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Abstract
Increasing emissions of aerosol and trace gases (e.g. nitrogen dioxide: NO2 and sulfur dioxide: SO2) have resulted in severe air 
pollution in China due to its rapid industrialization, economic growth, and urbanization. This resulted in numerous environmental 
and health problems, and poor air quality mainly in industrial areas and major cities. This study identifies long-term (2005‒2020) 
Ozone Monitoring Instrument (OMI) based NO2 and SO2 pollution hotspots across China by analyzing spatiotemporal distribu-
tions and variations, with characterization of polluted provinces, SO2/NO2 ratio, trend, and assessing how effective China’s Air 
Pollution Control Policy (APCP) is on NO2 and SO2. Results show that NO2 and SO2 pollution hotspots were seen in China's 
central (Hubei), eastern (Anhui, Jiangsu, Shandong, Zhejiang), northern (Beijing, Hebei, Henan, Shanxi, Tianjin), northeast 
(Liaoning, Jilin), northwestern (Urumqi), southern (Guangdong, Hong Kong), and southwest (Chongqing, Sichuan). However, 
the pollution level was higher in winter, followed by autumn, spring, and summer. China’s eight provinces (Tianjin, Shanghai, 
Shandong, Jiangsu, Beijing, Hebei, Hong Kong, and Henan) were identified as extremely polluted with high NO2 levels ranging 
from 16.86 − 9.75 (1015 molecules/cm2), whereas Shandong, Tianjin, Hebei, Beijing, Henan, Shanxi, Jiangsu, Shanghai, Anhui, 
and Liaoning were deemed to extremely polluted provinces with high SO2 levels ranging from 20.62 − 14.30 (1015 molecules/
cm2). Moreover, the SO2/NO2 ratio for 27 Chinese provinces fluctuates between 1.02 to 4.98, indicating industries emit more 
SO2 than NO2. Finally, China’s air pollution control policies (APCP) led to the largest annual reductions in NO2 during the 12th 
five-year plan (FYP) (6%‒94%) and SO2 during the 11th FYP (6%‒74%). The present study concludes, however, that China’s 
APCP improved air quality by easing NO2 and SO2 emissions. This study recommends that the Chinese government may adopt 
a comprehensive strategy to reduce air pollution, including investing in clean energy, promoting electric vehicles, enforcing strict 
emission standards for industries, implementing green building practices, and raising public awareness about pollution reduction.
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Introduction

Air pollution in China has been compounded by rapid 
industrialization, socioeconomic development, urbaniza-
tion, agricultural revolution, and meteorological factors 

(Chan and Yao 2008; de Leeuw et al. 2021; Wei et al. 
2023). There are many harmful impacts of air pollution, 
including harming human health, affecting food security, 
hindering economic development, influencing climate 
change, and negatively impacting the environment (Wang 
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et al. 2012; UNECE 2021; Hao et al. 2014). Air pollution 
occurs from various natural and anthropogenic sources: 
natural sources like volcanoes, fires, sand and dust storms, 
gas extraction, and marshlands (Zhang et al. 2008; Wang 
et al. 2011; Lin and McElroy 2011; Hilboll et al. 2013; 
Lu et al. 2013; Guo et al. 2019; Zheng et al. 2018), while 
anthropogenic sources like transport, agriculture, indus-
try, municipal infrastructure, and possesses related to fuel 
extraction and combustion (Levelt et  al. 2006a, b and 
2018; Munro et al. 2016; Damiani et al. 2012; Celarier 
et al. 2008; Veefkind et al. 2012). However, the primary 
contributors to air pollution are aerosol and gaseous pol-
lutants such as aerosol optical depth (AOD), particulate 
matter (PM), ozone (O3), nitrogen dioxide (NO2), and 
sulfur dioxide (SO2) (Wang et al. 2021a). Worth noting 
that the two atmospheric trace gases NO2 and SO2 play a 
significant role in chemical reactions associated with air 
pollution and reduce the air quality, along with producing 
acid rain, haze and photochemical smog therefore con-
sideration them for policy implications of a nation (Shon 
et al. 2011).

Among the variety of substances contributing to atmos-
pheric pollution, a subset originates predominantly from 
anthropogenic sources, classified as characteristic pollut-
ants. These encompass gaseous pollutants, such as chemi-
cal compounds including gases and vapors (e.g. carbon 
oxides: CO and CO2, sulfur oxides: SO2 and SO3, and 
nitrogen oxides: NO and NO2); solid particles (PM2.5 and 
PM10); liquid droplets; and biochemical contaminants 
(microorganisms like viruses, bacteria, and fungi). Despite 
preventive measures being discussed by different countries 
and international bodies, there is a greater possibility of 
anthropogenic pollutants increasing with climate change 
(Abbass et  al. 2022). Not only natural and anthropo-
genic pollutants, but military activity also has significant 
impacts on the environment (Saxena 2023). Recent and 
ongoing military activities in the war areas of the world 
produce extensive amounts of greenhouse gases, pollution, 
and cause resource depletion among other environmen-
tal impacts (Shukla et al. 2023). Further, contaminating 
the environment is caused by using explosive weapons, 
which release toxic and hazardous chemicals from dam-
aged infrastructure (Shukla et al. 2023). Primary pollut-
ants as well as their chemical reactions with atmospheric 
components result in the formation of secondary pollut-
ants often more hazardous than their primary counterparts 
(Yuan et al. 2012). As pollutants in the atmosphere do not 
follow political borders, they can travel from one region 
to another in the world, which means there is a connection 
between warfare and air pollution (UNECE 2021; Chang 
2012; Slezakova et al. 2011). Since pollutants affect air 
quality, climate, human health, terrestrial acidification, 
and marine ecosystems (Berglen 2004; Seinfeld and Pandis 

2006), this study focuses on the two most important pollut-
ants in 33 provinces of China: NO2 and SO2.

Monitoring and protecting air quality is challenging due 
to the dynamic nature of NO2 and SO2, and their dispersion 
and environmental exchange (Wang et al. 2021a). Based on 
the diverse modes of pollutant dispersion, sources are cat-
egorized into points, linear, and surface. There are several 
technical parameters determining pollutant spread; however, 
emission volume and the nature of emitted pollutants are 
crucial. Alongside emitter technicalities, meteorological 
conditions, encompassing air temperature, wind speed and 
direction, and precipitation, significantly influence pollut-
ant spread, which may vary from province to province in 
China. It has been well established that NO2 and SO2 have 
significant impacts on human health and plants, and many 
researchers have used satellite and ground-based observa-
tions to investigate the characteristics of these pollutants 
(Zhang et al. 2017; Krotkov et al. 2016; Haq et al. 2015; 
Zheng et al. 2018; Wang et al. 2021a; Ali et al. 2023b).

