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Abstract

Using the HYSPLIT model and other methods, this study analyzed the spa-
tiotemporal variations and sources of PM2.5 and PM10 in the “Urumgqi-Changji
Hui Autonomous Prefecture-Shihezi (U-C-S)” urban agglomeration from 2015
to 2023. The results indicate: (1) At the spatial scale, during 2019-2022, PM2.5
and PM10 concentrations in the U-C-S urban agglomeration were relatively high
in urban centers and northwestern regions, with PM10 concentration being in-
versely proportional to altitude. (2) At the temporal scale from 2015-2023, at
the interannual scale, the annual average concentrations of PM2.5 and PM10
in Urumgqi City and Changji Hui Autonomous Prefecture exhibited an overall
downward trend, while those in Shihezi City and Wujiaqu City did not decrease
significantly until 2023. At the seasonal scale, seasonal average concentrations
of PM2.5 and PM10 generally declined, with the largest relative decrease oc-
curring in spring, followed by summer and autumn, and the smallest in winter.
At the monthly scale, monthly average concentrations of PM2.5 and PM10 dis-
played a “U-shaped”distribution, with a significant reduction in January. At the
weekly scale, factors such as heavy traffic congestion during weekdays caused
weekly average PM2.5 concentrations in the four cities to exhibit a “negative
weekend effect” ; whereas weekly average PM10 concentrations only showed
a “positive weekend effect” in Urumqi. At the daily scale, daily average con-
centrations of PM2.5 and PM10 in winter were substantially higher than in
other seasons; daily average PM2.5 concentrations showed an overall decline
with fewer high-concentration days, while daily average PM10 concentrations
fluctuated considerably due to dust storm impacts. (3) The pollution sources
for the U-C-S urban agglomeration during 2019-2021 were characterized as fol-
lows: in 2019, local sources dominated with widespread and high-concentration
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pollution sources; in 2020, due to the implementation of epidemic prevention
and control measures, local emissions decreased and pollution sources shifted to-
ward Central Asia; in 2021, pollution sources expanded again and shifted back
to domestic origins. This research can provide data support for air pollution
control and environmental policy optimization in the U-C-S urban agglomera-
tion, contributing to the promotion of ecological environment protection and
high-quality economic growth in the region.

Full Text
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Abstract

Using the HYSPLIT model and other analytical methods, this study investi-
gated the spatiotemporal variations and potential sources of PM2.5 and PM10
in the Urumgqi-Changji Hui Autonomous Prefecture-Shihezi urban agglomera-
tion from 2015 to 2023. The results reveal several key patterns: (1) At the
spatial scale, PM2.5 and PM10 concentrations were higher in the central and
northwestern regions of the urban agglomeration from 2019 to 2022, with PM10
concentrations showing an inverse relationship with elevation. (2) At the tem-
poral scale, annual average concentrations of PM2.5 and PM10 in Urumgqi City
and Changji Hui Autonomous Prefecture exhibited an overall declining trend
during 2015-2023. In contrast, Shihezi City and Wujiaqu City did not show
significant decreases until 2023. On a seasonal scale, average concentrations
generally declined, with the largest relative reduction occurring in spring, fol-
lowed by summer and autumn, and the smallest in winter. Monthly average
concentrations displayed a “U-shaped” distribution, with notable decreases in
January. On a weekly scale, heavy traffic congestion during weekdays produced
a “negative weekend effect” for PM2.5 across all four cities, while PM10 showed
a “positive weekend effect” only in Urumgqi City. On a daily scale, winter
concentrations were significantly higher than other seasons. PM2.5 concentra-
tions decreased overall with fewer high-pollution days, whereas PM10 fluctuated
considerably due to dust events. (3) Regarding pollution sources (2019-2021),
local sources dominated in 2019, resulting in widespread high concentrations.
In 2020, pandemic control measures reduced local emissions, shifting pollution
sources toward Central Asia. By 2021, source regions expanded again and re-
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turned to domestic areas. These findings provide critical data for air pollution
control and environmental policy optimization in the Urumqi-Changji-Shihezi
urban agglomeration, supporting regional ecological protection and sustainable
economic development.

Keywords: PM2.5 and PM10; Urumgqi-Changji-Shihezi urban agglomeration;
spatiotemporal variations; potential source apportionment

Introduction

Atmospheric particulate matter exists in both solid and gaseous forms, with
solid components primarily including total suspended particulates, inhalable
particulates (PM10), fine particulates (PM2.5), and ultrafine particles. PM2.5
serves as a crucial indicator for assessing air pollution severity. Due to its small
particle size and large specific surface area, PM2.5 can remain suspended in
the atmosphere for extended periods, posing serious threats to the economy,
society, ecosystems, and human health by contributing to haze formation and
increasing respiratory diseases. Although some PM2.5 can be naturally expelled
from the human body, it still causes respiratory inflammation. With accelerated
industrialization and urbanization, compound pollution has intensified, making
atmospheric particulate matter a prominent environmental issue. Despite im-
provements in rapidly developing northern Chinese cities, they continue to face
severe challenges, with pollution characteristics often showing peak or step-like
patterns.

