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Abstract: Aerosol optical depth (AOD) is an important physical variable used to characterize atmo-
spheric turbidity for the management and control of air pollution. This study aims to analyze the
factors influencing the spatial and temporal variability in AOD across the arid region of Northwest
China (ARNC) using MODIS Aqua C006 aerosol product data from 2008 to 2017. In terms of natural
and socioeconomic factors, the correlation coefficient (R) was used to identify the most influential fac-
tor in the AOD changes. The results show that AOD values in spring and summer were much higher
than those in autumn and winter, especially in spring. In general, AOD had an insignificant decreas-
ing trend, with a small overall changing range. Spatial analysis revealed a significantly decreasing
trend, mostly across the Gobi Desert area, which is located in the western region of the ARNC. From
the perspective of natural factors, AOD was positively correlated with air temperature (AT), wind
speed (WP), land surface temperature (LST), and the digital elevation model (DEM) and negatively
correlated with precipitation, relative humidity (RH), and the normalized difference vegetation index
(NDVI). The greatest positive correlation, with a maximum R value of 0.8, was found between AOD
and wind speed. By contrast, AOD and relative humidity had the strongest negative correlation,
with R values of −0.77. In terms of anthropogenic factors, gross domestic product (GDP), secondary
industry, and population density were the three major anthropogenic factors that influenced the
changes in AOD changes in this region. In general, the effects of anthropogenic factors on AOD are
more significant in areas with high urban population densities.

Keywords: aerosol optical depth (AOD); arid region of Northwest China (ARNC); spatial–temporal
variability; natural influencing factors; anthropogenic influencing factors

1. Introduction

An aerosol is a suspension of small solid–liquid particles in the air that can be divided
into anthropogenic and natural sources [1–4]. Artificial aerosols are mainly produced from
petroleum and chemical fuels, while natural aerosols are caused by the combustion of
minerals, biomass, and blown sand and dust [5–10]. Aerosols can reduce the amount of
solar radiation reaching the ground surface by absorbing and dispersing solar radiation,
thus lowering ground surface temperatures and evapotranspiration rates. A high aerosol
load in the atmosphere can lead to a humid micro-climate, affecting the balance of the
terrestrial ecosystem [11–14] and overall Earth radiation [15–17]. The number and optical
properties of clouds are influenced by aerosol concentrations, which have an impact on
regional precipitation and the water cycle [18].

Northwest China is located inland on the continent, which is far from the ocean. The
region has extremely low precipitation and a dry environment because of the impediment
to moist air caused by plateaus and mountains and the effect of latitudinal-zone sinking air,
forming huge deserts like the Gobi Desert. Consequently, such arid and semi-arid regions
frequently experience dry and dusty weather, which has turned them into the main sources
of aerosols [19–21].
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High concentrations of aerosols have a negative impact on human health and life, and
it has been proved that they cause more people to contract respiratory diseases [22–24]. In
recent years, the number of aerosols increased significantly in China because of the rapidly
growing economy, population, energy consumption, and exhaust emissions [25]. In China,
the distribution of aerosols exhibits significant spatial and temporal variabilities [26,27].
Therefore, it is crucial to analyze the spatial–temporal distribution of aerosols and their
influencing factors and to come up with appropriate solutions in order to regulate aerosol
emissions effectively.

AOD indicates the atmospheric columnar aerosol load from the surface to the top of
the atmosphere, which can be measured via remote sensing techniques, e.g., the LAND-
SEA comparison method [28], the structure function method [29,30], the dual multichannel
reflectance method [29–33], and the dark target method (DT algorithm) [34,35]. Kaufman
and Sendra [34] proposed an algorithm to automatically correct atmospheric errors in
satellite images after continuous development and improvement. Pozzer et al. [36] studied
the trend of global and regional AOD from 2001 to 2010 using an atmospheric model.
Chubarova et al. [37] verified the accuracy of satellite-based aerosol extraction over Moscow,
Russia, using observed aerosol data collected from the AERONET Aerosol Observation
Station. Li et al. [38] examined the seasonal patterns of AOD using data from the Moderate-
Resolution Imaging Spectroradiometer (MODIS). Zhang et al. [39] discovered the interactive
relationship of AOD with clouds and precipitation. Bai et al. [40] employed spaceborne lidar
data from Cloud-Aerosol Lidar Infrared Pathfinder Satellite Observations (CALIPSO) to
characterize AOD in the arid areas of Northwest China. Most of the AOD studies in China
have focused on Eastern China because of its large population, greater development, and
higher anthropogenic emissions [41–43]. Zhang et al. [39] noted that aerosol concentrations
in Western China are primarily caused by natural factors such as dust aerosols. However,
most of these studies, especially those conducted in arid and semi-arid regions, did not
further investigate the factors affecting AOD changes.

Li et al. [44] found that the MODIS Collection 5 (C005) product outperformed the
MODIS C004 product in AOD estimation. Conversely, MODIS Collection 6 (C006) is
superior to MODIS C051 [45]. Therefore, this study aims to evaluate the spatial–temporal
changes in AOD over the arid region of Northwest China (ARNC) from 2008 to 2017 using
MODIS C006 dual fusion algorithm products. Additionally, the majority of AOD factor
analysis research conducted in China has considered only a single factor, either artificial
or natural [21,42]. In order to provide a thorough AOD factor analysis, this study took
into account both natural (precipitation, air temperature, relative humidity, wind speed,
topography, NDVI, LST) and human (gross domestic product, population, proportion of
secondary industry) factors. The findings could serve as a guide for the local authorities in
formulating policies to reduce air pollution in ARNC.

2. Study Area

The ARNC, located in the ranges 35~50◦ N and 73~107◦ E, is a very important part
of the arid central region of the Asian continent (Figure 1). The total area of arid land in
Northwest China is about 2.5 × 106 km2, accounting for approximately 25% of China’s
land area [46], as shown in Figure 1. It is located north of the Qilian Mountains and
Kunlun–Altun Mountains and west of the Helan Mountains. The ARNC includes the
entire Xinjiang Uygur Autonomous Region (hereinafter referred to as Xinjiang), the five
cities of Gansu Hexi, and the huge Alashan League in Inner Mongolia [47]. The ARNC is
limited by the border of China to the north and west. The northwest arid area is an inland
area with less than 400 mm/year of annual precipitation [48], belonging to the extremely
arid area. From east to west, the land-use types include grassland, desert steppe, desert,
Hulunbeir Grassland, rocky Gobi, sand dune, inland river, inland lake, and oasis. The
natural vegetation is gradually decreasing because of human activity.
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Figure 1. Sketch map of the study area. 
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Figure 1. Sketch map of the study area.

