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Abstract

Based on Xinjiang atmospheric aerosol optical depth (Aerosol opt ical depth,
AOD) products retrieved from MODIS Aqua Aerosol L2 data during 2003—2019,
CE-318 sunphotometer observations from the Urumgqi ground-based station of
the Chinese aerosol optical property network (Chinese aerosol optical property
network, CAOPNET) operated by the China Meteorological Administration
were selected for comparative validation against MODIS AOD data. Employing
Spearman rank correlation test, we investigated the annual mean variation of
AOD in Xinjiang over the past 17 years, extracted 14 AOD high-value zones
to analyze their interannual linear trends, and ultimately characterized the spa-
tiotemporal variation patterns of AOD in Xinjiang over this period. The results
demonstrate that: (1) MO DIS AOD and CAOPNET AOD exhibit strong cor-
relation, with a correlation coefficient (r) of 0.6381, and 65% of data points fall
within the expected error (Expect ed error, EE). Comparison between MODIS
AOD products and CAOPNET AOD data indicates that MODIS AOD prod-
ucts achieve relatively high retrieval accuracy in Xinjiang. (2) During 2003—
2019, AOD distribution in Xinjiang shows pronounced regional disparities, with
mean values in southern Xinjiang significantly exceeding those in northern Xin-
jiang. The primary high-value zone is located in the Tarim Basin of southern
Xinjiang, where annual mean values at the basin margins surpass 0.6, while the
secondary high-value zone lies in the economic belt along the northern Tianshan
slopes, with annual mean values exceeding 0.3. Throughout 2003—2019, except
for significant AOD increases in Shihezi and the Urumqi-Changji region, most
areas of Xinjiang show no evident AOD trend. (3) Seasonal AOD differences in
Xinjiang during 2003—2019 are highly significant, generally following the pattern
spring > summer > winter > autumn. Southern Xinjiang exhibits greater sea-
sonal mean AOD variation than northern Xinjiang. (4) The monthly mean AOD
range in Xinjiang is 0.11~0.51, displaying an overall unimodal variation pattern
with monthly increases from January to April followed by monthly decreases
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from May to December. Monthly mean AOD peaks in April and reaches its
minimum in December. These findings can provide scientific support for atmo-
spheric environmental management and future pollution prevention and control
efforts in Xinjiang.
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Abstract: Aerosol optical depth (AOD) represents the vertical integration of
the aerosol extinction coefficient and serves as a crucial indicator of air pollu-
tion levels. This study investigates the spatiotemporal variation characteristics
of AOD in Xinjiang, China from 2003 to 2019 using MODIS Aqua Aerosol 1.2
products. The MODIS AOD data were first validated against ground-based ob-
servations from the Chinese Aerosol Optical Property Network (CAOPNET) at
the Urumqi station, yielding a correlation coefficient of 0.6381 and meeting the
expected error criteria. The Spearman rank correlation test was then employed
to analyze annual linear trends, and fourteen key AOD regions were extracted
for detailed trend analysis. The results reveal pronounced regional disparities
in AOD climatology across Xinjiang, with substantially higher values in south-
ern Xinjiang compared to northern Xinjiang. The primary high-value center
is located in the Tarim Basin of southern Xinjiang, where annual mean AOD
exceeds 0.6, primarily attributable to frequent dust events. A secondary high-
value zone occurs along the economic belt on the northern slope of the Tianshan
Mountains, with mean values around 0.3, reflecting the combined influence of
anthropogenic activities and natural sources. Seasonally, AOD peaks in spring
(0.45) and reaches its minimum in autumn (0.15). The seasonal amplitude is
more pronounced in southern Xinjiang due to dust activity. Monthly mean AOD
exhibits a unimodal pattern, increasing from January to April and decreasing
from May to December, with values ranging from 0.11 to 0.51. Long-term trend
analysis indicates increasing AOD over the economic belt along the northern
Tianshan slope, particularly in the Shihezi and Urumgqi-Changji regions, while
desert areas show decreasing trends. These findings provide a scientific basis for
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atmospheric environmental management and future pollution prevention strate-
gies in Xinjiang.

