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Abstract: Given the complex terrain and economic development status of Guizhou Province, research
on tropospheric NO2 column concentration using satellite remote sensing is still insufficient. Ob-
serving the spatial–temporal evolution characteristics of tropospheric NO2 column concentration
can ensure the stable development of air quality. Based on the Google Earth Engine (GEE) platform,
NO2 column concentration data retrieved from Sentinel-5P TROPOMI were analyzed using spatial
autocorrelation, hotspot analysis, and geographic detector methods (Geodetector). The results show
that NO2 column concentration in Guizhou Province exhibits seasonal variation, characterized by
higher levels in winter and lower levels in summer, with transitional values in spring and autumn.
The annual average concentration was highest in 2021 at 3.47 × 10−5 mol/m2 and lowest in 2022 at
2.85 × 10−5 mol/m2. Spatially, NO2 column concentration displays a distribution pattern of “high in
the west, low in the east; high in the north, low in the south”, with significant spatial clustering. The
distribution of cold and hot spots aligns with areas of high and low values. NO2 column concentra-
tion is primarily influenced by socio-economic factors, with the interaction between any two factors
enhancing the explanatory power of individual factors on NO2 column concentration.

Keywords: NO2 column concentration; Sentinel-5P; spatial–temporal variation; geographical detector
model; Guizhou Province

1. Introduction

Nitrogen oxides (NOX), one of the six primary pollutants in the tropospheric atmo-
sphere, are significant precursors of PM2.5 and ozone pollution [1–4]. They primarily
occur in the forms of NO and NO2, with NO being readily oxidized to NO2 in the atmo-
sphere [5–7]. Currently, numerous researchers use NO2 concentration as a proxy for NOX
levels [8,9]. As an air pollutant, NO2 not only contributes to the formation of O3 and other
photochemical secondary pollutants but also plays a major role in acid rain, acid fog, and
photochemical smog. Moreover, nitrate aerosols derived from NO2 have considerable ra-
diative forcing, making NO2 a critical factor impacting climate change [10,11]. Additionally,
NO2 indirectly damages the ozone layer, affecting the ecological environment [12–14].

Situated in the eastern part of the Yunnan-Guizhou Plateau, Guizhou Province features
intricate topography and fluctuating meteorological conditions that affect the inter-monthly
and seasonal variations in NO2 column concentration. The prevalent cloudy and foggy
conditions lead to radiation inversion and hindered convection, thereby limiting the dis-
persal of pollutants such as NO2 in the troposphere and resulting in a non-uniform spatial
distribution. Consequently, the spatial–temporal distribution of tropospheric NO2 column
concentration in highland areas is intricate [15]. Although Guizhou Province is often listed
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among the top Chinese provinces for air quality [16,17], its role as a comprehensive reform
pilot zone for Western Development, a digital economy innovation zone, an inland open
economic land, and a leader in ecological civilization construction has led to industrial
clustering and swift economic growth, which has affected the environment. In light of this,
the suggestions of the Guizhou Provincial Committee of the Communist Party of China for
drafting the 14th Five-Year Plan for National Economic and Social Development and the
long-term objectives for 2035, along with the State Council’s views on supporting Guizhou
in pioneering a new path in the grand development of the western region (Document No. 2
of 2022) [18], stress that the green ecological development target should ensure an excellent
air quality days ratio exceeding 95% in cities at or above the county level. This underscores
the need to intensify efforts against pollution. In this scenario, as Guizhou continues to
develop economically, it must prevent a substantial increase in NO2 concentration, mak-
ing the province’s atmospheric environmental status and pollution control a matter of
significant concern [19].

In recent years, remote sensing technology has increasingly become a key means
for monitoring and researching tropospheric NO2 vertical column concentrations [20–23].
Satellite remote sensing methods offer advantages such as extensive coverage, long time
spans, and high spatial and temporal resolutions, which enable efficient and dynamic
monitoring of the trends and distribution characteristics of NO2 atmospheric pollutants.
From the 1990s to the present, various sensors have been sequentially used to monitor
tropospheric NO2 vertical column concentrations, including GOME (The Global Ozone
Monitoring Experiment, 1996–2003), SCIAMACHY (Scanning Imaging Absorption Spec-
trometer for Atmospheric Cartography, 2002–2012), OMI (Ozone Monitoring Instrument,
2004 to present), GOME-2 (METOP-A) (2007 to present), GOME-2 (METOP-B) (2013 to
present), and TROPOMI (Tropospheric Monitoring Instrument, 2017 to present) [24–27].
Among these, Sentinel-5P, a global atmospheric pollution monitoring satellite launched by
the European Space Agency (ESA) in October 2017, carries the Tropospheric Monitoring
Instrument (TROPOMI), which represents the latest advancement in satellite atmospheric
monitoring. With an imaging swath width of 2600 km, TROPOMI covers the globe daily
and can observe trace gas components in the atmosphere, including NO2, O3, SO2, HCHO,
CH4, and CO, which are closely related to human activities. Compared to the above
sensors, TROPOMI offers the highest resolution, improved to 3.5 km × 7 km, with a
signal-to-noise ratio increased by one to five times [28], and also enhances observations of
aerosols, clouds, etc. [29,30]. Scholars have conducted in-depth validations and applied
research on tropospheric NO2 vertical column concentrations based on the inversion data
from these sensors [31–38], with a substantial body of mature research results and reports
available on aspects such as NO2 vertical column density algorithms, inversion techniques,
ground validation, and error analysis [39–42]. In China, significant progress has been
made in the observation of tropospheric NO2 vertical column concentrations using satellite
remote sensing data in economically developed areas such as the Beijing, Tianjin and Hebei,
Yangtze River Delta, and Pearl River Delta regions [42–47]. Simultaneously, some scholars
have studied the trends of NO2 concentrations in China’s four major plateau areas [47–50].
However, research on the spatial–temporal variations of tropospheric NO2 vertical col-
umn concentrations in Guizhou Province, with its complex geographical environment and
relatively weaker economic development, is relatively scarce.