However, ground-based measurements give insights into 
the temporal distribution and impact of NO2 and SO2 pollut-
ants on human health and climate (Zhang et al. 2017; Zheng 
et al. 2018; Ali et al. 2023b). In the current world, there are 
limited numbers of ground-based air pollution recording sta-
tions, which provide inadequate observations over a short 
period. In this circumstance, satellite observations overcome 
this pollution data recording limitation and provide long-
term observations of NO2 and SO2. Several satellite-based 
sensors such as the Global Ozone Monitoring Experiment 
(GOME) instrument (Burrows et al. 1999; Eisinger and Bur-
rows 1998), the Scanning Imaging Absorption Spectrometer 
for Atmospheric Chartography (SCIAMACHY) (Boven-
smann et al. 1999), GOME-2 (Callies et al. 2004; Munro 
et al. 2016), Ozone Monitoring Instrument (OMI) (Levelt 
et al. 2006a, b), and TROPOspheric Monitoring Instrument 
(TROPOMI) (Veefkind et al. 2012) have been designed and 
launched for measuring atmospheric gaseous pollutants. As 
documented by Krotkov et al. (2016) and Levelt et al. (2018), 
OMI stands out as a frequently utilized used sensor, with its 
13 km × 24 km nadir spatial resolution and 98.8-min temporal 
resolution. However, this sensor is widely used for air quality 
monitoring, ozone detection, and volcanic gas detection and 
quantification (Levelt et al. 2018). The OMI-based NO2 and 
SO2 over Asia, United States of America, and Europe were 
investigated by Krotkov et al. (2016) who found that both 
increasing and decreasing trends. Throughout 12-year, Haq 
et al. (2015) studied the spatio-temporal distributions and 
variations of NO2 and SO2, and their trends over South Asia. 
However, air pollution has been studied in China in several 
ways, including prolonged exposure to NO2 and SO2 leads 
to increased mortality rates (Carey et al. 2013; Tao et al. 
2012), long-term exposure to NO2 rises higher respiratory 
and cardiovascular mortality rates (Dong et al. 2012), NO2 
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and SO2 observed using ship-based and satellite observations 
over East China (Tan et al. 2018), spatiotemporal variations 
of ground-based CO, NO2, and SO2 over China (Wei et al. 
2023), and Beijing (He et al. 2023), and NO2 and SO2 hot-
spots, variations, trends and their potential sources identified 
over only Jiangsu province (Ali et al. 2023b). Therefore, the 
present study focused on spatio-temporal distributions, vari-
ability, characterization of polluted provinces, SO2/NO2 ratio, 
and trends of NO2 and SO2 pollution over 33 provinces in 
China using satellite observations from 2005 − 2020. This 
research provides policy recommendations on air pollution 
for 33 provinces in China.

Data and methods

Study area

This study only focuses on China mainland (Latitude: 
3o51′ − 53o 33′ N and Longitude: 73o33′ − 135° 05′ E), which 
is the world’s most populous country (e.g. 1.4 billion). The 
country has a varied climate and distinct geography with 
complex topography, desert and forest landscapes, coastal 
and surrounding areas, densely populated and under-populated 
regions. China is divided into 22 provinces (e.g. Anhui, Fujian, 
Gansu, Guangdong, Guizhou, Hainan, Heilongjiang, Henan, 
Hubei, Hunan, Jiangsu, Jiangxi, Jilin, Liaoning, Qinghai, 
Shaanxi, Shandong, Shanxi, Sichuan, Yunnan, and Zhejiang), 
with four municipalities (e.g. Beijing, Chongqing, Shanghai, 
and Tianjin) and five autonomous regions (e.g. Guangxi, 
Inner-Mongolia, Ningxia, Xinjiang, and Tibet) (Fig. 1). This 

study considers four municipalities, two special administrative 
regions, and five autonomous regions to be provinces (a total 
of 33 provinces). Major sources of anthropogenic emissions 
in China include industrial activities and urbanization, along 
with extensive transportation actions. Aerosol concentrations 
are further heightened by natural emissions such as dust from 
deserts in the north and west of the country and precursor gases 
from biological emissions, forest fires, and agriculture emis-
sions. The North China Plain (NCP: parts of Henan, Hebei, 
Shandong, Jiangsu, and Anhui provinces), Yangtze River Delta 
(YRD: parts of Anhui, Jiangsu, Zhejiang, and Shanghai), Cen-
tral, and Pearl River Delta (PRD: Guangdong, Hong Kong, 
and Macau provinces) regions stand out as the most popu-
lated, urbanized, and industrialized areas in China, leading to 
elevated levels of anthropogenic emissions. A mountainous 
terrain, a low population density, and anthropogenic activity 
distinguish Tibet and Qinghai in China.

OMI NO2 and SO2 products

The OMI is a sensor onboard the Aura satellite and passes 
the equator at a local time 13:45 pm while maintaining an 
altitude of 705 km above the earth’s surface. The National 
Aeronautics and Space Administration (NASA) deployed the 
sensor on 15 July 2004, in collaboration with Finland, the 
United Kingdom, and the Netherlands. This sensor measures 
reflected solar radiation based on wavelengths ranging from 
250 − 500 nm with a spatial resolution of 13 × 15 km at nadir 
(Levelt et al. 2006a). In the OMI, the near-ultraviolet aerosol 
retrieval (OMAERUV) algorithm is used to retrieve absorb-
ing aerosols (e.g. dust and smoke or carbonaceous aerosols) 

Fig. 1   Geographica map of China mainland a) elevation map (m) and b) provinces, municipalities, special administrative, and autonomous 
regions
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(Torres et al. 2007) such as absorption aerosol optical depth 
(AAOD) and aerosol index (UVAI) products. The algorithms 
use UV spectral region of the OMI to measure total and tropo-
spheric column densities of trace gases (NO2 and SO2) (Carn 
et al. 2017; Krotkov et al. 2016). In this study, daily tropo-
spheric vertical column density (TVCD) for NO2 (OMNO2e: 
cloud fraction < 30%) and VCD SO2 (OMSO2e: cloud frac-
tion radiance: < 0.2) data were obtained from OMI version-3 
and level-3 with a spatial resolution of 0.25° × 0.25°.

Methodology

The present study applied the following step-by-step meth-
ods to achieve each objective:

•	 The 16-year (2005 − 2020) spatial distribution and area-
averaged maps of NO2 and SO2 on annual, seasonal, and 
monthly scales were generated from monthly OMI prod-
ucts. Moreover, 33 province’s shape files were used to 
extract area averaged NO2 and SO2.

•	 A quartile technique was used to characterize and rank-
ing of extremely polluted provinces in China. Using the 
first (Q1) and third (Q3) quartiles, polluted and extremely 
polluted provinces were defined. NO2 and SO2 levels 
between the first and third quartiles were generally con-
sidered as highly polluted provinces. A previous study 
also used this technique to define polluted, highly pol-
luted, and extremely polluted cities in Pakistan (Bilal 
et al. 2021). For example, NO2 < 2 (Q1) and SO2 < 9 
(Q1) represent less polluted provinces, 2 ≤ NO2 ≤ 9 and 
9 ≤ SO2 ≤ 14 represent highly polluted provinces, and 
NO2 > 9 (Q3) and SO2 > 14 (Q3) represent extremely 
polluted provinces.

•	 The SO2/NO2 ratio identifies NO2 and SO2 emission 
sources in China, regardless of whether they are from 

mobile (traffic emissions) or point sources (industrial 
activities). However, the SO2/NO2 ratio > 0.6 indicates 
significant emissions from industrial activities, whereas 
that of greater than 1.5 signifies high-sulfur fuel con-
tent emissions from ships (Ali et al. 2023b; Wang et al. 
2021a).