Keywords: MODIS; aerosol optical depth (AOD); sun photometer; distribu-
tion characteristics; variation trend

1 Introduction

Aerosols refer to liquid or solid particles suspended in the atmosphere with di-
ameters ranging from 0.001 to 100 m. They can be categorized by source into
natural and anthropogenic origins, with influencing factors similarly divided
into natural and social components. Natural factors primarily include natural
emissions (dust, sea salt, mineral particles, volcanic ash) and meteorological con-
ditions (temperature, precipitation, humidity), while social factors encompass
population density, economic development, vehicle emissions, fossil fuel combus-
tion, and biomass burning. As a vital atmospheric constituent, aerosols alter
solar radiation reaching the surface through multiple scattering and absorption
processes. Additionally, serving as cloud condensation nuclei, they modify cloud
radiative properties and lifecycles, thereby indirectly affecting regional climate.
Investigating aerosol distribution characteristics at global and regional scales
is essential for understanding their roles in ecological environments, climate
change, air quality, human health, and the relationship between fine particulate
matter and energy balance.

Aerosol optical depth (AOD) represents a fundamental optical parameter of
aerosols, defined as the vertical integration of the aerosol extinction coefficient.
It enables calculation of aerosol content, determination of aerosol size, and as-
sessment of aerosol climate effects, thereby reflecting regional atmospheric pol-
lution levels and types to a certain extent. Among various aerosol data sources,
satellite remote sensing provides the most extensive spatial coverage and rela-
tively accurate measurements. Current AOD datasets include ground-based ob-
servations and satellite retrievals. While ground-based measurements offer high
accuracy, they suffer from poor temporal and spatial continuity. In contrast,
satellite remote sensing provides continuous observations with broad coverage,
offering significant advantages for regional-scale studies.

In recent years, numerous studies have examined AOD spatiotemporal distri-
bution across China. At the national scale, AOD exhibits distinct regional
variations, generally decreasing from east to west and from north to south. The
maximum and minimum values vary by location. Between 2000 and 2015, in-
creasing AOD trends were observed over the Tibetan Plateau, western Sichuan
Basin, northern Guizhou, the middle and lower Yangtze River regions, Shan-
dong Peninsula, and western Tarim Basin. Conversely, decreasing trends oc-
curred across most of Northeast China, Northwest China, the Yunnan-Guizhou
Plateau, western Guangxi, and the East China coast. The 2018 China Eco-
Environmental Status Bulletin reported that, without excluding dust impacts,
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only 33.7% of 338 prefecture-level cities met national ambient air quality stan-
dards, with average PM,.; and PM;, concentrations of 41 g+m™3 and 78 g-
m~3, respectively. In Xinjiang, only 9 out of 19 cities achieved air quality com-
pliance, representing 21.1% with average PM,.; and PM,;, concentrations of 147
g-m~> and 54 g-m >—substantially higher than national averages. With only
19 national-level air quality monitoring stations, Xinjiang’ s current observation
network is insufficient to fully characterize atmospheric pollutant distribution
patterns, creating bottlenecks for implementing the “Three Lines and Single
Permit” ecological environmental zoning control scheme.

Xinjiang’ s arid and semi-arid climate, complex terrain, and underlying sur-
face conditions make it particularly vulnerable to particulate pollution. The
Taklamakan and Gurbantiinggiit Deserts, located north and south of the Tian-
shan Mountains respectively, serve as natural dust emission sources. The “three
mountains ¥ two basins” topography facilitates temperature inversion formation
in winter, hindering exchange between upper and lower atmospheric layers and
impeding pollutant dispersion, particularly in northern Xinjiang cities. Previous
studies have validated MODIS AOD fusion products using AERONET ground-
based data in Northwest China, demonstrating good coverage and high accuracy
for regional aerosol optical property research. The latest MODIS Collection 6.1
AOD product shows improved performance globally compared to Collection 6,
with strong correlations between AOD and ground-level PM,.; concentrations
or air quality indices in arid and semi-arid regions. Therefore, this study em-
ploys MODIS Collection 6.1 AOD data to investigate long-term spatiotemporal
distribution characteristics in Xinjiang, providing scientific support for atmo-
spheric environmental management and pollution prevention strategies.