3. Data Sources and Methods
3.1. Remote Sensing Data

MODIS C006 products from 2008 to 2017 were downloaded to extract the “AOD_550_
Dark_Target_Deep_Blue_Combined_Mean_Mean” band. MODIS C006 is a dual fusion
product based on NDVI (normalized difference vegetation index) data, combining the
DT and DB algorithms. The data product is atmospherically corrected and has some
reliability and scientific validity [49]. The MODIS C006 products’ data source is the Level-
1 and Atmosphere Archive & Distribution System Distributed Active Archive Center
(https://ladsweb.modaps.eosdis.nasa.gov/, accessed on 1 October 2023). The spatial
resolution of the monthly mean AOD raster image data at 550 nm is 1◦ × 1◦ [49]. The
data quality is good in the mid-latitude region, with minimal missing values. In addition,
Tao et al. [50] found that this data band is suitable for large-scale aerosol studies in bright
surface deserts and urban areas.

The relationship between topography and AOD was examined using the Shuttle Radar
Topography Mission (SRTM) 250 m resolution digital elevation model (DEM) provided by
the Consultative Group on International Agricultural Research (CGIAR). The SRTM DEM
is widely used in the surveying and mapping disciplines [51]. A total of 120 MODIS NDVI
MYD13C2 composite images (0.05◦ × 0.05◦) covering the entire study area were obtained
from NASA every 8 days from 2008 to 2017. Monthly LST (land surface temperature) data
were extracted from the fifth version of MODIS’s daytime surface temperature data from
the MODIS Aqua satellites. The accuracy of the product was verified, confirming that it is
suitable for research in the ARNC [52].

3.2. Auxiliary Data

Daily meteorological data such as precipitation, relative humidity, air temperature,
and wind speed from 2008 to 2017 were collected from the China Meteorological Data
Network (http://data.cma.cn/, accessed on 19 October 2023). Socioeconomic data included
population density data and local GDP (Gross Domestic Product) data. The proportion of
manufacturing industry in the GDP of each city in the northwest arid area was extracted
from the statistical yearbooks of cities. The specific sources of the above data are shown in
Table 1.

https://ladsweb.modaps.eosdis.nasa.gov/
http://data.cma.cn/
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Table 1. Data products used in this study.

Data Product Types Scientific Data Set (SDS) Attribute Data
Acquisition Use

MYD08_M3

AOD_550_Dark_Target_Deep_Blue_
Combined_Mean_Mean

https://ladsweb.modaps.eosdis.nasa.
gov/search/order/1/MYD08_M3--61

Monthly time
resolution

1◦ spatial resolution
2008.1–2017.12

Calibration of
spatio-temporal

characteristics and
influencing

factor analysis.

SRTM data https://ladsweb.modaps.eosdis.nasa.
gov/search/order/

Annual time
resolution

250 m spatial
resolution

2020
Analysis of the
influence of the
DEM on AOD.

MYD13C2
CMG 0.05 Deg Monthly NDVI std dev
https://ladsweb.modaps.eosdis.nasa.
gov/search/order/1/MYD13C2--6

8-day time
resolution

0.05◦ spatial
resolution

2008.1–2017.12
Analysis of the

influence of NDVI
on AOD.

MYD11C3

Cloud-
Top_Temperature_Nadir_Day_Mean_Mean

https://ladsweb.modaps.eosdis.nasa.
gov/search/order/1/MYD11C3--0

Monthly time
resolution

0.05◦ spatial
resolution

2008.1–2017.12

Analysis of the
influence of land

surface temperature
on AOD.

Daily dataset for
China surface

climatic data released
by the China

Meteorological
Data Network

Precipitation, Relative humidity,
Temperature, Wind speed

http://data.cma.cn/

Daily time
resolution

2008.1.1–
2017.12.31

Analysis of the
influence of

meteorological
factors on AOD.

China Statistical
Yearbook

The proportion of secondary industry,
GDP, Population Density
https://www.cnki.net/

Annual time
resolution 2009–2018

Analysis of the
influence of

socioeconomic
factors on AOD.

Topographic and
geomorphological

data

Resource and Environment Science and
Data Center

https://www.resdc.cn/

Annual time
resolution 2009–2018

Analysis of the
correlation between

meteorological
factors and AOD in
different territories.

3.3. Methods
3.3.1. Mean Value Method

Based on monthly scale raster data, the mean value method was used to obtain the
annual and quarterly spatial distribution of AOD in the ARNC from 2008 to 2017. In
addition, data on the influencing factors were also obtained using the same method. The
mean value method can make the analysis process simpler, which was achieved through
tools in the ArcGIS 10.8 software [53]. The principle is to use multi-year data combined to
obtain the average value instead of multi-year AOD, NDVI, LST, etc.

3.3.2. Trend Analysis and Significance Test

The linear trend estimation method has excellent applicability in the study of spatial–
temporal changes in AOD, and the method has a large research base [42,54–56]. Therefore,
one-dimensional linear regression analysis was used to analyze the trends in AOD with
two scales: the region as a whole and the raster cells. The calculation formula is shown
below [57]:

θslope =
nxi∑n

i=1 i − ∑n
i=1 xi∑n

i=1 i

n∑n
i=1 i2 − (∑n

i=1 i)2 (1)

https://ladsweb.modaps.eosdis.nasa.gov/search/order/1/MYD08_M3--61
https://ladsweb.modaps.eosdis.nasa.gov/search/order/1/MYD08_M3--61
https://ladsweb.modaps.eosdis.nasa.gov/search/order/
https://ladsweb.modaps.eosdis.nasa.gov/search/order/
https://ladsweb.modaps.eosdis.nasa.gov/search/order/1/MYD13C2--6
https://ladsweb.modaps.eosdis.nasa.gov/search/order/1/MYD13C2--6
https://ladsweb.modaps.eosdis.nasa.gov/search/order/1/MYD11C3--0
https://ladsweb.modaps.eosdis.nasa.gov/search/order/1/MYD11C3--0
http://data.cma.cn/
https://www.cnki.net/
https://www.resdc.cn/
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where θslope is the trend value. When θslope > 0, AOD shows an increasing trend. When
θslope = 0, AOD shows no change. When θslope < 0, AOD shows a decreasing trend. xi
denotes the AOD value in year I, and n is the total number of years (n = 10 in this paper).
According to the slope evaluation results, combined with the significance test, the slope
can be divided into five grades (see Table 2 for details).