•	 For trend calculation, seasonality was effectively deleted 
from time series using mean annual cycle (MAC) and 
annual cycle using singular spectrum analysis (SSA). The 
seasonal adjusted time series (A) was calculated based 
on the following Eq. (1):

Here, Y belongs to the original time series of NO2 and 
SO2, and S defines the seasonal cycle. The Ordinary Least 
Square (OLR) regression was applied to compute the slope 
(α2) and breakpoint from the seasonal adjusted time series 
(Eq. 2):

Here, α1 and εt define respectively the intercept and 
residual error (Verbesselt et al. 2012). However, Forkel et al. 
(2013) provides more information on slope and breakpoint 
computation.

•	 To assess the robustness of OLS-based trends, the study 
uses the Theil-Sen’s Slope (Sen 1968; Theil 1992) com-
bined with the Mann-Kendall (MK) test (Kendall 1975; 
Mann 1945). A two-tailed test was used to determine the 
significance (at 95% confidence level) of NO2 and SO2 
trends. In order to compare the NO2 and SO2 trends in 
33 provinces, this study computed the percent change 
in NO2 and SO2 (Eq. 3) because of the high seasonal 
discrepancy in China.

(1)A = Y − S

(2)A = �1 + �2t + �
t

(3)PercentChange(%) =
Trend × total numbers of year

Long − term Mean of NO2 and SO2

× 100

However, several earlier studies were used this technique 
to present the changes in aerosols and gaseous pollutants (Ali 
et al. 2023a; Mhawish et al. 2021; Sogacheva et al. 2018; Yue 
and Hashino 2003; Wang et al. 2021b).

Results

Spatial distributions of NO2 and SO2

The main sources of NO2 are fossil fuel combustion, indus-
trial emissions, automobile emissions, biomass burning, nat-
ural lightning, and soil microbe emissions (Bilal et al. 2021; 

Cheng et al. 2012; Lee et al. 1997; Richter and Burrows 
2002). In contrast, the main sources of SO2 are volcanoes, 
coal, oil and gas, and smelters (Dahiya and Myllyvirta 2019). 
The spatial distributions of the annually, seasonally, and 
monthly averaged NO2 and SO2 from Aura-based OMI over 
China are consistent, with higher NO2 and SO2 across the 
central, eastern, northeast, northwestern, south, and south-
west regions (Figs. 2, 3 and S1). However, most regions of 
China including across the central (Hubei), eastern (Jiangsu, 
Anhui, Zhejiang), north (Beijing, Hebei, Henan, Inner 
Mongolia, Shandong, Shanxi, Shaanxi, Tianjin), northeast 
(Liaoning, Jilin), northwestern (Urumqi), South (Guang-
dong, Hong Kong), and southwest (Chongqing, Sichuan) 
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experienced annually higher levels of NO2 (> 5 × 1015 mol-
ecules/cm2) and SO2 (> 8 × 1015 molecules/cm2), signifying 
as the largest polluted areas in the country. Additionally, 
annually second-highest levels of NO2 (1.01‒5.00 × 1015 
molecules/cm2) were evident over the parts of Fujian, Gansu, 
Guangxi, Guizhou, Hainan, Heilongjiang, Hunan, Inner 
Mongolia, Jiangxi, Jilin, Ningxia, and Xinjiang (Fig. 2), 
whereas SO2 (2.01‒8.00 × 1015 molecules/cm2) were 
observed over the parts of Gansu, Hainan, Inner Mongolia, 

Qinghai, Tibetan Plateau, Xinjiang, and Yunnan (Fig. 3). 
Notably, lower levels of NO2 (< 1 × 1015 molecules/cm2) 
were observed across the Qinghai and Tibetan Plateau with 
over the parts of Gansu, Inner Mongolia, Sichuan, and Yun-
nan, mainly due to the lower primary emissions and good 
atmospheric ventilation. Furthermore, significant year-to-
year spatial variations in NO2 and SO2 were observed over 
China from 2005‒2020 (Figs. S1 − S2). Across the highly-
polluted regions of China, uncontrolled economic growth, 

Fig. 2   Spatial distributions of annual and seasonal mean NO2 (1015 molecules/cm2) obtained from Aura-based OMI over China from 
2005 − 2020
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industrialization, and urbanization have resulted in a gradual 
increase in NO2 levels from 2005 ‒2011, whereas it has 
slightly decreased since 2012 due to the implementation 
of denitration projects in coal-fired power plants (Fig. S1). 
In contrast, China’s SO2 levels gradually increased from 
2005‒2007 due to the lack of air pollution control policies 
during this period, whereas desulfurization projects in dif-
ferent industries and power plants have gradually decreased 
SO2 levels from 2008‒2020 (Fig. S2).

In conjunction with the annual spatial distribu-
tions, NO2 and SO2 were higher across China during 

winter (December-January–February) than in autumn (Sep-
tember–October-November), in spring (March–April-May), 
and summer (June-July–August) (Figs. 2 and 3), in line with 
the previous findings of four studies over different parts of 
China (Zheng et al. 2014), including 10 background and rural 
sites in China (Meng et al. 2010), Henan province (Zhang et al. 
2017), Inner Mongolia (Zheng et al. 2018), Jiangsu Province 
(Wang et al. 2021a), Shanghai and Chongming Eco-Island 
(Xue et al. 2020). It is important to mention that the wide spa-
tial distribution of high SO2 across China is evident compared 
to that of NO2. Winter in China is expected to be characterized 

Fig. 3   Spatial distributions of annual and seasonal mean SO2 (1015 molecules/cm2) obtained from Aura-based OMI over China from 2005 − 2020
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by significant anthropogenic emissions, including coal-burning 
for winter room heating and favorable meteorological condi-
tions (cold temperature and dry humid), resulting in higher 
levels of NO2 (> 7 × 1015 molecules/cm2) and SO2 (> 11 × 1015 
molecules/cm2) in most regions, including the central, east-
ern, north, northeast, northwestern, south, and southwest. It is 
notable that in China, both December and January exhibit rela-
tively higher levels of NO2 and SO2 in winter as compared to 
February (Figs. S3 − S4). China experiences a smaller spatial 
hotspot for NO2 and SO2 in the spring compared to the winter 
season, which can be attributed to a decrease in coal combus-
tion and unfavorable meteorological conditions. In particular, 
the month of March exhibits comparatively higher NO2 and 
SO2 as compared to April and May (Figs. S3 − S4). In China, 
plenty of precipitation (i.e. wet deposition) may result in lower 
levels of NO2 and SO2 in summer season, in line with the 
findings of Zheng et al. (2018) in Inner Mongolia and Wang 
et al. (2021b) in Jiangsu province. In particular, the month of 
June exhibits comparatively higher levels of NO2 and SO2 in 
China as compared to July and August. In autumn and winter, 
the spatial hotspots for NO2 and SO2 are gradually increased 
across China due to the falling temperatures (Gao et al. 2022). 
The month of October and November exhibits comparatively 
higher levels of NO2 and SO2 in China than in September.