The spatial–temporal distribution of tropospheric NO2 column concentrations is com-
prehensively influenced by human activities, topography, and climate. For instance,
Liu et al. [45] analyzed using the OLS model and demonstrated that GDP, population
density, and the level of urbanization are the main driving factors for the increase in NO2
concentrations in China. He et al. [51] found that the characteristics of NO2 concentration
changes in the Yangtze River Delta region are influenced by both human activities such as
fossil fuel combustion and vehicle emissions, and natural conditions such as regional topog-
raphy surface cover, and climate. Zheng et al. [32], in their study of the Guangdong–Hong
Kong–Macao Greater Bay Area, discovered that human activities, vegetation conditions,
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and topographic factors are all significantly correlated with the distribution of tropospheric
NO2 column concentrations. Liu et al. [52] showed that the variation in NO2 concentra-
tions in the typical plateau city of Kunming is closely related to vehicle exhaust emissions.
These studies collectively indicate that the distribution of NO2 is subject to a complex
interplay of human activities, topography, and climate, with varying dominant factors in
different regions. For example, Cui et al. [53] and others found that coal consumption is
the primary factor contributing to NO2 pollution in the western provinces of China, while
Jiang et al.’s [54] research suggests that the urbanization rate is the main factor affecting
NO2 concentration distribution in the eastern regions of China. The influencing factors of
atmospheric environment are complex and regionally variable; therefore, the analysis of
factors affecting NO2 pollution requires in-depth research that considers the geographical,
climatic, and social activity characteristics of plateau mountainous areas. Currently, most
studies on these areas focus only on the impact of either socio-economic factors or natural
factors, with relatively few studies integrating both for comprehensive analysis [55]. The
analysis of these influencing factors mostly adopts linear regression methods, such as
ordinary least squares and geographically weighted regression [56,57]. Although these
methods are simple and practical, they fail to capture the nonlinear relationships of factors
affecting the spatial–temporal differentiation of NO2 column concentrations. In contrast,
the Geodetector method, by transforming factors into categorical variables and without
the need for linear assumptions, can be used to measure spatial differentiation. It is be-
lieved that when an independent variable has a significant impact on a dependent variable,
the spatial distribution of the independent and dependent variables shows strong consis-
tency. This method can better explain the degree of influence and nonlinear composite
effects of natural and social factors on the spatial–temporal distribution of NO2 column
concentrations [58].

The study utilizes Sentinel-5P satellite inversion data obtained from the GEE platform,
combined with spatial statistical analysis models, to investigate the spatial–temporal distri-
bution characteristics of tropospheric NO2 column concentrations in Guizhou Province.
By employing the Geodetector to analyze the influencing factors of NO2 column con-
centrations, the research aims to provide important scientific references for improving
air quality, formulating, and implementing effective air pollution control policies, and
achieving sustainable ecological and environmental development.

2. Data Sources and Methods
2.1. Study Area

Guizhou Province (103◦36′~109◦35′ E, 24◦37′~29◦13′ N) is located in the southwestern
part of China, situated on the Yunnan-Guizhou Plateau, with a total area of 176,200 km2.
The terrain slopes from west to east, with the central part higher than the northern, east-
ern, and southern parts. The province’s landscape is primarily characterized by plateau
mountains, with an average elevation of 1100 m (Figure 1). The average annual temper-
ature ranges from 14 to 16 ◦C, and the average annual precipitation ranges from 800 to
1700 mm. The climate is mild with abundant rainfall, classified as a subtropical monsoon
climate. Guizhou Province serves as an important ecological barrier in the upper reaches
of the Yangtze River and the Pearl River. Compared to the serious air pollution problems
caused by urbanization and industrialization in the central and eastern regions of China,
Guizhou Province generally exhibits a cleaner atmospheric environment with good air
quality. However, due to significant regional variations, mountainous terrain, diverse
meteorological conditions, and the process of economic development and industrialization,
the accumulation of atmospheric pollutants poses challenges to the overall air quality in
the region [19].
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Figure 1. Elevation distribution map of Guizhou Province. (a) Global map distribution, (b) China
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2.2. Data Sources