Table 2. Linear trend estimation process.

Level Description

θslope < 0, p < 0.01 Significant decrease
θslope < 0, 0.01 ≤ p < 0.05 Slight decrease

0.05 ≤ p Basically unchanged
θslope > 0, 0.01 ≤ p < 0.05 Slight increase

θslope > 0, p < 0.01 Significant increase
Note: p indicates the level of the significance test.

3.3.3. Correlation Analysis

In this paper, the correlation coefficients (R) of AOD and its influencing factors were
calculated with multiple scales. On the one hand, they were calculated based on two time
scales: annual and seasonal. On the other hand, they were calculated based on two time
scales: regional overall and image element. Thus, the interrelationship between AOD and
its influencing factors can be measured. The calculation formula [43,58,59] is

R =
∑N

i=1
[(

Xi − X
)(

Yi − Y
)]√

∑N
i=1

(
Xi − X

)2
∑N

i=1
(
Yi − Y

)2
(2)

where X, Y, X, and Y denote two variables and the mean of the variables, respectively; R is
the correlation coefficient between the variables X and Y; and N is the sample size. The
correlation is considered significant when p < 0.05.

The framework of this study is visualized in Figure 2. The study was conducted in
four major steps: (1) reconstruction of annual and seasonal average AOD grid maps with
ArcGIS tools; (2) analysis of the slope of the AOD changes at the regional and pixel scales
to reveal spatial–temporal variation; (3) resampling of the DEM, NDVI, and LST data to a
spatial resolution of 1◦ × 1◦ [60]; and (4) an evaluation of the correlation between AOD
and its influencing factors using the correlation coefficient (R) approach. The R values vary
from 0 to 1, with 1 representing a perfect correlation between AOD and its driving factors.
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4. Results and Analysis
4.1. Spatial Distribution Characteristics of AOD in the ARNC

A spatial distribution map of AOD in the ARNC from 2008 to 2017 is shown in Figure 3.
MATLAB was used to calculate the pixel-by-pixel trend in AOD. The results show that the
Taklimakan Desert region consistently had high AOD during the studied period (Figure 3),
particularly during spring. The reason could be the excessive sand- and dust-gusting
phenomena in spring, which increase atmospheric turbidity, leading to high AOD values.
Likewise, in summer, the AOD values east of the Taklimakan Desert and the Karamay and
Tacheng areas are higher than in the west. In autumn, the AOD values from the western
edge of the Taklimakan Desert are higher than in other regions. However, in winter, the
Bayingolin Mongolian Autonomous Prefecture area had the highest AOD values compared
with other areas. The reason for the significant regional variance in AOD in the ARNC is
closely related to the contribution of sand and dust from the Taklimakan Desert, the main
source of aerosol in Northwest China.
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Interestingly, from 2008 to 2017, a significant decrease trend in AOD values was ob-
served along the northern part of the Tianshan Mountains and around the Gurbantunggut
Desert in the Junggar Basin, while a slight decreasing trend in AOD values was observed
in the Taklamakan Desert, located in the Tarim Basin. In contrast, in the eastern part of
the study area, the AOD values in the area around Alxa Left Banner showed slight and
significant decreases in a more concentrated manner. In other areas, the AOD values were
unchanged. In general, the AOD values of ARNC showed a decreasing trend, particularly
surrounding the desert region, proving the success of the mitigation treatment of the desert
region in the past ten years.

To understand the spatial variation trend in AOD in ARNC, we further examined the
statistics of AOD changes. Figure 4 shows that the areas with a significant decreasing trend
from 2008 to 2017 in AOD accounted for 7.3% of the total area and 12.45% of the areas
with a slight decreasing trend. The areas with no significant changes accounted for 80.26%
of the total area. The AOD values in the Gobi Desert areas of the ARNC were basically
unchanged, but in the desert edge areas, the aerosol content was effectively controlled
through ecological restoration projects such as wind prevention and sand fixation.
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4.2. Temporal Variation in AOD in the ARNC

Table 3 shows the annual and seasonal average AOD of the ARNC from 2008 to 2017.
The results show that the highest annual average AOD values in the northwest arid region
were found in 2010, whereas the lowest were found in 2017. Seasonally, spring had the
highest AOD values in the northwest arid region, followed by summer, while autumn
and winter had the lowest values. The highest AOD value was found in spring 2014, with
an average value of 0.46. In the summer, the highest AOD value was recorded in 2014,
and the lowest value was in 2017. In autumn, the AOD value was highest in 2013 and the
lowest value in 2015. The winters of 2010 and 2014 experienced the highest and lowest
AOD values, respectively. The standard deviation of AOD in spring and summer is larger
than in autumn and winter, indicating that the AOD changes in spring and summer are
more significant than in autumn and winter. As can be seen from Table 3, although AOD
fluctuated from 2008 to 2017, the overall changing trend was not large, with a certain
decreasing trend. Discarding the impact of the external environment, this shows that the
air quality improved slightly in the past ten years in the ARNC because of achievements in
ecological civilization construction [61].



Atmosphere 2024, 15, 54 8 of 22

Table 3. Mean ± standard deviation of AOD values annually and seasonally in the ARNC.