Characterization of polluted provinces using NO2 
and SO2

Significant annual and seasonal variations in NO2 and SO2 
over 33 Chinese provinces are evident from 2005‒2020 
(Figs. S5‒S6). In 33 Chinese provinces (Fig. 4), the 16-year 

annual average NO2 varied from 0.38 to 16.86 (1015 mol-
ecules/cm2), with the Tianjin province identified as the 
topmost extremely polluted province and the Tibet as rela-
tively less polluted. Notably, a total of 8, 18, and 7 prov-
inces fall within the category of extremely polluted, highly 
polluted, and relatively less polluted provinces respec-
tively. In particular, the 8 extremely polluted provinces in 
China have extreme levels of NO2 (1015 molecules/cm2) 
such as Tianjin (16.86 ± 2.28), Shanghai (15.24 ± 2.53), 
Shandong (13.04 ± 2.35), Jiangsu (12.02 ± 1.61), Bei-
jing (11.96 ± 1.72), Hebei (10.92 ± 1.90), Hong Kong 
(9.91 ± 2.44), and Henan (9.75 ± 1.99) (Fig. 4). The 18 
highly polluted provinces in China, including Macao, Anhui, 
Shanxi, Zhejiang, Liaoning, Hubei, Guangdong, Shaanxi, 
Jiangxi, Chongqing, Hunan, Jilin, Heilongjiang, Ningxia, 
Fujian, Guizhou, and Guangxi. China’s 7 least polluted 
provinces include Sichuan, Inner Mongolia, Hainan, Gansu, 
Yunnan, Xinjiang, Qinghai, and Tibet. Seasonally, 33 Chi-
nese provinces experience elevated levels of NO2 pollution 
during winter, followed by autumn, spring, and summer. 
Particularly, in winter, a total of 8, 13, and 12 provinces 
fall in the category of less polluted (Sichuan, Inner Mon-
golia, Hainan, Gansu, Yunnan, Xinjiang, Qinghai, Tibet), 
highly polluted (Liaoning, Hubei, Guangdong, Jiangxi, 
Hunan, Shaanxi, Heilongjiang, Chongqing, Jilin, Ningxia, 
Fujian, Guizhou, Guangxi), and extremely polluted (Tian-
jin, Shandong, Shanghai, Jiangsu, Macao, Hebei, Henan, 
Beijing, Hong Kong, Anhui, Shanxi, Zhejiang) respectively 
(Fig. 5). In spring, a total of 8, 19, and 6 provinces fall in 
the category of less polluted (Sichuan, Inner Mongolia, 
Hainan, Yunnan, Gansu, Xinjiang, Qinghai, Tibet), highly 

Fig. 4   Variation per province, in annual mean NO2 and SO2 (1015 molecules/cm2) was obtained from Aura-based OMI over 33 provinces of 
China for the period 2005‒2020. The error bar indicates the standard deviation of NO2 and SO2
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polluted (Hong Kong, Henan, Shanxi, Anhui, Liaoning, 
Zhejiang, Macao, Guangdong, Hubei, Shaanxi, Chongqing, 
Jilin, Jiangxi, Fujian, Hunan, Ningxia, Guizhou, Guangxi, 
Heilongjiang), and extremely polluted (Shanghai, Tianjin, 
Beijing, Jiangsu, Shandong, Hebei) respectively (Fig. 6). In 
summer, a total of 12, 20, and 1 provinces fall in the cat-
egory of less polluted (Hunan, Guizhou, Heilongjiang, Inner 
Mongolia, Guangxi, Sichuan, Gansu, Xinjiang, Hainan, 
Yunnan, Qinghai, Tibet), highly polluted (Shanghai, Beijing, 

Shandong, Jiangsu, Hebei, Hong Kong, Henan, Shanxi, 
Anhui, Liaoning, Zhejiang, Macao, Guangdong, Hubei, 
Chongqing, Shaanxi, Jilin, Ningxia, Jiangxi) and extremely 
polluted (Tianjin: 10.16 ± 1.80) respectively (Fig. 7). In 
autumn, a total of 9, 15, and 6 provinces fall in the category 
of less polluted (Guangxi, Sichuan, Inner Mongolia, Hainan, 
Gansu, Xinjiang, Yunnan, Qinghai, Tibet), highly polluted 
(Shanxi, Anhui, Zhejiang, Liaoning, Hubei, Guangdong, 
Shaanxi, Jiangxi, Chongqing, Jilin, Hunan, Ningxia, Fujian, 

Fig. 5   Same as Fig. 4 but for wintertime NO2 and SO2 (1015 molecules/cm2)

Fig. 6   Same as Fig. 4 but for springtime NO2 and SO2 (1015 molecules/cm2)
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Heilongjiang, Guizhou), and extremely polluted (Tianjin, 
Shanghai, Shandong, Beijing, Jiangsu, Hebei, Hong Kong, 
Macao, Henan) respectively (Fig. 8).

Furthermore, the 16-year annual averaged SO2 varied 
from 3.96 to 20.62 (1015 molecules/cm2) across 33 Chinese 
provinces, with the Shandong and Tianjin provinces identi-
fied as the topmost extremely polluted province and the Tibet 
(3.96 ± 0.25 1015 molecules/cm2) as relatively clean (Fig. 4). 
Remarkably, a total of 10, 15, and 8 provinces fall within the 

category of extremely polluted, highly polluted, and rela-
tively less polluted provinces. In particular, the 10 extremely 
polluted provinces (e.g., Shandong, Tianjin, Hebei, Beijing, 
Henan, Shanxi, Jiangsu, Shanghai, Anhui, and Liaoning) 
in China have extreme (20.62 − 14.30 1015 molecules/cm2) 
levels of SO2 (Fig. 4). The SO2 was observed highly pol-
luted in China’s 15 provinces (Ningxia, Shaanxi, Hubei, 
Jilin, Chongqing, Zhejiang, Hunan, Guizhou, Jiangxi, Hei-
longjiang, Macao, Inner Mongolia, Hong Kong, Guangdong, 

Fig. 7   Same as Fig. 4 but for summertime NO2 and SO2 (1015 molecules/cm2)

Fig. 8   Same as Fig. 4 but for autumn NO2 and SO2 (1015 molecules/cm2)
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and Guangxi). China’s 8 least polluted provinces are Gansu, 
Fujian, Sichuan, Yunnan, Xinjiang, Hainan, and Tibet 
(Fig. 4). In a similar fashion to seasonal NO2, 33 Chinese 
provinces experience elevated levels of SO2 pollution lev-
els during winter, followed by autumn, spring, and summer. 
Particularly, in winter, a total of 5, 11, and 17 provinces fall 
in the category of less polluted (Sichuan, Hainan, Xinjiang, 
Qinghai, Tibet), highly polluted (Jiangxi, Chongqing, Hei-
longjiang, Inner Mongolia, Macao, Guangxi, Hong Kong, 
Guangdong, Fujian, Gansu, Yunnan), and extremely polluted 
(Shandong, Tianjin, Hebei, Beijing, Henan, Shanxi, Jiangsu, 
Anhui, Shanghai, Liaoning, Ningxia, Shaanxi, Hubei, Zhe-
jiang, Hunan, Jilin, and Guizhou) respectively (Fig. 5). In 
spring, a total of 13, 11, and 9 provinces fall in the category 
of less polluted (Guangdong, Hong Kong, Guangxi, Inner 
Mongolia, Heilongjiang, Fujian, Gansu, Sichuan, Yunnan, 
Xinjiang, Hainan, Qinghai, Tibet), highly polluted provinces 
(Liaoning, Chongqing, Zhejiang, Hubei, Guizhou, Hunan, 
Shaanxi, Jiangxi, Ningxia, Jilin, Macao), and extremely pol-
luted (Shandong, Tianjin, Shanghai, Jiangsu, Hebei, Henan, 
Shanxi, Beijing, Anhui) respectively (Fig. 6). In summer, 
a total of 24 and 9 provinces fall in the category of less 
polluted (Anhui, Shaanxi, Hong Kong, Ningxia, Chong-
qing, Macao, Hubei, Jilin, Heilongjiang, Inner Mongolia, 
Guizhou, Jiangxi, Gansu, Hunan, Zhejiang, Sichuan, Guang-
dong, Fujian, Guangxi, Xinjiang, Yunnan, Qinghai, Hainan, 
Tibet), and highly polluted provinces (Tianjin, Shandong, 
Hebei, Shanxi, Beijing, Henan, Shanghai, Jiangsu, Liaon-
ing) respectively while extremely polluted is nil (Fig. 7). 
In autumn, a total of 7, 16, and 10 provinces fall in the cat-
egory of less polluted (Fujian, Xinjiang, Hainan, Yunnan, 