2 Data and Methods
2.1 Study Area

Xinjiang is located in central Eurasia, in the northwestern border region of
China, covering 1.66$x107{6}$ km? and representing the largest provincial ad-
ministrative area in the country. The terrain can be summarized as “three moun-
tains 3% two basins” (Fig. 1). The Altay Mountains form the northern boundary,
the Kunlun Mountains the southern boundary, and the Tianshan Mountains
traverse the center, dividing Xinjiang into southern and northern regions. The
Junggar Basin in northern Xinjiang ( 38$x107{4}$ km?) contains the Gurban-
tiinggiit Desert, while the Tarim Basin in southern Xinjiang ( 52.34$x107{4}$
km?) holds the Taklamakan Desert—the largest desert in China and the second-
largest shifting sand desert globally. Dust aerosols thus dominate southern
Xinjiang’ s atmospheric composition, significantly impacting regional climate
and human activities. Xinjiang’ s oases are primarily distributed along basin
margins and dry river valleys, covering 14.3$x107{4}$ km? (8.6% of the total
area). Precipitation is scarce and unevenly distributed, with annual averages of
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150-200 mm in northern Xinjiang and <100 mm in southern Xinjiang, charac-
terizing a temperate continental arid climate.

Administratively, Xinjiang comprises 14 prefecture-level units: 5 autonomous
prefectures (Ili Kazakh, Bortala Mongol, Changji Hui, Bayingolin Mongol, and
Kizilsu Kirgiz), 5 prefectures (Altay, Tacheng, Aksu, Kashgar, and Hotan), and
4 prefecture-level cities (Urumgi, Karamay, Turpan, and Hami). The Urumgi-
Changji-Shihezi (U-Chang-Shi) urban agglomeration, a key regional city cluster
developed by the national government, is located on the northern slope of the
Tianshan Mountains and the southern margin of the Junggar Basin. This region
covers only 6.38%x 107 {4}$ km? (3.8% of Xinjiang’ s area) but concentrates over
50% of the urban population and generates approximately 70% of the regional
GDP. High population density and intensive human activities create complex
aerosol distribution patterns in this area.

2.2 Data Sources

The MODIS Aqua Aerosol 5-Min L2 Swath product (MODO04 {L2}) from
NASA provides high-accuracy AOD retrievals widely used in scientific research.
Zhao et al. validated MODIS AOD fusion products against AERONET sun
photometer data in Northwest China, confirming their applicability. Wu et
al. demonstrated that MODIS AOD retrievals achieve highest accuracy in
China’ s desert regions. The MODIS AOD product is a daily aerosol dataset
providing retrievals from three algorithms: Deep Blue (DB), Dark Target (DT),
and Combined (C6.1). The DT algorithm, based on the relationship between
visible and infrared reflectance over dark vegetated surfaces, works well for
low-albedo areas but cannot retrieve AOD over bright surfaces like deserts. The
DB algorithm assumes blue-band surface reflectance is much lower than other
bands over bright targets, enabling AOD retrieval over high-albedo surfaces.
The C6.1 fusion algorithm integrates both approaches using Normalized
Difference Vegetation Index (NDVI) thresholds: DT for NDVI > 0.3, DB for
NDVI < 0.2, and the average of both for 0.2 < NDVI < 0.3, maximizing
coverage and accuracy over complex surfaces.

This study uses MODIS Collection 6.1 AOD data at 550 nm wavelength from
March 2003 to December 2019, with a spatial resolution of 0.1°$x$0.1°. Data
preprocessing included geometric correction, mosaicking, and subsetting to gen-
erate daily gridded datasets. Seasons are defined as: spring (March-May), sum-
mer (June-August), autumn (September-November), and winter (December-
February).

2.3 Methods

2.3.1 Spearman Rank Correlation Test The Spearman rank correlation
test was employed for time series trend analysis and significance testing. For
a time series x;, Xy, **, X , values are ranked in descending order and assigned
ranks R . The rank correlation coefficient (r ) is calculated as:
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where n is sample size and d is the difference between ranks. According to
critical value tables, when n = 17 and significance level a = 0.05, the threshold
is 1 .05 = 0.485. Trends are considered significant when |r | > 0.485, with r >
0 indicating increasing trends and r < 0 indicating decreasing trends.