GEE is a remote sensing big data processing platform based on Google Cloud Com-
puting. Its efficient computational power meets the needs for geographical spatial data
analysis and interactive computation on a global scale. Utilizing the GEE platform,
we obtained the Near Real-Time (NRTI) NO2 data product derived from Sentinel-5P
satellite observations for Guizhou Province from January 2019 to January 2023. Pixels
with QA values below 50 were filtered out to ensure the quality of the images, and
monthly mean composites were generated. The code can be accessed via the provided link:
https://code.earthengine.google.com/ec520da7d969a05779dab20513d53daf (accessed on
1 September 2024). The ground-level NO2 concentration data for the nine prefecture-level
cities in Guizhou Province was sourced from the China Air Quality Monitoring Platform
(https://www.aqistudy.cn/ (accessed on 1 September 2024)), which provides continuous
monthly average monitoring data from 33 monitoring stations. Meteorological data, in-
cluding precipitation, temperature, and wind speed, were obtained from ERA5 (the fifth
generation of ECMWF atmospheric reanalysis global climate data). The NDVI data were
derived from the MOD13A2 16-day composite product, and the DEM data came from
the Geospatial Data Cloud’s “SRTM Digital Elevation Data”, with a resolution of 30 m.
Socio-economic data, including population density, regional GDP, and industrial data,
were sourced from the Guizhou Statistical Yearbook (2019–2022), selecting data at the city
administrative level.

https://code.earthengine.google.com/ec520da7d969a05779dab20513d53daf
https://www.aqistudy.cn/
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Using ArcGIS 10.2 software, we performed mask analysis of the obtained NO2 col-
umn concentration data according to the administrative boundaries of Guizhou Province,
removing anomalous observations below −0.001 mol/m2 and addressing missing values
using spatial interpolation methods. We employed geographic detectors to analyze the
influencing factors of NO2 concentration. To ensure spatial resolution consistency, the DEM,
population data, NDVI, and other raster data were resampled to 3.5 km × 3.5 km. The
methods and processes used in this study are depicted in Figure 2, and the data utilized are
summarized in Table 1.

Atmosphere 2024, 15, x FOR PEER REVIEW 5 of 20 
 

 

influencing factors of NO2 concentration. To ensure spatial resolution consistency, the 

DEM, population data, NDVI, and other raster data were resampled to 3.5 km × 3.5 km. 

The methods and processes used in this study are depicted in Figure 2, and the data uti-

lized are summarized in Table 1. 

 

Figure 2. Research method flowchart. 

Table 1. Data and sources. 

Variable Indicator Abbreviation Source Unit 

NO2 

TROPOMI NO2 column concen-

trations 
- Google Earth Engine mol·m−2 

Surface NO2 

concentrations 
- 

China National Environmental 

Monitoring Centre 
μg·m−3 

Physical geo-

graphical factors 

Temperature TEMP 

Google Earth Engine 

°C 

Precipitation PRCP mm 

10 m u-component of wind U10 - 

Normalized Difference Vegeta-

tion Index 
NDVI Google Earth Engine - 

Digital Elevation Model DEM Geospatial Data Cloud m 

Socio-economic 

factors 

Population POP 

Guizhou Province Statistical 

Yearbook 

10,000 persons 

Gross Domestic Product GDP 

CNY 100 mil-

lion  

Primary Industry PI 

Secondary Industry SI 

Tertiary Industry TI 

Industry I 

2.3. Methods 

2.3.1. Spatial Autocorrelation 

Global spatial autocorrelation analysis can be used to examine the spatial association 

and differentiation of NO2 column concentrations across the entire study area [59,60]. Spe-

cifically, Moran’s I index is utilized to describe the spatial association with NO2 column 

Figure 2. Research method flowchart.

Table 1. Data and sources.

Variable Indicator Abbreviation Source Unit

NO2

TROPOMI NO2
column concentrations - Google Earth Engine mol·m−2

Surface NO2
concentrations -

China National
Environmental

Monitoring Centre
µg·m−3

Physical
geographical

factors

Temperature TEMP
Google Earth Engine

◦C
Precipitation PRCP mm

10 m u-component of wind U10 -
Normalized Difference

Vegetation Index NDVI Google Earth Engine -

Digital Elevation Model DEM Geospatial Data Cloud m

Socio-economic
factors

Population POP

Guizhou Province
Statistical Yearbook

10,000 persons
Gross Domestic Product GDP

CNY 100 million
Primary Industry PI

Secondary Industry SI
Tertiary Industry TI

Industry I
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2.3. Methods
2.3.1. Spatial Autocorrelation

Global spatial autocorrelation analysis can be used to examine the spatial association
and differentiation of NO2 column concentrations across the entire study area [59,60].
Specifically, Moran’s I index is utilized to describe the spatial association with NO2 column
concentrations throughout the study region. When Moran’s I index is greater than 0, it
indicates a positive spatial correlation among NO2 column concentration values, with
higher values suggesting stronger spatial clustering. Conversely, smaller values suggest
a more dispersed distribution of NO2 column concentrations, indicating lower spatial
clustering. The calculation formula is as follows:

I =

n
n
∑

i=1

n
∑

j=1
wij(xi −

_
X)(xj − X)

(∑n
i=1

n
∑

j=1
wij)

n
∑

i=1
(xi −

_
X)

(1)

where xi and xj represent the tropospheric NO2 concentration values for the i-th and
j-th years, respectively; wi,j denotes the spatial weights matrix, with a value of 1 for
adjacent locations and 0 for non-adjacent locations; X is the mean NO2 concentration over
multiple years.