Sichuan, Qinghai, Tibet), highly polluted (Jilin, Heilongji-
ang, Shaanxi, Hubei, Ningxia, Hunan, Zhejiang, Chong-
qing, Jiangxi, Guizhou, Macao, Inner Mongolia, Guangxi, 
Guangdong, Hong Kong, Gansu), and extremely polluted 
(Shandong, Tianjin, Hebei, Henan, Beijing, Shanxi, Jiangsu, 
Liaoning, Shanghai, Anhui) respectively (Fig. 8).

Ratio of SO2/NO2 at provincial level

By using the SO2/NO2 ratio, we can discern whether they 
come from mobile sources (road traffic emissions) or point 
sources (industrial activities) (Abdul Halim et al. 2018; Aneja 
et al. 2001; Nirel and Dayan 2001). A high value of the SO2/
NO2 ratio (> 0.60) indicates significant contributions from 
industrial activities over land (Wang et al. 2021a). The pre-
sent study excluded five provinces (Gansu, Inner Mongolia, 
Qinghai, Tibet, Xinjiang, and Yunnan) from SO2/NO2 ratio 
calculations due to their low level of NO2. The results show 
significant annual and seasonal variations in SO2/NO2 ratio 
over 33 Chines provinces (Figs. 9 and S7). Annually, the SO2/
NO2 ratio over 27 Chinese provinces was ranged from 0.67 
to 7.15 during 2005‒2008, indicating more SO2 emissions 
than NO2 from point sources. Afterward, the ratio gradually 
drops from 2009 over most Chinese provinces (SO2/NO2: 0. 
69‒5.90) except for Hong Kong and Macao (Fig. S7). The 
installation of the fuel gas desulfurization (FGD) device in the 
industry in 2007 (Zhang et al. 2017) may reduce SO2 emis-
sions over land (Wang et al. 2021a ). The 16-year annual mean 
SO2/NO2 ratio ranged from 1.02 to 4.98 across 27 Chinese 
provinces, indicating comparatively higher SO2 emissions 
than NO2 from point sources (e.g., industries) (Fig. 9). Across 

Fig. 9   Variation per province, annual and seasonal mean ratio of SO2/NO2 over 33 provinces of China for the period 2005‒2020
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27 Chinese provinces, SO2 emissions were relatively higher 
than NO2 in all seasons such as autumn (0.89‒6.61) followed 
by in winter (0.74‒5.37), summer (1.11‒4.59), and spring 
(1.16‒4.53) (Fig. 9).

NO2 and SO2 trend

To better understand the variability in NO2 and SO2 across 
33 provinces in China, we calculate the NO2 and SO2 trend 
using the ordinarily least square (OLS) regression method, 
and the significance of the trend is determined using the 
Man-Kendall trend test applied to seasonal-adjusted time 
series. For the entire analysis period, the increased and 
decreased trends for NO2 and SO2 are observed in 33 

provinces of China (not shown). The annual trend analy-
sis revealed that NO2 decreased over 19 provinces and 
increased over 14 provinces whilst SO2 decreased over 26 
provinces and increased over 7 provinces, respectively. The 
highest decrease of NO2 was observed in Shanghai (0.51/
year) whilst the highest decrease of SO2 was observed in 
Shandong (1.24). Furthermore, NO2 and SO2 trend was 
performed by segmenting the data into two categories: 1st 
segment (before breakpoint) and 2nd segment (after break-
point), as shown in Tables 1, 2, 3 and 4. Furthermore, the 
study applied Theil-Sen’s Slope and bootstrapping meth-
ods to test how robust the results were obtained using OLS 
regression and the trend is shown in Tables 2 and 4. In gen-
eral, trends before breakpoints are higher than the same after 

Table 1   Estimation of 
Provincial trends of NO2 using 
OLS regression method with 
the Mann–Kendall test using 
monthly data over China 
from 2005 to 2020. Here, 1st 
segment = before breakpoint 
and 2nd segment = after 
breakpoint. Trend values in 
Bold = significant (at the 95% 
confident interval) and non-
bold = insignificant trend

Province Breakpoint Mean NO2 
(1st seg-
ment)

Trend (1st Segment)
(% change)

Mean NO2 
(2nd seg-
ment)

Trend (2nd segment)
(% change)

Anhui 2014 8.51 0.29 (34%) 6.84 0.02 (2%)
Beijing 2013 13.11 0.47 (32%) 10.47 -0.32 (-22%)
Chongqing 2015 3.35 0.10 (33%) 3.31 0.19 (29%)
Fujian 2014 2.73 0.05 (20%) 2.61 0.06 (15%)
Gansu 2010 1.00 0.03 (20%) 1.21 -0.01 (-12%)
Guangdong No break 4.34 -0.10 (-37%)
Guangxi 2014 2.09 0.04 (17%) 1.96 0.06 (19%)
Guizhou 2014 2.50 0.06 (23%) 2.12 0.07 (20%)
Hainan No break 1.23 -0.01 (-8%)
Hebei 2013 11.77 0.91 (70%) 9.83 -0.42 (-30%)
Heilongjiang 2009 2.18 0.35 (81%) 3.00 -0.19 (-69%)
Henan 2014 10.88 0.52 (48%) 7.88 -0.17 (-13%)
Hong Kong 2008 13.38 0.33 (10%) 8.75 -0.35 (-52%)
Hubei 2014 4.62 0.21 (46%) 4.07 0.03 (4%)
Hunan No break 3.16 -0.02 (-12%)
Inner Mongolia 2013 1.53 0.22 (128%) 1.48 -0.17 (-81%)
Jiangsu No break 12.02 0.00005 (0%)
Jiangxi 3.44 0.01 (5%)
Jilin 2013 3.15 0.36 (102%) 3.11 -0.17 (-38%)
Liaoning 6.13 -0.42 (-110%)
Macao 2013 10.33 0.13 (11%) 6.90 -0.02 (-2%)
Ningxia 2010 2.44 0.06 (14%) 2.91 -0.11 (-37%)
Qinghai 2013 0.40 0.02 (44%) 0.47 -0.01 (-14%)
Shaanxi 2013 3.50 0.21 (53%) 3.48 -0.01 (-3%)
Shandong 2014 14.27 0.70 (49%) 10.98 -0.42 (-23%)
Shanghai 15.24 -0.51 (-53%)
Shanxi 2013 8.49 0.44 (47%) 7.12 -0.15 (-15%)
Sichuan 2014 1.65 0.08 (49%) 1.65 0.02 (7%)
Tianjin 2009 16.44 0.40 (12%) 17.06 -0.76 (-49%)
Tibet 2016 0.37 0.05 (139%) 0.40 -0.01 (-18%)
Xinjiang 2015 0.84 0.01 (17%) 0.90 -0.01 (-9%)
Yunnan 2010 0.82 0.03 (20%) 0.95 -0.01 (-15%)
Zhejiang 6.37 -0.15 (-37%)
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breakpoints with a few exceptions for example Heilongji-
ang, Shaanxi, Qinghai, Ningxia, Yunnan, Xinjiang, and 
Tibet have higher trends after the breakpoint than before 
the breakpoint (Table 1). For SO2, many provinces have no 
breakpoints while for NO2 the number of provinces with no 
break is only a few. It is noteworthy that all three methods 
tend to provide comparable magnitudes for the estimates of 
trends and significance levels as shown in Tables 1–4.

