion of primary
pollutants SO2 and NO2 to secondary ions SO4

2− and NO3
− [13]. The calculation formulas

for SOR and NOR are as follows:

SOR =
SO2

4
−

SO2 + SO2−
4

(1)

NOR =
NO−3

NO2 + NO−3
(2)

The above factors refer to the molar concentrations of SO2, SO4
2−, NO2, and NO3

−.
Generally, the value of SOR and NOR is 0.1 and functions as the boundary value for
the secondary conversion of SO2 and NO2 in the atmosphere [14]. The larger the value,
the more serious the secondary inorganic pollution [15]. Hence, the secondary reformer
becomes evident [16], and more SO2 and NO2 concentrations are converted into SO4

2− and
NO3

− [17].
The neutralization ratio (NR) represents the neutralization process between ions and

can be used to determine the degree of acid-base neutralization of particulate matter. If
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NR < 1, NH4
+ cannot completely neutralize NO3

− and SO4
2−. Thus, atmospheric aerosols

may be acidic [18]. The calculation formulas for NR is as follows:

NR =
NH+

4

NO−3 + SO2−
4

(3)

The concentration reported in the formula are equivalent concentration.
The neutralization factor (NFxi) is used to estimate the acid neutralization capacity of

cations, and its calculation formula is as follows:

NFxi =
Xi

NO−3 + SO2−
4

(4)

In the formula, NFxi is the neutralization factor of cation Xi, Xi is the cation concentra-
tion, and NO3

−+SO4
2− is the sum of the concentrations of NO3

− and SO4
2−.

The Spearman correlation analysis method was used to analyze the correlation be-
tween different elements. The calculation formula for the correlation coefficient is as (5):

r = lxy
/√

lxxlyy (5)

In the formula, r is a unitless value, −1 < r < 1, r > 0 is a positive correlation, and r < 0
is a negative correlation. The meaning of a correlation coefficient of −1 is the maximum
value of negative correlation. The closer r is to 1, the stronger the correlation; the closer r to
0, the worse the correlation [19].

3. Results and Discussion
3.1. Analysis of the Time Change Law of SOR and NOR

The air condition in Wuhan is shown in Tables 1 and 2. SOR changed significantly in
summer (except for in 2016 and 2017). SOR from 1 July to 19 July in 2015 was close to 1,
indicating that almost all SO2 in the air was converted into sulfuric acid salt during this
period [20]. The values in the summer of 2016 and 2017 were generally high, ranging from
0.6 to 1.0 (except 0.4 on 1 July) and 0.7 to 1.0, respectively. This indicated that the secondary
inorganic pollution in the atmosphere in the summer of these two years was very serious,
the secondary conversion of SO2 was high, and the conversion of SO2 from gaseous to
particulate matter increased [21]. Cheng also achieved similar results in 2016 and 2017 for
SOR in Wuhan City. This is because strong photochemical reactions in summer weather
conditions favor the secondary conversion of SO2 [22].

Table 1. Seasonal SO2, NO2, PM2.5 and PM10 data (µg m–3).

2014 2015 2016 2017 2018 2019 2020

SO2 5.35 ± 3.87 3.92 ± 3.71 2.39 ± 1.74 1.11 ± 0.97 5.17 ± 3.76 5.71 ± 4.40 2.14 ± 1.97
NO2 39.73 ± 11.62 59.91 ± 23.56 42.76 ± 10.17 41.93 ± 11.44 54.67 ± 12.09 36.98 ± 9.16 32.69 ± 7.67

PM2.5 56.72 ± 33.63 39.32 ± 15.44 42.44 ± 17.20 37.32 ± 16.39 40.23 ± 13.27 39.39 ± 13.12 29.80 ± 12.01
PM10 93.61 ± 49.05 77.03 ± 32.72 55.27 ± 18.29 50.30 ± 15.31 47.29 ± 12.27 46.70 ± 12.73 34.24 ± 12.96

Note: Values are expressed as mean ± standard deviation.

The summers of 2014–2019 (seasonal averages for each year of 0.67, 0.76, 0.82, 0.84,
0.66, and 0.63, respectively), June 2020 (0.74), and July 2020 (0.62) had high SOR while
August 2020 (0.27) had low SOR. The conversion of SO2 to SO4

2− is low in 2020, and the
lowest in August. This is the result of the efforts of the state and people to protect the
environment. For example, the country popularizes environmental education. Xi Jinping
said that the conviction that lucid waters and lush mountains are invaluable assets. We
should stick to the path of green and sustainable development. In addition, new energy
vehicles have been widely used in 2020.



Atmosphere 2022, 13, 1199 5 of 11

Table 2. Seasonal ion concentrations (µg m–3).