2.3.2. Hotspot Analysis

The hotspot analysis is employed to investigate the spatial clustering characteristics
of tropospheric NO2 column concentrations in the study area. This method can reflect
high-value and low-value aggregation areas of NO2 column concentrations at the local
spatial level [61,62]. The calculation formula is as follows:

G∗
i =

∑n
j=1 wi,jxj −

__
X∑n

j=1 wi,j

S

√
[n∑n

j=1 w2
i,j − (∑n

j=1 wi,j)
2
]

n − 1

(2)

where xj represents the tropospheric NO2 column concentration value for the j-th year;
wi,j denotes the spatial weights matrix, with a value of 1 for adjacent locations and 0 for
non-adjacent locations; S represents the standard deviation; X is the mean NO2 column
concentration over multiple years. When the value of G∗

i is greater than 0, it indicates that
the area is a high-value aggregation area (hot spot); when the value of G∗

i is less than 0, the
area is a low-value aggregation area (cold spot).

2.3.3. Geodetector

Geodetector is a statistical method used to analyze and reveal the driving factors of
spatial differentiation of geographical phenomena [58]. It includes four detectors: factor
detector, interaction detector, risk zone detector, and ecological detector. The explanatory
power (q value) is used to measure the extent to which independent variables explain
the spatial heterogeneity of dependent variables. Referring to previous research results
and data availability [13,15,28,29], a total of 11 influencing factors were selected, including
climate factors (annual precipitation, annual temperature, annual wind speed), topographic
factors (elevation), socio-economic factors (population density, GDP, value added of the
primary industry, value added of the secondary industry, value added of the tertiary
industry, industrial output), and other factors (NDVI). These influencing factors were
reclassified into nine categories using the natural break point method. The study mainly
utilized factor detection and interaction detection for analysis. The factor detector can detect
the explanatory power of independent variables (the 11 influencing factors mentioned
above) on the spatial differentiation of dependent variables (NO2 column concentration),
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with the magnitude measured by the q value. The larger the q value, the stronger the
explanatory power. The calculation formulas are as follows:

SSW =
L

∑
h=1

Nhσ2
h (3)

SST = Nσ2 (4)

q = 1 − SSW
SST

= 1 −

L
∑

h=1
Nhσ2

h

Nσ2 (5)

where SSW and SST represent the within sum of squares and total sum of squares, respec-
tively, where h = 1, 2, . . ., L denotes the stratification or zoning of independent variables.
Nh and N represent the number of units in stratum h and the entire area, respectively, while
σ2

h and σ2 represent the variance of dependent variable values in stratum h and the entire
area, respectively. The range of q values is [0, 1].

The interaction detector can explore the explanatory power and extent of interaction
between two factors on the dependent variable or determine whether factors independently
affect NO2 column concentration. The types of interactions are listed in Table 2.

Table 2. Interaction type of two factors.

Classification Basis Interaction

q(X1∩X2) < Min[q(X1),q(X2)] Non-linear weak
Min[q(X1),q(X2)] < q(X1∩X2) < Max[q(X1),q(X2)] Single factor non-linear weak

q(X1∩X2) > Max[q(X1),q(X2)] Bi-factor enhancement
q(X1∩X2) = q(X1) + q(X2) Independent
q(X1∩X2) > q(X1) + q(X2) Non-linear enhancement

3. Results
3.1. Correlation between Sentinel-5P NO2 Column Concentration and Ground Measured Values

The tropospheric NO2 column concentration retrieved by the TROPOMI sensor
aboard Sentinel-5P has been validated to have a strong correlation with surface NO2
concentrations. Although there may be an underestimation of NO2 column concentrations
during the retrieval process, the consistency evaluation results between the retrieved
data and ground observations reach up to 85% on a global scale, adequately reflecting
the variation characteristics of near-surface NO2 [63]. This study performed a linear
fit between the monthly average surface monitoring NO2 concentrations in Guizhou
Province and the monthly average tropospheric NO2 column concentrations retrieved
from Sentinel-5P. The results (Figure 3) show an R2 value of 0.752, indicating a good
linear correlation and consistency, with the concentration distribution trends remaining
largely unchanged. Through Pearson correlation analysis, the correlation coefficient was
0.825 (p = 0.01), demonstrating a significant positive correlation between the ground-level
NO2 concentrations monitored in Guizhou and the NO2 column concentrations retrieved
from Sentinel-5P. These findings suggest that the tropospheric NO2 column concentration
data retrieved from the Sentinel-5P satellite have high feasibility for addressing the spatial–
temporal differentiation characteristics of NO2 pollution in Guizhou Province, further
exploring the potential of using Sentinel-5P atmospheric pollution satellite data in plateau
and mountainous regions.

3.2. Spatial–Temporal Distribution Characteristics of Tropospheric NO2 Column Concentration
3.2.1. Temporal Variations of NO2 Column Concentration

This study statistically analyzed the changes in the monthly average tropospheric
NO2 column concentrations in Guizhou Province from January 2019 to December 2022
(Figure 4a). The low values of the monthly average NO2 column concentrations from 2019
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to 2022 generally occurred in July and August, during which solar radiation is strong,
temperatures are high, and rainfall is abundant, resulting in significant wet deposition that
helps reduce NO2 column concentrations. From July and August to December, the NO2
column concentrations exhibited an increasing trend, reaching high values from December
to January of the following year. This is attributed to relatively weak solar radiation during
this period, which reduces the photochemical effects of NO2 and allows it to remain in
the atmosphere for longer periods [64,65]. The maximum monthly average NO2 column
concentration occurred in January 2021, at 4.78 × 10−5 mol/m2, while the lowest value
was recorded in August 2022, at only 1.74 × 10−5 mol/m2.
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Figure 4. Time variation chart of NO2 column concentration in Guizhou Province from 2019 to 2022
(note: (a) represents the monthly average column concentration variation of NO2, (b) represents the
seasonal and annual average column concentration variation trend of NO2).