Measuring the effectiveness of APCP on NO2 and SO2

The effectiveness of air pollution control policies (APCP) 
on NO2 and SO2 during the 11th, 12th, and 13th Five-Year 
Plan (FYP) periods was measured. Therefore, NO2 and SO2 

trends were calculated using the OLS regression technique 
for 2006‒2010 (11th FYP), 2011‒2015 (12th FYP), and 
2016‒2020 (13th FYP) (Figs. 10 and S8 − S9). NO2 trends 
over 33 Chinese provinces were noticeably decreasing dur-
ing the 12th FYP period, following the 13th FYP period and 
11th FYP period. During the 12th FYP period, the largest 
decrease in NO2 was seen in Hunan (-66%) (Fig. 10). The 
significant reduction in NO2 is due to denitration facilities 
installed in coal-fired power plants and in major industrial 
sectors, as well as controls on NOx emissions from vehicles 
and ships. During the 13th FYP period, the largest decrease 
in NO2 was seen in Heilongjiang (-52%) compared to other 
provinces (Fig.  10). China experienced no significant 
reduction in NO2 during the 11th FYP period because NO2 

Table 2   Estimation of 
Provincial trends of NO2 
using the Theil-Sen’s and 
bootstrapping approaches 
with the Mann–Kendall test 
using monthly data over China 
from 2005 to 2020. Here, 1st 
segment = before breakpoint 
and 2nd segment = after 
breakpoint. Trend values in 
Bold = significant (at the 95% 
confident interval) and non-
bold = insignificant trend

Province Breakpoint Mean NO2 
(1st seg-
ment)

Trend (1st Segment)
(% change)

Mean NO2 
(2nd seg-
ment)

Trend (2nd segment)
(% change)

Anhui 2014 8.51 0.09 (11%) 6.84 0.05 (5%)
Beijing 2013 13.11 0.18 (12%) 10.47 -0.39 (-26%)
Chongqing 2015 3.35 0.05 (18%) 3.31 0.11 (17%)
Fujian 2014 2.73 0.03 (12%) 2.61 0.06 (14%)
Gansu 2010 1.00 0.04 (23%) 1.21 -0.001 (-1%)
Guangdong No break 4.34 -0.09 (-32%)
Guangxi 2014 2.09 0.03 (14%) 1.96 0.04 (13%)
Guizhou 2014 2.50 0.02 (10%) 2.12 0.03 (9%)
Hainan No break 1.23 -0.001 (-1%)
Hebei 2013 11.77 0.52 (40%) 9.83 -0.37 (-26%)
Heilongjiang 2009 2.18 0.13 (30%) 3.00 -0.08 (-29%)
Henan 2014 10.88 0.18 (16%) 7.88 -0.10 (-8%)
Hong Kong 2008 13.38 -0.67 (-20%) 8.75 -0.28 (-41%)
Hubei 2014 4.62 0.08 (17%) 4.07 0.05 (8%)
Hunan No break 3.16 -0.02 (-8%)
Inner Mongolia 2013 1.53 0.07 (44%) 1.48 -0.13 (-60%)
Jiangsu No break 12.02 0.01 (1%)
Jiangxi 3.44 -0.004 (-2%)
Jilin 2013 3.15 0.21 (60%) 3.11 -0.09 (-20%)
Liaoning 6.13 -0.25 (-64%)
Macao 2013 10.33 0.08 (7%) 6.90 -0.01 (-1%)
Ningxia 2010 2.44 0.06 (15%) 2.91 -0.04 (-15%)
Qinghai 2013 0.40 0.02 (48%) 0.47 -0.01 (-9%)
Shaanxi 2013 3.50 0.14 (36%) 3.48 0.01 (3%)
Shandong 2014 14.27 0.36 (25%) 10.98 -0.21
Shanghai 15.24 -0.41 (-43%)
Shanxi 2013 8.49 0.28 (30%) 7.12 -0.09 (-12%)
Sichuan 2014 1.65 0.05 (30%) 1.65 0.01 (4%)
Tianjin 2009 16.44 0.63 (19%) 17.06 -0.71 (-46%)
Tibet 2016 0.37 0.03 (95%) 0.40 0.01 (13%)
Xinjiang 2015 0.84 0.01 (16%) 0.90 -0.02 (-11%)
Yunnan 2010 0.82 0.03 (20%) 0.95 -0.01 (-14%)
Zhejiang 6.37 -0.08 (-20%)
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reduction policies did not exist during that time. However, 
only seven provinces (Hong Kong, Macao, Guangdong, 
Shanghai, Zhejiang, Fujian, and Hainan) have experienced 
significant decreases in NO2, which may be caused by imple-
menting the total emission controls policy for key indus-
trial pollution sources and strengthening the prevention and 
control of vehicle pollution, improving gasoline quality and 
efficiency, as well as favorable meteorological conditions.

Furthermore, there was a noticeably decreased trend in SO2 
levels across 33 Chinese provinces during the 11th FYP period 
compared to the 12th FYP and 13th FYP periods (Figs. 10 and 
S8 − S9). During the 11th FYP period, the largest decrease in 
SO2 was seen in Macao- Hong Kong (-74%) (Fig. S8). Dur-
ing the 12th FYP period, the largest decrease in SO2 was seen 
in Macao (-65%) (Fig. 10). During the 13th FYP period, the 

largest decrease in SO2 was seen in Shanxi (-26%) (Fig. S9). 
SO2 levels declined significantly during the 11th, 12th, and 
13th FYP periods as a result of desulfurization projects imple-
mented at coal-fired power plants and major industrial sectors, 
as well as the prevention and control of urban air pollution.