Years Spring Summer Autumn Winter Annual

2008 0.44 ± 0.25 0.24 ± 0.16 0.13 ± 0.06 0.16 ± 0.10 0.24 ± 0.12
2009 0.41 ± 0.21 0.25 ± 0.15 0.15 ± 0.06 0.14 ± 0.08 0.24 ± 0.11
2010 0.45 ± 0.29 0.27 ± 0.20 0.17 ± 0.11 0.17 ± 0.12 0.26 ± 0.16
2011 0.46 ± 0.29 0.27 ± 0.19 0.14 ± 0.06 0.17 ± 0.11 0.26 ± 0.14
2012 0.45 ± 0.30 0.22 ± 0.14 0.16 ± 0.07 0.14 ± 0.09 0.24 ± 0.13
2013 0.42 ± 0.26 0.21 ± 0.12 0.19 ± 0.10 0.14 ± 0.08 0.24 ± 0.12
2014 0.46 ± 0.23 0.28 ± 0.18 0.17 ± 0.08 0.13 ± 0.08 0.26 ± 0.13
2015 0.38 ± 0.23 0.25 ± 0.18 0.13 ± 0.06 0.13 ± 0.09 0.22 ± 0.13
2016 0.42 ± 0.30 0.23 ± 0.14 0.13 ± 0.06 0.17 ± 0.11 0.24 ± 0.13
2017 0.29 ± 0.19 0.19 ± 0.12 0.13 ± 0.06 0.13 ± 0.08 0.19 ± 0.09

Mean (2008–2017) 0.42 ± 0.24 0.24 ± 0.15 0.15 ± 0.06 0.15 ± 0.08 0.24 ± 0.12

4.3. Analysis of the Influencing Factors of AOD
4.3.1. Impact of Meteorological Factors on AOD

Figure 5 shows the temporal changes in meteorological variables from 2008 to 2017 in
the ARNC. The annual average temperature was around 8 ◦C in 2011, which was the lowest
in the studied period. Both 2008 and 2012 recorded low average annual temperatures as
well, whereas the two warmest years on record were 2015 and 2016, followed by around
8.8 ◦C. The maximum annual precipitation corresponds to the maximum annual relative
humidity that occurred in 2010 and 2016, with precipitation close to 165 mm/year and a
relative humidity of about 50%. Less precipitation and low relative humidity (46%) were
seen in 2009 and 2014. In 2013, the northwest arid region experienced low wind speeds,
ranging from 2.1 m/s to 2.2 m/s. Meanwhile, the wind speed in 2017 was 2.48 m/s, which
was the highest in the past decade.

From 2008 to 2017, all meteorological variables showed an increasing trend. Mete-
orological factors showed a certain regularity at an annual scale with different degrees.
The changes in seasonal AOD all show decreasing trends. Overall, it was shown that
the inter-annual variation in AOD decreased from 2008 to 2017, with a decreasing trend
becoming obvious since 2013.

Figure 6 indicates that the meteorological variables have a relatively close relationship
with AOD in spring, where air temperature, wind speed, relative humidity, and precipita-
tion are all negatively correlated with AOD. In summer, air temperature and wind speed
are positively correlated with AOD, indicating that AOD increases as air temperature and
wind speed increase. In autumn, precipitation and wind speed are negatively correlated
with AOD, and air temperature is positively correlated with AOD. The correlation between
relative humidity and AOD is not obvious in summer. All the meteorological factors are
positively correlated with AOD in winter, except air temperature.

The annual average AOD is positively correlated with both air temperature and wind
speed, with the correlation coefficients being 0.33 and 0.80, respectively. The correlation
coefficient between the annual average AOD and relative humidity is −0.77, showing
that the two variables are strongly negatively associated. On the inter-annual scale, the
correlation between AOD and precipitation is not obvious, but on the seasonal scale,
precipitation is closely related to AOD. There is, therefore, no consistent correlation between
AOD and meteorological factors. Thus, different meteorological factors have distinct
impacts on AOD [62].
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Considering the differences in meteorological elements across the ARNC, we extracted
meteorological stations using topographic and geomorphological data and discussed the
correlation between AOD and meteorological elements in highlands, plains, and deserts.
In addition, the correlation between AOD and the statistical indicators was also further
discussed for Northern Xinjiang, Southern Xinjiang, Gansu, and Inner Mongolia, because
of variations in development levels in the ARNC.

As shown in Figure 7, AOD and precipitation showed a negative correlation in dif-
ferent subzones, AOD and temperature showed a positive correlation in the three regions,
and AOD and wind speed showed a positive correlation in separate territories. To some
extent, this demonstrates the inconsistent effects of meteorological factors on AOD and the
different mechanisms of AOD generation in different subdivisions [63].

In Figure 8, both Northern Xinjiang and Southern Xinjiang show a positive correlation
between AOD and GDP and between AOD and population, but Gansu and Inner Mongolia
show a negative correlation. The reason why AOD and GDP and AOD and population do
not show consistent and defined performance in different districts is that aerosol sources in
the ARNC are dominated by natural sources [64].
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(d) winter; (e) annual. Note: P, precipitation (mm); T, temperature (°C); RH, relative humidity (%); 
W, wind speed (m/s). Note: The red dots indicate the specific values for each data point, the gray 
bands indicate the confidence intervals for the linear regression, and the line indicates the regression 
line obtained by fitting a linear regression. 

Figure 6. Correlation between AOD and meteorological factors. (a) spring; (b) summer; (c) autumn;
(d) winter; (e) annual. Note: P, precipitation (mm); T, temperature (◦C); RH, relative humidity (%); W,
wind speed (m/s). Note: The red dots indicate the specific values for each data point, the gray bands
indicate the confidence intervals for the linear regression, and the line indicates the regression line
obtained by fitting a linear regression.
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Figure 7. Correlations between AOD and meteorological factors in highlands, plains, and deserts
in the ARNC. Note: P, precipitation (mm); T, temperature (◦C); W, wind speed (m/s). Note: The
black dots indicate the specific values for each data point, the gray bands indicate the confidence
intervals for the linear regression, and the line indicates the regression line obtained by fitting a
linear regression.