2.3.2 AOD Product Validation To confirm MODIS AOD applicability in
Xinjiang, we compared it with ground-based CE-318 sun photometer data from
the CAOPNET Urumgqi station. The sun photometer measures at 380, 440,
500, 670, 870, and 1020 nm. AOD at 550 nm was obtained through Angstréom
exponent interpolation:

550 —%500-670
= X _—
T550 = T500 (500)

where a5 70 15 the Angstrom exponent between 500-670 nm, calculated as:

a- _ In(7500/770)
500670 In(500/670)

Validation used a temporal window of $£+$30 minutes and spatial window of 50
km x 50 km around the station. From 2013-2017, 65 valid matchups were ob-
tained (Fig. 2). The correlation coefficient (r) of 0.6381 and expected error (EE)
envelope of +(0.05 + 0.157) show that 65% of data fall within EE, confirming
good accuracy and applicability of MODIS AOD in Xinjiang.

3 Results and Analysis
3.1 Spatial Distribution of Annual Mean AOD

The annual mean AOD shows significant regional disparities (Fig. 3), strongly
influenced by underlying surface conditions. Northern Xinjiang exhibits lower
values overall, with high-value areas from west to east including Yining (0.28),
Bole (0.27), and the Urumqi-Changji-Shihezi (U-Chang-Shi) region (0.31). The
southern Tianshan slope economic belt shows elevated AOD due to dense popu-
lation, concentrated heavy industry (70% of Xinjiang’ s total), and high urban-
ization levels, which significantly impact aerosol distribution. Previous studies
demonstrate positive correlations between AOD and PM,.5 concentrations in
this region. The Turpan Basin also shows high AOD due to terrain-trapped
pollutants.
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Southern Xinjiang displays markedly higher AOD than northern Xinjiang, with
an arc-shaped high-value zone (>0.6) around the Tarim Basin margin. Clock-
wise from the eastern basin, this includes Ruoqgiang (0.62), Minfeng (0.61),
Hotan (0.60), Yarkant River basin (0.58), Kashgar (0.56), Kuga-Shaya-Xinhe
area (0.55), and Yanqgi Basin (0.54). These regions experience frequent dust
events with low vegetation coverage and minimal precipitation, resulting in
weak aerosol removal. The Taklamakan Desert’ s southern and northern bound-
aries are blocked by the Kunlun and Tianshan Mountains, while the western
side connects to the Pamir Plateau. Northern and northwestern airflow enters
the Tarim Basin through eastern Tianshan passes, generating dust storms under
thermal and topographic forcing, creating persistently high AOD values.

3.2 Seasonal Distribution Characteristics

Seasonal AOD variations are highly significant (Fig. 4), with spring (0.45) >
summer (0.29) > winter (0.21) > autumn (0.15). Southern Xinjiang shows
greater seasonal amplitude than northern Xinjiang due to dust event frequency.

Spring is the dust season in Xinjiang. Under dust source influences, the Takla-
makan and Kumtag Deserts exhibit widespread high AOD. Northern Xinjiang
also shows elevated AOD along the Tianshan northern slope due to strong winds,
low precipitation, and ongoing heating periods that limit atmospheric diffusion.
High-value centers appear in Yining, the Dushanzi-Kuitun-Urumgi (DKU) area,
Shihezi, and the U-Chang-Shi region. Central Junggar and Turpan Basins show
high AOD due to topographic trapping.

Summer AOD decreases significantly from spring levels. The extensive high-
AOD area over central Tarim Basin disappears, leaving only an arc-shaped zone
along the eastern-southeastern margin. Northern Xinjiang AOD also declines
substantially, though the DKU area, Shihezi, U-Chang-Shi region, and Turpan
Basin maintain relatively high values (0.29-0.31). Despite increased summer
precipitation and vegetation, arid and semi-arid surfaces remain natural particle
sources.

Autumn AOD reaches its annual minimum with uniform spatial distribution.
The Tarim Basin’s arc-shaped high-value zone largely disappears, and differences
between southern and northern Xinjiang diminish, coinciding with reduced dust
frequency.