The monthly average NO2 column concentrations for Guizhou Province from 2019
to 2022 were also statistically analyzed by season and year (Figure 4b). Seasonal differ-
ences in NO2 column concentrations were significant, exhibiting a pattern of “highest
in winter, lowest in summer, and transitional in spring and autumn”. The winter NO2
column concentration in 2020 reached a maximum of 4.18 × 10−5 mol/m2, whereas the
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summer concentration in 2022 was the lowest at only 2.22 × 10−5 mol/m2. By calcu-
lating the seasonal average NO2 column concentrations over the four years, the spring
average concentration was 3.25 × 10−5 mol/m2, summer 2.48 × 10−5 mol/m2, autumn
3.28 × 10−5 mol/m2, and winter 3.66 × 10−5 mol/m2. The winter average concentration
was 1.48 times that of the summer average concentration, which was the lowest and showed
minimal variation, indicating significant seasonal changes.

The annual average NO2 column concentrations generally displayed a trend of first
decreasing, then increasing, and then decreasing again. The highest annual average NO2
concentration was observed in 2021, reaching 3.47 × 10−5 mol/m2, while the lowest
concentration in 2022 was 2.85 × 10−5 mol/m2. The four-year average annual NO2 column
concentration for Guizhou Province was 3.17 × 10−5 mol/m2, indicating that the variation
in NO2 column concentrations over the four years was relatively stable, reflecting good air
quality. This stability can be attributed to the “Guizhou Province’s Three Year Action Plan
for Winning the Blue Sky Defense War” implemented in 2018 [66], which strengthened
the management of air pollution in Guizhou Province. Specific measures targeting NO2
column concentrations were outlined in this action plan, such as enhancing the control of
scattered coal pollution sources, promoting new clean energy, and encouraging the use of
new energy vehicles, all contributing to the control of NO2 column concentrations.

3.2.2. Spatial Variation of NO2 Column Concentration

The annual average column concentration of NO2 in Guizhou Province from 2019 to 2022
shows an uneven spatial distribution (Figure 5), with a clear pattern of higher concentrations
in the west and lower concentrations in the east, as well as higher concentrations in the north
and lower concentrations in the south. The northwestern region, including areas east of
Bijie, southern Zunyi, Guiyang, Liupanshui, northern Anshun, and northern Qianxinan, has
relatively high NO2 column concentration values, displaying a concentrated and contiguous
distribution. Among the high-value distribution areas, Guiyang has the widest spatial
distribution range for the annual average NO2 column concentration. In contrast, the eastern
and southern regions, including Qiandongnan, Tongren, and Qiannan, have relatively low
NO2 column concentration values; the atmospheric environment is more stable.

3.3. The Spatial Aggregation and Evolution Characteristics of NO2 Concentration

This study investigates the annual mean column concentrations of tropospheric NO2
in Guizhou Province from 2019 to 2022 using spatial autocorrelation methods to exam-
ine the spatial aggregation evolution characteristics of NO2 column concentrations. The
x-axis in Figure 6 represents the standardized values of the observed data, calculated
by subtracting the mean of the original observations and then dividing by the standard
deviation. The y-axis represents the standardized values of the spatial lag of the observed
data, which is the weighted average of the neighboring values minus the mean, divided by
the standard deviation. The global Moran’s I index in the figure passed the significance
test (p = 0.01), with values ranging from 0.990 to 0.701, indicating a significant spatial
aggregation characteristic of NO2 column concentrations in the study area, with varying
degrees of aggregation. Further analysis of the time series of the global Moran’s I index
reveals that the index peaked in 2021, suggesting that the spatial aggregation of annual
mean tropospheric NO2 column concentrations was strongest in that year. In contrast, the
Moran’s I index for 2022 reached its lowest value, indicating a relatively lower degree of
spatial aggregation of tropospheric NO2 column concentrations compared to other years.
This result indicates that the spatial aggregation evolution characteristics of tropospheric
NO2 column concentrations in Guizhou Province from 2019 to 2022 are generally consistent
with the temporal trends of annual mean NO2 column concentrations. The scatter points in
Figure 6 represent the distribution pattern of the local Moran’s I index, which measures the
spatial autocorrelation between each individual observation and its neighboring values.
The upper part of the scatter plot (high values) shows a clustered pattern, indicating that
areas with high concentrations of NO2 tend to be adjacent to other high-concentration areas.
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In contrast, the lower part of the scatter plot from 2020 to 2022 displays a vertical distri-
bution trend, reflecting a weakened clustering effect of low NO2 column concentrations.
Therefore, to analyze the spatial variation of tropospheric NO2 column concentrations
within Guizhou Province, we utilized cold and hot spot analysis and local spatial autocor-
relation statistics. The spatial aggregation analysis results indicate that the NO2 column
concentration cold and hot spot areas both exhibit a patchy distribution (Figure 7a1) and
pass the 95% significance test. The analysis of local spatial autocorrelation (Figure 7b1)
shows that a significant autocorrelation relationship exists for NO2 column concentrations
across most areas in Guizhou, primarily characterized by high–high clusters and low–low
clusters. The hotspot areas are consistent with the distribution of high-value aggregation
areas, with no significant changes, mainly concentrated in Guiyang, Liupanshui, Bijie,
Zunyi, and Anshun. The low-value aggregation areas align with the cold spot areas and
exhibit a temporal variation pattern, with a wider distribution range in 2019 and 2021,
while the distribution range narrowed in 2020 and 2022, primarily focusing on Tongren,
Qiandongnan Prefecture, and southern Qiannan.
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Figure 5. Annual mean spatial distribution of NO2 column concentration in Guizhou Province from
2019 to 2022.(note: (a) Spatial and temporal distribution map of NO2 column concentration in 2019,
(b) Spatial and temporal distribution map of NO2 column concentration in 2020, (c) Spatial and
temporal distribution map of NO2 column concentration in 2021, (d) Spatial and temporal distribution
map of NO2 column concentration in 2022).
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Figure 6. NO2 column concentration Global Moran’s I index map.(note: (a) 2019 Global Moran’s
I index map, (b) 2020 Global Moran’s I index map, (c) 2021 Global Moran’s I index map, (d) 2022
Global Moran’s I index map. The scatter points in the figure represent the observed values, which
are the standard NO2 column concentration values and their spatial lag values for each region. The
purple line is a regression line that shows the linear relationship between the standard NO2 column
concentration and its spatial lag value).
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3.4. The Influencing Factors of NO2 Column Concentration
3.4.1. Factor Detector Analysis