The seasonal trends in AOD and various meteorological factors are shown in Figure 9.
As mentioned earlier, rainfall is low and scarce in the ARNC [65], so the impact of pre-
cipitation on AOD is small. Precipitation has a wet sedimentation effect on aerosols, so
suspended particles in the air will be reduced to a certain extent [66], which is negatively
related to AOD. Although the amount of precipitation is almost the same in spring and
autumn, AOD is much higher in spring because of strong winds and low relative humidity.
In summer, both precipitation and temperatures are high, so the relative humidity of the air
and the AOD value are closely correlated. This may be because high temperatures promote
evaporation, while suspended particles quicken the formation of precipitation, leading to a
situation where water vapor in the air interacts with suspended particles in order to form
aerosols. This indicates that there is a synergistic or inhibitory effect among various factors,
which can affect AOD changes through indirect effects on other factors [67].

The correlation between wind speed, relative humidity, and AOD was found to be
particularly strong. Strong winds will increase dust particles in the air and increase AOD,
but an increase in relative humidity in the air will lead to a decrease in the dust wind
speed [68]. The gathering interval of extremely high wind speeds shows a decreasing trend,
while the relative humidity of the air has an increasing trend. It was found that AOD and
wind speed are positively correlated with seasonal changes, whereas AOD is negatively
correlated with relative humidity. Thus, there is a certain relationship between them. When
the relative humidity in the air is high, the effect of wind in raising dust will be weakened,
which produces a decreasing AOD trend with seasonal changes.
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Figure 8. The links between inter-annual variations in AOD and GDP and AOD and total population
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indicates the regression line obtained by fitting a linear regression.

Atmosphere 2024, 15, 54 13 of 23 
 

 

 
Figure 9. Seasonal variation in AOD (a) and meteorological factors (b). The color of the line corre-
sponds to the color of the axes and indicates the change in the axis variable. 

4.3.2. Influence of Surface Factors on AOD 
The distribution of AOD shows obvious spatial differences in the ARNC, which is 

closely related to the underlying surface. LST, terrain fluctuations, and vegetation cover-
age all have an impact on the formation and development of aerosols. The findings show 
that AOD is positively correlated with surface elevation and surface temperature and neg-
atively correlated with the NDVI. Figure 10a,d show that the distribution of AOD and 
topography have clear similarities. High AOD values are mainly concentrated in the high-
altitude areas, with significantly higher AOD values over the Altun Mountains, the Qilian 
Mountains, and the Kunlun Mountains. In contrast, AOD values are significantly lower in 
low-altitude areas such as the Altay and Hami areas. Figure 10b illustrates that DEM and 
AOD have a certain positive correlation, where the higher the region, the greater the AOD 
value. The reason for the high AOD values in high-altitude areas could be due to the in-
fluence of terrain, where the transported sand dust and other pollutants are prevented 
from spreading to other areas, thereby accumulating around the mountain areas [55]. 

MODIS NDVI images are used to reflect the vegetation situation in the ARNC. Figure 
10c shows that the Ili, Northern Tianshan, Altay, and Weiku Oasis regions have relatively 
more vegetation and forests, especially the eastern region of Ili. Additionally, it can be 
seen that the Tarim Basin has high AOD values in all seasons because of the basin topog-
raphy and sparse vegetation, which is not conducive to aerosol diffusion. The NDVI value 
did not significantly change from 2008 to 2017 in the ARNC (Figure 10e). In the Ili area, 
the NDVI value decreased, but the AOD value increased. In the Tarim Basin edge, the 
NDVI value increased, whereas the AOD value decreased. This indicates that there is a 
negative correlation between AOD and NDVI. Vegetation can block the direction of the 
wind, reduce wind speed, and weaken the process of dust aerosol formation. It can also 
reduce surface transpiration and affect the formation of relative humidity and precipita-
tion in the air. In addition, vegetation can absorb aerosol particles in the air and accelerate 
their sedimentation process, thus reducing AOD [27,70]. This shows that changes in the 
ecological environment have a certain impact on AOD changes [71]. 

Figure 10f shows the spatial distribution of LST in the ARNC from 2008 to 2017. Af-
fected by latitude and topography, the spatial distribution of LST has a certain degree of 
similarity to the spatial distribution of AOD. High-LST areas can be found in the Tarim 
Basin, Turpan, and the surrounding areas of Alxa League. The main reason is that these 
areas have a large proportion of desert and Gobi terrain, barren land, low vegetation cov-
erage, and more solar radiation energy absorption. Interestingly, Figure 10g shows that 
the higher the LST, the larger the AOD values, but the relationship between the LST and 
AOD is not perfectly correlated. In many areas, although the LST is high, the AOD value 
is still very small. This could be due to the fact that there are fewer human activities in the 
northwest region, which proves that the impact of human factors on the environment is 
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AOD is positively correlated with temperature, where the higher the temperature, the
greater the AOD. Temperature affects the chemical properties of the gas in the air, changes
the transfer of various particles in the air, and thus changes the AOD. When the temperature
is high, the precipitation is likely to change at the same time. The high-temperature and
high-humidity environment will make the aerosols gather to a certain extent [69]. A higher
temperature has a critical impact on dust lifting [65], and dust is also susceptible to the
influence of wind. An increase in the concentration of various particles in the air enhances
the AOD value.

4.3.2. Influence of Surface Factors on AOD

The distribution of AOD shows obvious spatial differences in the ARNC, which is
closely related to the underlying surface. LST, terrain fluctuations, and vegetation coverage
all have an impact on the formation and development of aerosols. The findings show that
AOD is positively correlated with surface elevation and surface temperature and negatively
correlated with the NDVI. Figure 10a,d show that the distribution of AOD and topography
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have clear similarities. High AOD values are mainly concentrated in the high-altitude areas,
with significantly higher AOD values over the Altun Mountains, the Qilian Mountains,
and the Kunlun Mountains. In contrast, AOD values are significantly lower in low-altitude
areas such as the Altay and Hami areas. Figure 10b illustrates that DEM and AOD have a
certain positive correlation, where the higher the region, the greater the AOD value. The
reason for the high AOD values in high-altitude areas could be due to the influence of
terrain, where the transported sand dust and other pollutants are prevented from spreading
to other areas, thereby accumulating around the mountain areas [55].
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Figure 10. Correlation analysis of AOD and surface elements in the ARNC from 2008 to 2017.
Note: (a), (c), (d) and (f) represent the spatial distribution of multi-annual mean values of DEM,
NDVI, AOD and LST from 2007 to 2018, respectively. (b,e,g) are the results of correlation analysis of
corresponding indicators.