Winter AOD increases from autumn levels, with significant north-south differ-
ences. Most of Xinjiang shows AOD between 0.18-0.29. The DKU area, Shihezi,
and Urumgqi exhibit notably high values due to heating emissions. Snow cover in
northern Xinjiang increases surface albedo, affecting AOD retrieval and limiting
data availability. Southern Xinjiang shows increased AOD from November to
December due to dust events, forming a Tarim Basin-centered high-value zone
that diminishes as dust frequency decreases in January-February.
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3.3 Monthly Distribution Characteristics

Monthly mean AOD shows a unimodal pattern (Fig. 5), increasing from Jan-
uary to April and decreasing from May to December, with values ranging 0.11-
0.51. Peak AOD occurs in April (0.51), while the minimum occurs in December
(0.11). North-south differences are most pronounced in April. From January to
April, AOD increases across the Tianshan northern slope from west to east, with
the DKU area, Shihezi, and Urumgqi showing values >0.4. Southern Xinjiang’ s
Ruoqiang area exhibits AOD >0.6. From May to August, AOD decreases sig-
nificantly, with the Tarim Basin’ s high-value zone shrinking to its southeastern
margin. September-October AOD remains at annual minima with uniform dis-
tribution. November-December AOD increases again, particularly in the DKU
area and U-Chang-Shi region, where heating emissions contribute substantially
to atmospheric pollution.

3.4 Temporal Variation Trends

3.4.1 Annual Mean Variation Monitoring Annual mean AOD distribu-
tions from 2003-2019 (Fig. 6) show values ranging 0.19-0.31. The maximum
occurred in 2008 (0.31) and the minimum in 2019 (0.19). High-value centers
were concentrated along the Tianshan northern slope economic belt and the
southeastern Tarim Desert. From 2003-2008, AOD showed an increasing trend,
with high-value zones expanding. During 2009-2014, AOD exhibited alternat-
ing decreasing and increasing patterns with no clear overall trend. From 2015-
2019, AOD decreased significantly, with high-value zones markedly reduced.

3.4.2 Annual Mean Trend Analysis To quantitatively assess AOD trends,
Spearman rank correlation tests were applied to each pixel (Fig. 7). The corre-
lation coefficient map was density-sliced into five categories: significant decrease
(-1.000 < r < -0.485), insignificant decrease (-0.485 < r < 0.000), insignificant
increase (0.000 < r < 0.485), and significant increase (0.485 < r < 1.000). Sig-
nificant decreasing trends occur primarily in northern Altay and southwestern
Kashgar, while most of southern Xinjiang shows insignificant decreasing trends.
Significant increasing trends concentrate in the Tianshan northern slope eco-
nomic belt.

Fourteen key regions were selected for detailed trend analysis (Fig. 8, Table 2).
Results show increasing trends in Yining, Bole, DKU area, Shihezi, U-Chang-
Shi region, and Yanqi Basin, while decreasing trends occur in Turpan Basin,
Kuga-Shaya-Xinhe area, Aksu, Kashgar, Yarkant River basin, and Ruogiang.
Only Shihezi and U-Chang-Shi regions show statistically significant increases
(lr | > 0.485), emerging as new high-value centers alongside traditional Tarim
Basin dust sources.
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4 Conclusions

This study analyzed spatiotemporal variation characteristics of AOD in Xinjiang
from 2003-2019 using MODIS Collection 6.1 data. Key findings include:

1. Data Validation: MODIS AOD shows good correlation (r = 0.6381)
with CAOPNET sun photometer data in Urumgqi, with 65% of retrievals
falling within expected error, confirming high accuracy and applicability
in Xinjiang.

2. Spatial Distribution: AOD exhibits significant regional differences,
with southern Xinjiang values substantially higher than northern Xinjiang.
The primary high-value center in the Tarim Basin (mean AOD > 0.6)
results from frequent dust events. A secondary high-value zone along
the Tianshan northern slope economic belt (mean AOD  0.3) reflects
combined natural and anthropogenic influences.

3. Seasonal Variation: Seasonal differences are pronounced, following
spring (0.45) > summer (0.29) > winter (0.21) > autumn (0.15). South-
ern Xinjiang shows greater seasonal amplitude than northern Xinjiang
due to dust activity.

4. Monthly Variation: Monthly mean AOD displays a unimodal pattern,
increasing from January to April and decreasing from May to December
(range: 0.11-0.51), peaking in April and reaching minimum in December.

5. Long-term Trends: AOD shows increasing trends in the Tianshan north-
ern slope economic belt, with statistically significant increases in Shihezi
and U-Chang-Shi regions, while desert areas exhibit decreasing trends.

These results enhance understanding of Xinjiang’ s atmospheric environment
and provide scientific guidance for environmental governance and pollution pre-
vention.
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