2014 2015 2016 2017 2018 2019 2020

K+ 0.18 ± 0.14 0.47 ± 0.22 0.36 ± 0.15 0.26 ± 0.14 0.37 ± 0.14 0.33 ± 0.21 0.17 ± 0.11
Ca2+ 0.34 ± 0.18 0.14 ± 0.26 0.31 ± 0.16 1.28 ± 0.50 0.27 ± 0.14 0.49 ± 0.18 0.47 ± 0.29
Na+ 0.16 ± 0.08 0.13 ± 0.07 1.25 ± 0.10 0.37 ± 0.22 0.17 ± 0.05 0.28 ± 0.17 0.15 ± 0.12

Mg2+ 0.02 ± 0.02 0.01 ± 0.02 0.02 ± 0.01 0.10 ± 0.05 0.03 ± 0.01 0.12 ± 0.07 0.13 ± 0.10
Cl− 1.34 ± 0.88 0.64 ± 0.54 1.05 ± 0.59 0.48 ± 0.20 0.41 ± 0.09 0.36 ± 0.24 0.27 ± 0.17

SO4
2− 10.48 ± 5.41 8.69 ± 7.77 10.26 ± 5.66 6.14 ± 3.68 9.20 ± 3.31 8.20 ± 3.12 4.05 ± 2.62

NO3
− 3.96 ± 4.09 7.55 ± 6.55 4.96 ± 4.06 3.49 ± 3.64 5.12 ± 2.59 5.30 ± 3.00 2.04 ± 1.82

NH4
+ 5.44 ± 3.12 6.65 ± 3.47 5.98 ± 3.23 3.96 ± 2.93 5.97 ± 2.00 4.27 ± 2.21 2.16 ± 1.36

Note: Values are expressed as mean ± standard deviation.

Oxidation in 2014 mainly occurred in June and there were only a few days of oxidation
in July and August. The oxidation in 2015 mainly occurred from 16 June to 26 July; oxidation
in 2016 mainly occurred from 3 June to 13 June, as well as August. Meanwhile, oxidation in
2017 mainly occurred from 1 June to 20 June. In 2019, oxidation mainly occurred from 2 July
to 20 July and from 16 August to 31 August. The number of oxidation days in summer
was the lowest in 2020 (11 d), which mainly occurred from June to July. The summer
of 2017 had the second lowest oxidation days (25 d) and the summer of 2014 had only
27 oxidation days.

Nitrogen oxidation in 2014, 2015, 2016, 2017, and 2019 mainly occurred in June (0.13),
June (0.1) and July (0.17), June (0.12) and August (0.11), June (0.12), and July (0.12) and
August (0.12), respectively. From a macro point of view, the degree of nitrogen oxidation in
the summer of 2020 was the lowest (June: 0.08, July: 0.06, August: 0.03), followed by that in
the summers of 2014 (June: 0.13, July: 0.06, August: 0.07) and 2017 (June: 0.12, July: 0.04,
August: 0.04).

NOR from June 3 to June 10 in 2014 was higher than that in other years for the same
period. In 2015, NOR in July was the highest of the summer and much higher than that
in other years for the same period; NOR in 2014 was 6.3–6.10 and the NO2 content in the
air was relatively low in recent years. Generally, NOR in August was lower than in June
and July, indicating that the number of oxidized days in August was less than that in June
and July.

When the SOR or NOR is greater than 0.1, it indicates oxidation. In the summers of
2014–2020, SOR was greater than 0.1, indicating that the SO2 in the atmosphere underwent
secondary conversion, and the secondary generation rate of sulfur is relatively high [23].
Lv studied the atmosphere of Shijiazhuang City from September 2017 to February 2018
and found similar results [24]. In addition, studies have shown that this situation indicates
that SO2 undergoes photo-oxidation and the conversion of SO2 is relatively high [25]. This
phenomenon requires attention, as secondary conversion contributes more than primary
emissions during heavy air pollution events [26]. In this study, SOR was always greater
than NOR in the summers of 2014–2020 (Table 3), indicating that the oxidation degree
of SO2 is much higher than that of NO2. The degree of conversion of SO2 to SO4

2− is
generally more severe than the conversion degree of NO2 to NO3

−. Studies have shown
that the SO4

2− concentration is the highest in summer in Wuhan and that the secondary
conversion of SO2 is stronger [27], which reflects the findings of this study. In addition,
Zhao [28] research on the atmospheric pollution characteristics of Handan City, Zhang [29]
atmospheric research on Beijing’s late summer and early autumn, Zhao [30] research on
Xiamen’s atmosphere, and Zhao [31] research on Zhengzhou’s summer atmosphere drew
similar conclusions to this study, indicating that other cities also have secondary conversion
of SO2 to NO2.
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Table 3. Seasonal sulfur oxidation rate (SOR) and nitrogen oxidation rate (NOR).