MODIS NDVI images are used to reflect the vegetation situation in the ARNC.
Figure 10c shows that the Ili, Northern Tianshan, Altay, and Weiku Oasis regions have
relatively more vegetation and forests, especially the eastern region of Ili. Additionally, it
can be seen that the Tarim Basin has high AOD values in all seasons because of the basin
topography and sparse vegetation, which is not conducive to aerosol diffusion. The NDVI
value did not significantly change from 2008 to 2017 in the ARNC (Figure 10e). In the Ili
area, the NDVI value decreased, but the AOD value increased. In the Tarim Basin edge, the
NDVI value increased, whereas the AOD value decreased. This indicates that there is a
negative correlation between AOD and NDVI. Vegetation can block the direction of the
wind, reduce wind speed, and weaken the process of dust aerosol formation. It can also
reduce surface transpiration and affect the formation of relative humidity and precipitation
in the air. In addition, vegetation can absorb aerosol particles in the air and accelerate
their sedimentation process, thus reducing AOD [27,70]. This shows that changes in the
ecological environment have a certain impact on AOD changes [71].

Figure 10f shows the spatial distribution of LST in the ARNC from 2008 to 2017.
Affected by latitude and topography, the spatial distribution of LST has a certain degree
of similarity to the spatial distribution of AOD. High-LST areas can be found in the Tarim
Basin, Turpan, and the surrounding areas of Alxa League. The main reason is that these
areas have a large proportion of desert and Gobi terrain, barren land, low vegetation
coverage, and more solar radiation energy absorption. Interestingly, Figure 10g shows that
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the higher the LST, the larger the AOD values, but the relationship between the LST and
AOD is not perfectly correlated. In many areas, although the LST is high, the AOD value
is still very small. This could be due to the fact that there are fewer human activities in
the northwest region, which proves that the impact of human factors on the environment
is small. In some cases, AOD has a weakening effect on the LST increases [69], as the
result shows a weak correlation. Although the relationship between LST and AOD is weak,
it has a significant impact on the formation and development of AOD. Given frequent
drought occurrences in the northwest region, an increase in the surface temperature will
have an impact on the underlying surface, promote the turbulent diffusion of aerosol
particles in the area, and increase the value of AOD [72]. When the LST is high, the relative
humidity of the air decreases, which inhibits the deposition of aerosols. In the desert and
its surrounding areas, the LST is very high and is prone to dry hot air convection [73]. The
high temperature can easily destroy the physical and chemical properties of the rocks and
minerals, promoting the formation and diffusion of particles, which is very conducive to
the formation of aerosols.

4.3.3. Impact of Socioeconomic Data on AOD

Table 4 shows the GDP and secondary industry output value of the ARNC from 2008
to 2017, where the GDP of the ARNC is increasing yearly. In 2008, the output value of
secondary industry was CNY 2.747 × 1011, but in 2017, the corresponding value increased
to CNY 5.171 × 1011. From 2011 to 2016, the proportion of secondary industry to GDP
showed a decreasing trend, dropping to the lowest value in 2016, which was related to
changes in regional industrial structure. The decline of the proportion of secondary industry
considerably reduced many industries with high pollution emissions, and this not only
improved the atmospheric environment but also reduced the aerosol content in the ARNC
in recent years.

Table 4. Socioeconomic statistics data for the ARNC from 2008 to 2017 (unit: CNY 108).

Year Gross Domestic Product Secondary Industry
Output Value

The Proportion of Secondary
Industry to GDP

Per Capita
GDP/CNY

2008 5319.88 2747.26 51.64% 9251.36
2009 5563.37 2705. 26 48.63% 9109.94
2010 6944.07 3531.96 50.86% 11,893.84
2011 8449.14 4401.61 52.10% 14,822.38
2012 9631.03 4842.14 50.28% 16,305.88
2013 10,662.84 4932.91 46.26% 16,611.53
2014 11,520.33 5261.14 45.67% 17,716.84
2015 11,307.19 4539.85 40.15% 15,287.90
2016 11,655.08 4521.71 38.80% 15,226.83
2017 13,096.93 5171.40 39.49% 17,414.64

Figure 11 shows the regional AOD distribution and regional GDP, secondary industry,
and population density statistics of the ARNC for 2008, 2012, and 2016. Here, the data
are analyzed via equal-interval-selection-facilitated analysis. Figure 11a shows that the
regional AOD decreased to a certain extent in 2016 compared with 2008. Urumqi had the
highest GDP, and Ili Prefecture ranked second, but these two cities had higher AOD values.
Furthermore, the GDP of the five cities in Hexi was also higher, corresponding to high
AOD values as well, with AOD values above 0.2, whereas the GDP values of Turpan and
Hami were low, so the effect of human economic activities in these areas is weak, with
AOD values of 0.15. This demonstrates that there is a correlation between local GDP and
AOD, with higher AOD in regions with higher GDP, which is mainly due to the production
of heavy man-made aerosols produced by local economic activities (Figure 11b).
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Figure 11. Statistics of AOD distribution, regional GDP, the gross product of secondary industry,
and population density in the northwest arid region in 2008, 2012, and 2016. (a) AOD; (b) GDP;
(c) the proportion of secondary industry; (d) population density. Note: A: Urumqi city; B: Turpan
area; C: Hami area; D: Changji Prefecture; E: Yili Prefecture; F: Tachen area; G: Altay area; H: Bortala
Mongol Autonomous Prefecture; I: Bayingol Mongolian Autonomous Prefecture; J: Aksu area; K:
Kirgiz Prefecture; L: Kashi area; M: Hotan area; N: Jiayuguan City; O: Jinchang City; P: Wuwei City;
Q: Zhangye City; R: Jiuquan City; S: Alxa League; same below.