The results from Table 3 indicate that the spatial–temporal distribution of NO2 column
concentration is influenced differently by various factors, with explanatory power ranging
from 5% to 46%. Among them, the factors of industry (I), secondary industry (SI), gross
domestic product (GDP), and wind speed (U10) have q-values of 30% or above, making
them the primary influencing factors of NO2 column concentration in Guizhou. In addi-
tion to the aforementioned factors, tertiary industry (TI), population density (POP), and
precipitation (PRCP) are also important influencing factors of NO2 column concentration
variation in Guizhou.

Table 3. Q values of the influencing factors on NO2 column concentration in Guizhou Province.

Factor Indicators
2019 2020 2021 2022

q Value Average Value

TEMP 0.21 * 0.13 * 0.25 * 0.25 * 0.21
PRCP 0.24 * 0.29 * 0.28 * 0.25 * 0.27
U10 0.29 * 0.35 * 0.31 * 0.46 * 0.35

NDVI 0.09 * 0.05 * 0.09 * 0.09 * 0.08
DEM 0.18 * 0.19 * 0.19 * 0.12 * 0.17
POP 0.32 * 0.28 * 0.30 * 0.26 * 0.29
GDP 0.36 * 0.31 * 0.38 * 0.39 * 0.36

PI 0.14 * 0.15 * 0.15 * 0.23 * 0.17
SI 0.42 * 0.37 * 0.46 * 0.35 * 0.40
TI 0.33 * 0.32 * 0.32 * 0.29 * 0.31
I 0.42 * 0.40 * 0.46 * 0.45 * 0.43

Note: (*) indicates that the influencing factor is significant at the 1% level.

By comparing the various influencing factors (Table 4), it can be observed that the
q-values of industry (I) and secondary industry (SI) remain stable, indicating that socio-
economic activities have a greater impact on NO2 column concentration, as economic
development consumes energy and leads to increased waste, thus causing air pollution.
The significant variations in the q-values of wind speed (U10) and precipitation (PRCP)
are attributed to the complex terrain and diverse ecological environments in Guizhou.
Different climatic, hydrological, and thermal factors among the various ecological environ-
ments result in differences in NO2 decomposition, residence time, etc. [67]. Additionally,
wind speed directly affects the diffusion rate and direction of atmospheric pollutants [68].
Due to the inhibitory effects of heavy rainfall and moist environments on the growth of
NO2 concentration, atmospheric pollutants are more likely to diffuse and dilute in humid
environments, making it difficult for them to accumulate for extended periods [51]. Thus,
wind speed and precipitation emerge as important climatic factors influencing the variation
of NO2 column concentration. Overall, this suggests that human activities exert a signifi-
cantly stronger influence on NO2 column concentration in Guizhou Province, followed by
climatic factors.

Table 4. Ranking table of Q Values of the main influencing factors from 2019 to 2022.

Year q Value Sorting

2019 q(I) = q(SI) > q(GDP) > q(TI) > q(POP) > q(U10) > q(PRCP)
2020 q(I) > q(SI) > q(U10) > q(TI) > q(TI) > q(GDP) > q(PRCP) > q(POP)
2021 q(I) = q(SI) > (GDP) > q(TI) > q(U10) > q(POP) > q(PRCP)
2022 q(U10) > q(I) > q(GDP) > q(SI) > q(TI) > q(POP) > q(PRCP)

3.4.2. Interactive Detector Analysis

The interaction detector can be used to analyze the mutual comprehensive effects
between human activity factors and natural factors on NO2 column concentrations, deter-
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mining whether they enhance, weaken, or act independently. The study results indicate
(Figure 8) that the interaction between any two factors enhances the explanatory power
of individual factors on NO2 column concentrations. There are two types of relationships
under the superposition of any two factors: dual-factor enhancement and nonlinear en-
hancement. Among these relationships, dual-factor enhancement is the majority, implying
that the superposition of factors has a strong driving effect on the changes in NO2 con-
centrations. By comparing the factor interaction detection results from 2019 to 2022, the q
values of the interactions among factors range between 5 and 69%, with the maximum value
occurring in 2019, at a q value of 0.69. The minimum value was in 2020, with a q value of
0.05. Moreover, each year’s maximum q value is the result of the interaction between socio-
economic factors and other factors, indicating that the interaction between socio-economic
factors and other factors is stronger than the interactions among other factors. This suggests
that socio-economic development has a significant impact on NO2 concentrations. Overall,
the influence of various factors on the changes in NO2 concentrations is not independent
but exhibits significant interplay. Furthermore, the impact of multiple factors’ interactions
on NO2 concentration changes is not a simple superposition process but rather a dual-factor
or nonlinear enhancement. As a researcher, this translation adheres to the grammatical and
syntactical standards appropriate for English academic papers.