2014 2015 2016 2017 2018 2019 2020

SOR 0.67 ± 0.15 0.76 ± 0.19 0.82 ± 0.1 0.83 ± 0.07 0.66 ± 0.15 0.63 ± 0.16 0.51 ± 0.23
NOR 0.09 ± 0.07 0.11 ± 0.09 0.1 ± 0.06 0.07 ± 0.06 0.09 ± 0.05 0.12 ± 0.06 0.05 ± 0.04

NO2 oxidation days 27 40 30 25 4 33 11

Note: Values are expressed as mean ± standard deviation.

The average NOR greater than 0.1 in the summers of two years (2015 and 2019),
indicating that the conversion rate of NO3

− is low, and conversion conditions are not
sufficient in most years to cause serious problems [32].

3.2. Analysis of Interannual Variation of Neutralization Ratio

According to statistical analysis, the neutralization ratios of SNA (SO4
2−, NO3

−,
NH4

+) in June, July, and August of 2014–2020 were all less than 1.5. Furthermore, in August
2015 and June 2020, majority of the days exhibited a neutralization ratio of less than 1,
which indicates that NH4

+ cannot completely neutralize NO3
− and SO4

2− and must pass
other cations to neutralize NO3

− and SO4
2−.

Based on the change trend chart of the neutralization ratio in the summers of 2014–2020
(Figure 2), the greatest changes were observed in 2015 and 2020. The neutralization ratio
increased to 0.8 and 0.7 on 19 and 20 June in 2014, respectively, which is relatively stable.
June 2014 and August 2015 had the highest mid-month averages in their summers. The
monthly means were 0.43 and 0.79, respectively. The monthly means of the mid-August
2020 ratio are lower than those of June and July of the same year. From a macro point
of view, the neutralization ratio in summer 2015 was greater than in other years. The
neutralization ratio in August 2020 was the lowest in the study period, as the concentration
of NH4

+ in the air was the lowest at this time.
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3.3. Analysis of Interannual Variation of Neutralization Factor

After calculation, the neutralization factors of Na+, NH4
+, K+, Mg2+, and Ca2+ were

all less than 1, indicating that the aerosols in Wuhan were mostly acidic. These aerosols
can easily aggravate acidification of the atmosphere and the formation of acid rain [33].
Among them, the neutralization factor of NH4

+ is the largest, indicating that NH4
+ is an

important neutralization component.
Based on Figure 3 and data analysis, it can be observed that the neutralization factor of

Na+ in the summers of 2014, 2015, 2018, and 2019 did not change much, and that the values
are generally small (almost all range between 0.0–0.1). The changes in July and August are
phased. The watershed moment is 19 July. The range of changes from 1 June to 19 July was
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small, ranging from 0 to 0.05. After 19 July, there was a sharp increase above 0.1, and the
range of changes from 19 July to 31 August was large. The neutralization factor of Na+ in
July 2017 was higher than that in June and August. The neutralization factors of Na+ on
22 July (0.1) and 7 August (0.01) in 2020 increased to 0.3 from the previous day, while the
others did not change much. In June, the difference in the value of the neutralization factor
of Na+ between 2014 and 2020 was not obvious. However, this difference was significantly
higher in July and August 2016 than in other years.
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The NH4
+ neutralization factor fluctuated little in summer 2015, 2016, and 2017. In

2014, except for a sharp increase on 20 June to 0.8, the remaining days exhibited relatively
stable values that fluctuated around 0.4. In August 2019 and 2020, the NH4

+ neutralization
factor fluctuated. The NH4

+ neutralization factor in June 2014 was larger than that in July
and August. The NH4

+ neutralization factor in August 2020 was smaller than that in June
and July. The NH4

+ neutralization factor in June and July 2020 was larger than that of other
years in the same period, but that in August was smaller than that of other years in the
same period.

Except from 17 July to 19 July 2017 and 19 July to 22 July 2020, K+ had a neutralization
factor greater than 0.1; the remaining days exhibited values between 0.0–0.1. The value
of Mg2+ neutralization factor in July 2017 was higher than that in June and August, and
the value of Mg2+ neutralization factor in June and July 2020 was higher than that in
August and in other years during the same period. The neutralization factor of Ca2+

varied greatly in 2017 and 2020; it was the highest in July 2017, and the values in July and
August 2017 were the highest of all years in the same period. Large amounts of Ca2 + in
the atmosphere could be due to its high concentration in local soil [34]. Only the value
on 12 June 2015 increased from 0.02 to 0.16; other years exhibited relatively stable and low
values. Combining the above neutralization factors, the neutralization factors of all cations
showed little change in 2015. The changes in K+, Mg2+, and Ca2+ were relatively large in
2017 and 2020.