Given the bar chart of the proportion of secondary industry in 2008, 2012, and 2016
(Figure 11c), it can be seen that the proportion of secondary industry in Turpan and Bayingol
Mongolian Autonomous Prefecture was very high in 2008. In 2012, the proportion of
secondary industry in Turpan and Bayingol Mongolian Autonomous Prefecture decreased
slightly. By 2016, the proportion of secondary industry had decreased significantly. Given
the changes in AOD in Turpan and Bayingol Mongolian Autonomous Prefecture, it is
found that AOD in Turpan has declined, while AOD in Bayingol Mongolian Autonomous
Prefecture has increased to a certain extent, but the range is still very small. This is related
to the development of the local secondary industry, suggesting that the effect of industrial
structure adjustment is very significant. The proportions of secondary industry were 41.7%,
41.4%, and 28.6% in Urumqi in 2008, 2012, and 2016, respectively, but given the influence
of other human economic activities in Urumqi, the GDP increased rapidly, and its AOD
values also increased. Among the five cities in the Hexi Corridor, Jiayuguan City and
Jinchang City had a very high proportion of secondary industry in 2008 and 2012. After the
adjustment of industrial structures, there was a significant decline in 2016. Compared with
the AOD of 2008, AOD also decreased significantly, which shows that the development of
secondary industry plays an important role in promoting the emergence and development
of AOD. Secondary industry is the main body of resource consumption and environmental
pollution. It is the largest energy consumption sector, and its pollution gases, such as sulfur
dioxide and nitrogen oxides, are important factors in the increase in AOD. Thus, energy
conservation, emission reduction, and the adjustment of industrial structure are important
measures to reduce AOD.

Urumqi has the highest population density in the area, as shown in Figure 11d. The
population density of Kashgar is slightly higher than that of other prefectures. However,
the population density of the five cities in the Hexi Corridor is in the order of Jiayuguan
City, Wuwei City, Jinchang City, Zhangye City, and Jiuquan City. Except for Jiuquan City,
the other four cities in the Hexi Corridor are higher than those in Xinjiang, except Urumqi.
Interestingly, Alxa League has a large area, but its population is very sparse. Comparing
the population density with AOD distribution, it is found that the higher the population
density, the higher the AOD values, especially in Kashgar and Hexi’s five cities. Although
the population density is not large in Bayingol Mongolian Autonomous Prefecture, Aksu
Prefecture, and Kizilsu Kirghiz Autonomous Prefecture, the AOD values are still high in
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this region, which is related to the influence of sand and dust in the Taklimakan Desert.
This study shows that the population is distributed spatially in the ARNC in a highly
uneven distribution, with a generally low population density but a very high population
density in some regions. As economic development is mostly concentrated in regional
areas, AOD is greatly affected by human factors.

Figure 12 shows the relationship between the average annual GDP and total pop-
ulation in the high-population ARNC region and AOD. It can be seen that the average
annual GDP and total population in the high-population area in Northwest China have no
obvious relationship with AOD. In other words, being in an economically developed and
populous area does not mean that AOD is high, indicating that the main source of aerosol
in Northwest China is not caused by pollutant emissions from economic development. This
also shows that the aerosol in Northwest China is mainly from dust aerosol [74,75].
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line indicates the regression line obtained by fitting a linear regression.

5. Discussion and Conclusions
5.1. Discussion
5.1.1. Spatial–Temporal Pattern Analysis

This study discovered the distinct spatial–temporal distributions of AOD in the ARNC.
The seasonal variation in AOD is high in spring and low in summer, autumn, and winter.
This is contrary to the findings reported by Zhang et al. [76], who found that AOD in
winter is higher than in autumn, which may be related to the high data-loss rate of MODIS
aerosol products in Northwest China. Although the method used in this study has some
limitations, it is still of great value in large-scale research on the ARNC. In terms of spatial
distribution, the AOD values of the Tarim Basin and its surrounding areas are the highest,
showing a significant contribution to AOD in the whole northwest region. This is because
the weather of the region is under the influence of frequent sand and dust storms, making
the content of dust aerosol in the air high and resulting in high AOD values, which is
consistent with the findings of Guo et al. [77].

When the spatial distribution of AOD is examined, it is found that elevation has a
substantial impact on AOD. However, Zhang et al. [41] and Yue et al. [54] reported that
the DEM has less impact on AOD in the central and coastal cities of China. The difference
in terrain will affect regional climate and the temporal and spatial distribution of AOD.
In addition, altitudinal differences also affect the range of human activities, and this, in
turn, produces spatial distribution differences. Through correlation analysis, the DEM and
AOD are found to be positively correlated. However, given the complex topography and
large fluctuation of elevation in the ARNC, the average elevation of the lowest region is
about 444 m, and the highest is more than 3000 m. The correlation coefficient is only 0.3948
between AOD and DEM data. This shows that the relationship is not that strong. In the
quantitative analysis of AOD in areas with complex terrain and large drops, it is necessary
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to consider the influence of the DEM. The difference in the vertical structure of AOD is
obvious, and zoning analysis and discussion are needed in order to obtain better results.

5.1.2. Influencing Factor Analysis

In examining the influence of meteorological factors on AOD, it was found that wind
speed and relative humidity have a good relationship with AOD on an annual scale,
whereas the relationship between AOD and temperature and precipitation is weak on an
annual scale but has a good correlation on a seasonal scale. Wind can affect the dust in the
air and drive the increase in AOD, while relative humidity can affect wind speed. At the
same time, this has an impact on precipitation via the promotion of the sedimentation of
AOD, and this can reduce the AOD concentration. In spring and autumn, AOD in the region
may not depend on emissions from the local deserts but instead relate to aerosol transport
from remote areas during this period, considering that wind speed is negatively correlated
with AOD. This mechanism shows that there is a synergistic or inhibitory relationship
between various meteorological factors, which makes the driving analysis of aerosols more
complicated [67]. For example, the correlation coefficient between precipitation and AOD
on an annual scale is only 0.011, but on a seasonal scale, there is a close relationship between
precipitation and AOD. Given the influence of other meteorological factors on precipitation
in each season, the correlation between precipitation and AOD is weak on an annual scale,
which is related to the complexity of climate types in Northwest China.

There is a close relationship between AOD and surface factors, such as changes in the
surface environment. The DEM and LST are positively correlated with AOD. Around the
mountains, AOD shows a trend of aggregation and has an obvious spatial distribution. Of
the two, changes in LST can affect the distribution of particles in the underlying surface. The
higher the LST, the easier it is for all kinds of particles to spread out, thus increasing AOD.
There is a negative correlation between the NDVI and AOD, where the larger the ground
vegetation coverage, the smaller the AOD value. This is because the regulating effect of
vegetation on the environmental temperature and air humidity has a kind of purification
effect on the environment and acts as a wind barrier [27]. Therefore, strengthening the
protection of the ecological environment of the oasis area and increasing green areas will
help to modify the micro-climate of the northwest region, leading to a reduction in the
adverse effects of sand and dust weather and enhancing the ecological threshold of the
northwest region.