Discussion

In this study, long-term spatiotemporal distributions and 
variations, characterization and ranking of polluted prov-
inces, SO2/NO2 ratio calculation for source identification, 
and trends in NO2 and SO2 pollution over China were 
investigated using data from Aura-based OMI sensor from 

Table 3   Estimation of 
Provincial trends of SO2 using 
OLS regression method with 
the Mann–Kendall test using 
monthly data over China 
from 2005 to 2020. Here, 1st 
segment = before breakpoint 
and 2nd segment = after 
breakpoint. Trend values in 
Bold = significant (at the 95% 
confident interval) and non-
bold = insignificant trend

Province Breakpoint Mean SO2 
(1st seg-
ment)

Trend (1st Segment)
(% change)

Mean SO2 
(2nd seg-
ment)

Trend (2nd segment)
(% change)

Anhui No break 14.41 -0.45 (-50%)
Beijing No break 17.22 -0.51 (-47%)
Chongqing No break 11.22 -0.37 (-52%)
Fujian No break 8.52 0.02 (4%)
Gansu No break 8.57 0.01 (2%)
Guangdong No break 9.10 -0.12 (-20%)
Guangxi No break 9.06 -0.09 (-16%)
Guizhou No break 10.78 -0.35 (-51%)
Hainan No break 6.05 0.01 (1%)
Hebei No break 18.05 -0.74 (-65%)
Heilongjiang 2008 11.15 0.59 (21%) 10.41 0.11 (13%)
Henan 2008 22.64 2.21 (39%) 15.31 -0.68 (-54%)
Hong Kong No break 9.69 -0.22 (-35%)
Hubei No break 11.47 -0.24 (-33%)
Hunan No break 10.99 -0.20 (-29%)
Inner Mongolia 2008 9.90 1.03 (42%) 9.75 -0.53 (-66%)
Jiangsu No break 15.70 -0.08 (–8%)
Jiangxi 2017 10.75 -0.17 (-20%) 10.23 -1.21 (-35%)
Jilin 2008 12.39 0.65 (21%) 11.13 -0.19 (-21%)
Liaoning No break 14.30 -0.25 (-28%)
Macao 2017 10.19 -0.02 (-2%) 8.91 -1.04 (-35%)
Ningxia 2010 11.85 0.11 (6%) 12.24 -0.42 (-24%)
Qinghai No break 5.00 0.01 (5%)
Shaanxi No break 11.74 -0.10 (-14%)
Shandong 2010 25.80 -1.82 (-42%) 17.52 -1.68 (-96%)
Shanghai 2008 23.26 -0.95 (-16%) 13.17 -0.33 (-30%)
Shanxi No break 16.77 -0.54 (-51%)
Sichuan No break 7.21 -0.13 (-28%)
Tianjin 2008 27.44 1.30 (19%) 18.26 -0.83 (-55%)
Tibet No break 3.96 0.04 (15%)
Xinjiang No break 6.57 0.01 (4%)
Yunnan No break 7.03 -0.06 (-13%)
Zhejiang 2008 12.93 0.58 (18%) 10.52 -0.05 (-6%)
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2005‒2020. The study also quantifies the impact of the Air 
Pollution Control Policy (APCP) on NO2 and SO2 pollutants.

The long-term (2005‒2020) spatiotemporal distribu-
tions of NO2 and SO2 show pollution hotspots across Chi-
na's central (Hubei), eastern (Jiangsu, Anhui, Zhejiang), 
northern (Beijing, Hebei, Henan, Shandong, Shanxi, Tian-
jin), northeast (Liaoning, Jilin), northwestern (Urumqi), 
south(Guangdong, Hong Kong), and southwest (Chongqing, 
Sichuan) regions, which is mainly due to the rapid growth 
of industrialization and urbanization and dense population 
with maximum energy consumption. There was more NO2 
and SO2 pollution over eastern parts of China as a result 
of human activity (Wang et al. 2021a). In an earlier study, 
it was found that several Jiangsu cities are host to many 

industries and have high traffic volumes, all of which result 
in high levels of NO2 and SO2 (Song et al. 2019). Lamsal 
et al. (2013) reported that dense population and unsustain-
able anthropogenic emissions from mobile sources (e.g., 
traffic emissions) also contribute to high NO2 pollution. A 
significant increase in industrial development and traffic in 
eastern China is another important reason for the increas-
ing NO2 (Streets et al. 2003; Wang 2004). The industry was 
the top source of NO2 emission (39%) in China in 2010, 
followed by power plants (32%), traffic (25%), and residen-
tial activities (4%) (Li et al. 2017b). In addition, China is 
the world's third-largest emitter of SO2 due to having the 
most coal-fired power plants (total number of coal-fired 
plants = 86) (Dahiya and Myllyvirta 2019). Apart from 

Table 4   Estimation of 
Provincial trends of SO2 
using the Theil-Sen’s and 
bootstrapping approaches 
with the Mann–Kendall test 
using monthly data over China 
from 2005 to 2020. Here, 1st 
segment = before breakpoint 
and 2nd segment = after 
breakpoint. Trend values in 
Bold = significant (at the 95% 
confident interval) and non-
bold = insignificant trend

Province Breakpoint Mean SO2 
(1st seg-
ment)

Trend (1st Segment)
(% change)

Mean SO2 
(2nd seg-
ment)

Trend (2nd segment)
(% change)

Anhui No break 14.41 -0.37 (-41%)
Beijing No break 17.22 -0.43 (-40%)
Chongqing No break 11.22 -0.31 (-44%)
Fujian No break 8.52 0.03 (5%)
Gansu No break 8.57 0.02 (3%)
Guangdong No break 9.10 -0.05 (-9%)
Guangxi No break 9.06 -0.04 (-8%)
Guizhou No break 10.78 -0.30 (-44%)
Hainan No break 6.05 0.01 (2%)
Hebei No break 18.05 -0.66 (-59%)
Heilongjiang 2008 11.15 0.15 (5%) 10.41 0.04 (5%)
Henan 2008 22.64 -0.20 (-4%) 15.31 -0.60 (-47%)
Hong Kong No break 9.69 -0.13 (-22%)
Hubei No break 11.47 -0.18 (-26%)
Hunan No break 10.99 -0.14 (-21%)
Inner Mongolia 2008 9.90 -0.69 (-28%) 9.75 -0.42 (-52%)
Jiangsu No break 15.70 -0.05 (-6%)
Jiangxi 2017 10.75 -0.08 (-10%) 10.23 -0.49 (-14%)
Jilin 2008 12.39 0.29 (9%) 11.13 -0.15 (-16%)
Liaoning No break 14.30 -0.13 (-15%)
Macao 2017 10.19 -0.01 (-1%) 8.91 -0.23 (-8%)
Ningxia 2010 11.85 0.14 (7%) 12.24 -0.32 (-26%)
Qinghai No break 5.00 0.03 (9%)
Shaanxi No break 11.74 -0.08 (-12%)
Shandong 2010 25.80 -1.68 (-39%) 17.52 -1.24 (-71%)
Shanghai 2008 23.26 -1.36 (-23%) 13.17 -0.32 (-29%)
Shanxi No break 16.77 -0.50 (-48%)
Sichuan No break 7.21 -0.09 (-21%)
Tianjin 2008 27.44 -0.56 (-8%) 18.26 -0.71 (-47%)
Tibet No break 3.96 0.04 (15%)
Xinjiang No break 6.57 0.02 (5%)
Yunnan No break 7.03 -0.004 (-1%)
Zhejiang 2008 12.93 -0.13 (-4%) 10.52 -0.04 (-4%)
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these, Cheng et al. (2019) reported that the Ship Emission 
Control Zones of China (ECZ) in the Pearl River Delta 
(PRD), the Yangtze River Delta (YRD), and the Bohai Rim 
(Beijing-Tianjin-Hebei) is the main source of NO2 and SO2 
levels.