3.4. Correlation Analysis between Meteorological Factors and Pollution Factors

Using Spearman correlation analysis of pollution and meteorological factors for the
summers of 2015 to 2020 (Figure 4) we concluded that SOR and humidity were positively
correlated, which is similar to Liu’s [35] observations in the northern suburbs of Nanning.
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The correlation coefficients for the summers of 2015, 2016, 2017, 2018, 2019, and 2020 were
0.37, 0.42, 0.44, 0.27, 0.38, and 0.78, respectively. There is no strong correlation between wind
direction and SOR. During the 2015–2020 period (except for 2019), SOR was negatively
correlated with temperature, and the correlation coefficients were −0.42, −0.32, −0.42,
−0.48, −0.76, for 2015, 2016, 2017, 2018, and 2020, respectively. SOR was also negatively
correlated with wind speed (except for 2018) and the correlation coefficients were −0.14,
−0.33,−0.23,−0.06,−0.48 for 2015, 2016, 2017, 2019, and 2020. These findings are similar to
those obtained in He’s research [36]. The correlation being most significant in 2020 indicates
that sulfate is easier to convert in an environment of low temperature, high humidity, and
low wind speed. SO2 is more easily converted to SO4

2− in these conditions because the
low-temperature environment is not conducive to the volatilization of secondary inorganic
ions [37], which is beneficial for the heterogeneous reaction of existing particulate matter in
an environment with high relative humidity [38] and the accumulation of pollutants in an
environment with low wind speed [39].

The results for NOR are similar to those for SOR. From 2015–2020 (except 2018), there
was a positive correlation between NOR and relative humidity, with correlation coefficients
of 0.25, 0.28, 0.55, 0.25, and 0.44 for 2015, 2016, 2017, 2019, and 2020, respectively. The
correlation with temperature was negative with coefficients of −0.2, −0.34, −0.53, −0.49,
and −0.51 for 2015, 2016, 2017, 2018, 2019, and 2020, respectively. The correlation with
wind speed was also negative with correlation coefficients of −0.37, −0.4, −0.1, −0.26,
−0.15, and −0.22 for 2015, 2016, 2017, 2018, 2019, and 2020, respectively. This indicated
that low temperature, high humidity, and low wind speed are ideal conditions for nitrate
conversion and for NO2 to convert to NO3

−.
With warming caused by global climate change, the humidity in subtropical regions

of the Northern Hemisphere (10–30◦ N) has decreased by 2–3%. Wuhan is located in the
subtropics and has a subtropical monsoon climate that is hot and rainy during the summer,
which has an inhibitory effect on the secondary conversion of SO2 and NO2.

Except for the insignificant positive correlation between AQI and wind speed in
2020 (correlation coefficient is 0.17), AQI was negatively correlated with both wind speed
and humidity. That is, low wind speed and low relative humidity are likely to increase
the air pollution index. This is because low wind speed is not conducive to pollutant
diffusion and subsequent air purification and low relative humidity are not conducive to
pollutant settlement.
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4. Conclusions

The oxidation rate results show that the SO2 in the atmosphere in Wuhan underwent
secondary conversion and photo-oxidation, and the conversion degree of SO2 was higher
than that of NO2. The conversion rate of NO3

− was low, implying that the conversion
conditions were insufficient in most years. The secondary inorganic pollution in the atmo-
sphere in the summers of 2016 and 2017 was very serious, and the secondary conversion
of SO2 was obvious. Accordingly, the conversion of SO2 from gaseous to particulate mat-
ter increased. In August 2020, more atmospheric SO2 was observed than that in other
months. The number of oxidation days in the summer of 2020 was the lowest in recent years
(11 days), which was followed by that in the summers of 2017 (25 days) and 2014 (27 days).
From a macro point of view, the number of oxidation days in August was less than that in
June and July. During the study period, NH4

+ in the air of Wuhan could not completely
neutralize NO3

− and SO4
2−. Therefore, other cations were needed to neutralize NO3

−

and SO4
2−. The neutralization process between ions was the strongest in the summer of
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2015 and the weakest in August 2020. The aerosols in Wuhan are mostly acidic, which can
easily aggravate acidification of the atmosphere and the formation of acid rain. NH4

+ is
an important component of the neutralization process. Compared with other years, the
neutralization factor of all cations showed little change in 2015. In 2017 and 2020, K+, Mg2+,
and Ca2+ showed significant change. In this study, under the conditions of low temperature,
high humidity, and low wind speed, SO2 and NO2 were more easily converted into SO4

2−

and NO3
−.
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