Meteorological factors and surface environmental factors are closely related to AOD
changes in the ARNC. For example, high wind speeds are related to mass concentrations of
PM in the air. Either way, high-friction velocity for high-mass concentrations of natural
dust vs. high ventilation effects lead to low mass concentrations. Since the surface variables
are highly dependent on the meteorological variables, e.g., the NDVI is strongly correlated
with precipitation, regression should be performed for AOD, surface variables, and me-
teorological variables together. Otherwise, it is hard to identify the root causes of AOD
changes. To deal with this kind of problem, we can apply the existing model and consider
the influence of wind speed, humidity, and the NDVI on dust particles in the air.

In recent years, the proportion of secondary industry in the GDP of Northwest China
has decreased, and this has reduced AOD values in the region. The growth of the local
population density and the development of GDP depends on the industrial development
of the region, which can have an impact on AOD changes. Especially during winter in
Northwest China, the combustion of large amounts of fuel and gas in areas with intense
anthropogenic activities can lead to an increase in man-made aerosols in the air. The
literature on aerosols research shows that the influence of human activities has a significant
effect on aerosols [78]. The northwest region is vast, and cities are mainly concentrated
in the oasis area. Although the impact of human activities is relatively small, it cannot be
ignored. For example, in the inter-annual change in AOD, it was found that the overall trend
in AOD decreased from 2008 to 2017, and the decreasing trend became obvious in 2013.
This is related to the vigorous investment in environmental pollution control by provinces
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and cities. According to the data of the China Statistical Yearbook, 2008–2017, after 2010,
various regions vigorously rectified pollutant gas and industrial smoke emissions. As a
result, air pollution was considerably reduced, reflecting the positive effect of effective
environmental governance, which has also controlled the formation and development of
aerosols in the air to a certain extent. This is evident in economically developed cities where
the aggregation of AOD is more obvious. Achieving balance and coordination between the
economy and the environment is a major problem in urban development.

5.1.3. Deficiency and Prospect

The AOD data are not compared with other independent observations, e.g., surface
mass concentration, AERONET, other LEO satellite data, etc. Thus, it is impossible to
evaluate the pixel-level quality, but the product data have been widely used and verified
in previous studies [79]. According to the studies conducted by Feng and Zou [67] and
Zhu et al. [80], other surface factors such as soil moisture can also affect aerosol concentra-
tions in the air. In addition to affecting aerosol emission and deposition, surface factors can
also indirectly affect aerosol by changing meteorological conditions, such as temperature
and precipitation [62,81]. There are various land use types in Northwest China, but the
effects of the soil layer and water content on AOD were excluded from this study. These
parameters should be considered in the future for similar studies in Northwest China.
Moreover, considering how much of the study area would be an unretrievable “bright
surface” per the Dark Target algorithm, it might be worth trying the Deep Blue algorithm
on its own, either in addition to or instead of the fusion product.

In future research, MODIS aerosol products can be used to plot the Ångström exponent,
which is helpful in showing the differences between aerosol from desert dust and aerosol
from combustion, and it might provide a clearer contrast between spring and winter. The
correlation of AOD is also different in different elevation ranges, but the difference and
correlation of AOD in the vertical structure need more experimental data and research,
especially when studying the spatial–temporal variation characteristics of AOD in a larger
range. Researchers should not only discuss the change factors in a horizontal structure but
also analyze changes in a vertical structure. The quantitative analysis of AOD at different
heights needs more follow-up research.

Natural factors follow a certain law of change in time variation, so the influence on
AOD also shows a certain regularity in time variation. The impact of human factors on
AOD can have sudden changes, and their effect on the natural environment also indirectly
leads to changes in AOD. Thus, human factors do not necessarily show obvious effects in
terms of time variation. In future research, the authors should identify and distinguish the
interaction of various factors to better explore the physical mechanism of these driving
forces, which are expected to provide a scientific basis for the management and control of
aerosol pollution.

5.2. Conclusions

This study employed MODIS Aqua C006 aerosol product data from 2008 to 2017 and
other meteorological, socioeconomic, and terrain data to analyze the factors influencing
spatial–temporal changes in AOD in the ARNC. The specific conclusions derived from this
study are as follows:

(1) The AOD value in the Taklimakan Desert area remained high, but in the majority of
ARNC regions, it basically remained unchanged, with a slight decreasing trend in
the surrounding areas of the desert. AOD has obvious seasonal characteristics and is
highest in spring, followed by summer, autumn, and winter.

(2) In terms of the natural environment, AT, WP, LST, and DEM were significantly posi-
tively correlated with AOD, while precipitation, RH, and the NDVI were significantly
negatively correlated with AOD. These results imply that, for different seasons, mete-
orological factors have different effects on AOD.



Atmosphere 2024, 15, 54 19 of 22

(3) In terms of social economy, GDP, the output value of secondary industry, and PD are
closely related to changes in AOD. This is especially true in areas with high population
density, indicating that human factors have a more significant impact on AOD than
other factors.

Overall, this study managed to show the temporal and spatial distribution of AOD
and its influencing factors in the ARNC. The other results of this study showed the effects of
various factors, which is helpful for decision-makers in formulating environmental policies
to protect the air quality of Northwest China.
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Abbreviation

AOD Aerosol optical depth
DEM Digital elevation model
ARNC Arid region of Northwest China
AT Air temperature
WP Wind speed
LST Land surface temperature
NDVI Normalized difference vegetation index (NDVI)
GDP Gross domestic product
PD Population density
DT Dark target
DB Deep Blue
MODIS Moderate Resolution Imaging Spectrometer
RH Relative humidity
SRTM Shuttle Radar Topography Mission
CALIPSO Cloud-Aerosol Lidar Infrared Pathfinder Satellite Observations
CGIAR Consultative Group on International Agricultural Research
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