Seasonally, the winter season has higher levels of NO2 
and SO2 pollution than other seasons across China because 
of increased anthropogenic activities and stable atmospheric 
conditions (shallower boundary layer and stagnant condi-
tions), in line with the previous findings of four studies 
over different parts of China (Zheng et al. 2014), including 
10 background and rural sites in China (Meng et al. 2010), 
Henan province (Zhang et al. 2017), Inner Mongolia (Zheng 
et al. 2018), Beijing (He et al. 2023), Jiangsu Province 
(Wang et al. 2021a; Ali et al. 2023b), Shanghai and Chong-
ming Eco-Island (Xue et al. 2020). This is attributed mainly 
to stable meteorological conditions, weak photochemical 
conversion, and coal burning for winter room heating (Qi 
et al. 2012; Zhang et al. 2017). In winter, the stable atmos-
pheric conditions and low boundary layer height accumu-
late and slow down the NO2 washing-out process in the 
atmosphere, resulting in high NO2 in the tropospheric col-
umn (Bilal et al. 2021; Mhawish et al. 2020; Qi et al. 2012; 
Zhang et al. 2017). Moreover, abundant precipitation, rapid 
photochemical conversion, and better atmospheric diffusion 
during the summer season may lower the summertime NO2 
and SO2 throughout China from 2005‒2020 (Feng et al. 
2001; Qi et al. 2012).

Furthermore, the 16-year annual average NO2 and 
SO2 demonstrated that Tianjin province was the topmost 

extremely polluted province and Tibet the least polluted 
province. Several factors contribute to Tianjin’s pollution, 
including high industrial activity and traffic emissions, as 
well as geographical factors (e.g., Tianjin’s geographical 
location, with its proximity to Bohai sea and coastal areas 
can cause stagnant weather conditions that trap pollutants 
in the air), high coal consumption, and weather conditions 
(e.g., low wind speed and temperature inversions) (Qi et al. 
2012; Zhang et al. 2017; Cai et al. 2020; Xiao et al. 2020).

In general, a total of 30 Chinese provinces demonstrated 
a significant decrease in NO2 (6%‒66%) during the 12th 
FYP period (2011‒2015), whilst 33 Chinese provinces 
demonstrated a significant decrease in SO2 (3%‒74%) dur-
ing the 11th FYP period (2006‒2010) (see Figs. 10 and 
S8). However, several factors could be accounted for the 
increase and decrease in NO2 and SO2 across China from 
2005 to 2020. For example, desulfurization projects in 
coal-fired power plants were implemented during the 11th 
Five Year Plan (FYP) period (2006 − 2010) and contin-
ued for the 12th FYP period (2011 − 2015) and 13th FYP 
period (2016 − 2020) (Li et al. 2017a; Ma et al. 2019), 
which overall led to decreasing trends in SO2 in China. 
In contrast, the absence of any control policies for reduc-
ing NO2 emission during the 11th Five Year Plan (FYP) 
period (2006‒2010) (Ma et al. 2019) allowed increased 
NO2 concentrations during that period (see Fig. S8). How-
ever, denitration facilities for coal-fired power plants and 
major industrial sectors were implemented during the 12th 
FYP period (2011 − 2015), which overall led to decreasing 
trends in NO2 in China. The extremely polluted provinces 

Fig. 10   Trends in NO2 and SO2 over 33 provinces of China for the period 12th FYP (2011‒2015). The white dots (.) represent significant trends 
at a 95% confidence level
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in China such as Tianjin, Shanghai, Shandong, Jiangsu, 
Beijing, Hebei, Hong Kong, and Henan are recommended 
to take preventive measures against NO2 pollutants. Simi-
larly, Shandong, Tianjin, Hebei, Beijing, Henan, Shanxi, 
Jiangsu, Shanghai, Anhui, and Liaoning provinces in 
China need to take precautions against extremely high 
SO2 levels. Accordingly, a comprehensive strategy to 
reduce air pollution maybe adopted by the Chinese gov-
ernment, including investing in clean energy, promoting 
electric vehicles, enforcing strict emission standards for 
industries, promoting green building practices, and raising 
public awareness about reducing air pollution.

Conclusions

In the current study, we aimed to identify the long-term 
(2005‒2020) NO2 and SO2 pollution hotspots and emission 
sources in China by analyzing spatiotemporal distributions 
and variations, ratio SO2/NO2, characterization of polluted 
provinces, and trend. Our major findings are as follows:

•	 China's central (Hubei), eastern (Jiangsu, Anhui, Zhe-
jiang), northern (Beijing, Hebei, Henan, Shandong, 
Shanxi, Tianjin), northeast (Liaoning, Jilin), northwest-
ern (Urumqi), South (Guangdong, Hong Kong), and 
southwest (Chongqing, Sichuan) regions were identified 
as hotspots of NO2 and SO2 pollutions that occur more 
frequently in winter than in autumn, spring, or summer.

•	 In terms of NO2, China's 8 provinces are identified 
as extremely polluted provinces, including Tian-
jin (16.86 ± 2.28), Shanghai (15.24 ± 2.53), Shan-
dong (13.04 ± 2.35), Jiangsu (12.02 ± 1.61), Beijing 
(11.96 ± 1.72), Hebei (10.92 ± 1.90), Hong Kong 
(9.91 ± 2.44), and Henan (9.75 ± 1.99). Seasonally, the 
12 provinces of China are extremely polluted in winter, 
six in autumn and spring, and one in summer.

•	 In terms of SO2, China's 10 provinces are catego-
rized as extremely polluted provinces, including Shan-
dong (20.62 ± 6.33), Tianjin (20.55 ± 5.06), Hebei 
(18.05 ± 3.72), Beijing (17.22 ± 2.71), Henan (17.15 ± 4.15), 
Shanxi (16.77 ± 2.71), Jiangsu (15.70 ± 3.66), Shanghai 
(15.69 ± 4.81), Anhui (Jiangsu (14.41 ± 2.38), and Liaon-
ing (14.30 ± 1.49). Seasonally, the 17 provinces of China are 
extremely polluted in winter, nine in spring, and 10 in autumn.

•	 In China, high SO2/NO2 ratio values (> 0.60) indicate that 
industry is the dominant source of SO2 emissions which are 
relatively higher than NO2 on a seasonal and annual basis.

•	 NO2 (6%‒66%) during the 12th FYP period 
(2011‒2015) and SO2 (3%‒74%) during the 11th FYP 
period (2006‒2010) were significantly decreased in 
China because of the implementation of strict air pollu-
tion control policies, like installing combined cycle tech-

nology, denitration facilities, desulfurization projects for 
coal-fired power plants and major industrial sectors.

The study is helpful in understanding the levels of NO2 and 
SO2 pollution and can be considered as a base document that 
supports the Chinese government's environmental policies.
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