Atmosphere 2024, 15, x FOR PEER REVIEW 14 of 20 
 

 

concentrations. By comparing the factor interaction detection results from 2019 to 2022, 

the q values of the interactions among factors range between 5 and 69%, with the maxi-

mum value occurring in 2019, at a q value of 0.69. The minimum value was in 2020, with 

a q value of 0.05. Moreover, each year’s maximum q value is the result of the interaction 

between socio-economic factors and other factors, indicating that the interaction between 

socio-economic factors and other factors is stronger than the interactions among other fac-

tors. This suggests that socio-economic development has a significant impact on NO2 con-

centrations. Overall, the influence of various factors on the changes in NO2 concentrations 

is not independent but exhibits significant interplay. Furthermore, the impact of multiple 

factors’ interactions on NO2 concentration changes is not a simple superposition process 

but rather a dual-factor or nonlinear enhancement. As a researcher, this translation ad-

heres to the grammatical and syntactical standards appropriate for English academic pa-

pers. 

  

  

Figure 8. Interaction of factors influencing NO2 column concentration. ((*) indicates that the inter-

action between two factors is non-linear enhancement, while the rest is linear enhancement). 

4. Discussion 

4.1. Spatial–Temporal Distribution Characteristics of NO2 Column in Highland 

This section explores the spatial–temporal distribution characteristics of NO2 column 

concentration in the high-altitude mountainous region of Guizhou Province. Spatially, the 

overall distribution of NO2 column concentration aligns with economic development pat-

terns. Data from the statistical yearbook from 2019 to 2022 reveal that the western and 

northern regions of Guizhou account for 70% of the province’s GDP, 76.33% of its indus-

trial output, 73% of its resident population density, and 89% of its civilian vehicle owner-

ship. This indicates that these areas have stronger economies, higher industrial 

Figure 8. Interaction of factors influencing NO2 column concentration. ((*) indicates that the interac-
tion between two factors is non-linear enhancement, while the rest is linear enhancement).



Atmosphere 2024, 15, 1263 14 of 19

4. Discussion
4.1. Spatial–Temporal Distribution Characteristics of NO2 Column in Highland

This section explores the spatial–temporal distribution characteristics of NO2 column
concentration in the high-altitude mountainous region of Guizhou Province. Spatially,
the overall distribution of NO2 column concentration aligns with economic development
patterns. Data from the statistical yearbook from 2019 to 2022 reveal that the western
and northern regions of Guizhou account for 70% of the province’s GDP, 76.33% of its
industrial output, 73% of its resident population density, and 89% of its civilian vehicle
ownership. This indicates that these areas have stronger economies, higher industrial
proportions, greater population densities, and more vehicles, leading to increased NO2
emissions. High-value and hot spot areas are primarily found in regions with higher
population densities and socio-economic activities. For instance, Guiyang, the provincial
capital, has the highest GDP and population density, accounting for 19% of the province’s
industrial output, resulting in significant NO2 emissions. In contrast, low-value and cold
spot areas, like Qiandongnan Prefecture, show slower economic development and a low
population density of only 123.485 people per square kilometer, contributing just 3.03%
to the province’s industrial output. Therefore, for areas with high NO2 concentration, a
comprehensive photochemical monitoring network can be established, promoting regional
joint prevention and control measures, information sharing, and coordinated governance
to mitigate NO2 pollution.

Seasonally, NO2 column concentrations are highest in winter and lowest in summer.
Previous research indicates that seasonal variations in NO2 concentrations in Guizhou are
primarily due to meteorological differences [69–71]. The province experiences substantial
rainfall in summer, which disperses, dilutes, and absorbs NO2 pollutants. Additionally,
increased atmospheric convection during summer and stronger solar radiation promote
reactions between NO2 and OH radicals, resulting in HNO3 formation and aiding NO2
photolysis and O2 reactions to produce O3, which facilitates the removal of NO2 through
wet and dry deposition. In winter, shorter daylight hours and weaker solar radiation
contribute to stable temperature inversions, hindering vertical air movement and trapping
NO2 pollutants. Coupled with lower precipitation and increased fossil fuel usage for
heating, winter NO2 emissions rise, leading to the highest concentrations during this season.

Overall, from 2019 to 2022, the average annual NO2 column concentration in Guizhou
remained low and stable. Compared to air pollution issues caused by urbanization and
industrialization in central and eastern China, Guizhou’s relatively low population density
and limited industrial development contribute to reduced traffic and industrial activities,
thereby lowering NO2 emissions. Furthermore, since 2013, Guizhou has implemented a
series of environmental protection policies and measures [72–74], resulting in a relatively
clean atmospheric environment and good air quality, consistent with findings from other
scholars [75–77].

4.2. Factors Influencing NO2 Column Concentration

Research indicates that human activities are the primary factor influencing the tro-
pospheric NO2 column concentrations in Guizhou Province. This finding aligns with the
spatial aggregation results of NO2 concentrations, showing that better socio-economic
development and higher population density correlate with increased NO2 levels. Notably,
among economic factors, industrial activities dominate, accounting for 46% of the variance
in NO2 concentrations according to geographical detectors. Industrial production is a
significant source of tropospheric NO2 emissions due to high energy consumption from
processes like coal mining, thermal power generation, and chemical processing, leading to
increased NO2 levels and substantial impacts on the atmospheric environment. Effective
measures to control air pollution include developing clean energy and efficient power
industries, addressing scattered coal burning, reducing coal consumption, and adjusting
industrial structures at the municipal level. Additionally, wind speed and rainfall are
two critical meteorological factors affecting the temporal and spatial variations of NO2
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concentrations. Guizhou’s subtropical humid climate had annual rainfall ranging from
1014.2 to 1448.3 mm between 2019 and 2022, which helped to wash away and suppress
NO2, resulting in distinct monthly and seasonal concentration variations. The average
summer wind speed in Guizhou ranges from 0.9 to 3.1 m/s, facilitating the rapid dispersion
of NO2 emissions and reducing local accumulation. During summer, prevailing southwest
winds lead to lower NO2 concentrations in upwind areas, while northeast winds in winter
can transport higher NO2 levels from the central region into Guizhou.

Moreover, the factors influencing NO2 concentrations in Guizhou Province vary across
different administrative units. Although industrial factors are the most significant statewide,
factors affecting NO2 levels in cities may differ due to geographic, meteorological, and
population density variations. For instance, although Zunyi City had the highest average
industrial output from 2019 to 2022, its NO2 concentration ranked fifth among nine cities.
This discrepancy arises from its emissions primarily originating from thermal power
and cement industries [78]. Zunyi’s low latitude and monsoon influences facilitate NO2
emissions and dispersion, while proactive pollution prevention measures, including a 2017
“air pollution prevention plan” [79] and the “Blue Sky Protection Campaign” [80] have
improved air quality, raising the city’s air quality rate to 98.1% in 2019 and maintaining
lower NO2 levels. In contrast, NO2 concentrations in other cities may be influenced by
varying factors such as industrial structure, atmospheric stability, rainfall, emission control
measures, and geographical locations. These differences can lead to varying influences and
mechanisms between overall and localized conditions. Therefore, future research should
further analyze the characteristics of different regions to develop more targeted and refined
NO2 pollution control measures.

4.3. Limitations and Prospects

This study utilizes the GEE cloud platform to process and rapidly obtain NO2 column
concentration data for Guizhou from 2019 to 2022. These data can objectively reflect the spa-
tial evolution trend of NO2 column concentrations in Guizhou and provide references for
air pollution control research. However, since the Sentinel-5P data span from January 2019
to December 2023, further analysis is needed to understand the long-term spatial–temporal
variations in tropospheric NO2 concentrations. Although the study has comprehensively
selected several influencing factors such as climate, human activities, and topography, the
extent of their explanation varies across different administrative units, which is complex.
Future research will consider integrating multi-source data, including OMI satellite data,
GEMS satellite data, and ground-based NO2 monitoring data, to improve the accuracy of
tropospheric NO2 column concentration studies. Additionally, it will take into account the
variations in driving factors affecting NO2 column concentrations at both global and local
levels, facilitating a deeper exploration of the changing patterns of NO2 concentrations.

5. Conclusions

The paper utilized Sentinel-5P satellite remote sensing data to investigate the spatial–
temporal variations of NO2 column concentration in Guizhou Province. Employing spatial
statistical methods and geographic detectors, the study systematically analyzed the spatial–
temporal patterns and influencing factors of NO2 column concentration. The conclusions
are as follows:

(1) Based on Sentinel-5P satellite remote sensing data, the monthly average NO2 column
concentration was linearly fitted with the monthly average NO2 concentration from
ground monitoring, R2 = 0.752. The Pearson correlation coefficient was calculated
to be 0.825 (p = 0.01), indicating a positive correlation. This suggests that utilizing
Sentinel-5P satellite data to study NO2 column concentrations in the mountainous
regions of Guizhou Province is highly feasible.

(2) The NO2 column concentration in Guizhou Province exhibits a seasonal variation
characteristic of “higher in winter, lower in summer, and transitional in spring and
autumn”. In terms of annual variation, the annual average concentration was highest
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in 2021 at 3.47 × 10−5 mol/m2 and lowest in 2022 at 2.85 × 10−5 mol/m2. There is
an uneven spatial distribution, presenting a pattern of “higher in the west, lower in
the east; higher in the north, lower in the south”, with significant spatial clustering
characteristics. The distribution patterns of cold and hot spots are consistent with
those of high- and low-value aggregation areas.

(3) Geodetector analysis reveals that socio-economic factors exert the greatest influence
on NO2 column concentration variations in Guizhou. Industrial factors notably
affect NO2 concentrations, while wind speed and rainfall are also significant climate-
related factors. Interactions between any two factors enhance either linearly or non-
linearly, with socio-economic factors showing stronger interactions compared to other
factors, indicating that economic development has the most significant impact on
NO2 column concentrations.
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