Research demonstrates that large-scale pollution control efforts have gradually
reduced particulate concentrations year by year. Meteorological data and mod-
eling technologies can effectively track pollution sources and transport path-
ways, while innovative control technologies and reduced coal consumption have
significantly lowered PM2.5 levels, though secondary inorganic aerosols and
African dust influences have limited the reduction magnitude. Previous studies
on PM2.5 in Xinjiang have primarily focused on pollution exacerbation dur-
ing winter heating seasons, with relatively limited analysis of long-term trends
and weekend effects. Research in other regions, such as Southeast Asia, has
shown that PM2.5 frequently exceeds standards with long periodicity, and its
concentration variability exhibits mountainous or step-like patterns. While the
Beijing-Tianjin-Hebei region has abundant research findings, studies in Xinjiang
require further deepening.

The Tianshan North Slope Economic Belt represents a crucial economic zone in
northwestern China. Taking the Urumgi-Changji Hui Autonomous Prefecture-
Shihezi (Urumgi-Changji-Shihezi) urban agglomeration as the core area, this
region serves as a key node in the “Western Development” and “Belt and Road”
initiatives, experiencing rapid economic growth. However, it faces severe PM2.5
pollution problems whose causes and impacts remain unclear. Distributed across
Urumgqi City, Changji Prefecture, Shihezi City, and Wujiaqu City, PM2.5 data
resolution has been limited. Therefore, this study utilizes ground-based PM2.5
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monitoring data to investigate the spatiotemporal characteristics and potential
sources of pollution in this region, filling existing research gaps.

1.1 Study Area Overview

The Urumgqi-Changji-Shihezi urban agglomeration is located in the core area of
the Tianshan North Slope Economic Belt in northern Xinjiang, covering Urumqi
City, Changji Hui Autonomous Prefecture (hereinafter referred to as Changji
Prefecture), Wujiaqu City, and Shihezi City. The region spans an area of 2 and
has a total population of approximately 800$x$1074. As a national independent
innovation demonstration zone, this area plays a vital role in the “Belt and Road”
initiative and Xinjiang s economic development, boasting abundant energy and
agricultural resources. However, economic development has brought significant
environmental challenges, particularly severe atmospheric particulate pollution
during winter heating seasons that threatens the ecological environment and
public health. Statistics indicate that heavy pollution days account for 30.4%
of the total, far exceeding the national average, with PM2.5 as the primary
pollutant originating from industrial, transportation, and heating sources.

1.2 Data Sources

Hourly PM2.5 concentration data used in this study were obtained from the
China National Environmental Monitoring Centre’ s National Urban Air Qual-
ity Monitoring Network (https://air.cnemec.cn:18007/), covering monitoring sta-
tions from 2015 to 2023. The data underwent rigorous quality control, including
interpolation for missing values, regression estimation, and outlier removal to
ensure accuracy and reliability.

Remote sensing PM2.5 monitoring data were derived from the China High-
resolution Air Quality Dataset (https://weijing-rs.github.io/product.html),
with a spatial resolution of 1 km. This long-term, large-scale, high-precision
dataset integrates ground measurements, satellite remote sensing, model
predictions, and artificial intelligence technology, fully considering spatial and
temporal variations in pollution. The dataset was used to calculate the average
distribution of pollutants in the Urumqi-Changji-Shihezi urban agglomeration
from 2019 to 2022.

Meteorological data for backward trajectory clustering analysis were obtained
from the National Centers for Environmental Prediction (NCEP) Global Data
Assimilation System (GDAS1) at ftp://ftp.arl.noaa.gov/pnb/archives/gdasl,
providing global synchronous meteorological elements including temperature,
pressure, precipitation, and wind speed.

Digital Elevation Model (DEM) data were sourced from the Geospatial Data
Cloud (https://www.gscloud.cn/#pagel/1) using ASTER GDEM data with 30
m resolution, containing slope and aspect information.
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1.3 Methods
1.3.1 Weekend Effect Analysis

This study introduced a deviation formula for weekend effect analysis: Dev =
[(c_{weekend} - ¢_{weekday})/c_{weekday}] x 100%, where Dev represents
the deviation value (%), c_ {weekend} is the average daily pollutant concentra-
tion on weekends, and c¢_ {weekday} is the average daily pollutant concentration
on weekdays. When Dev > 0, it indicates that weekend pollutant concentrations
exceed weekday levels, representing a “positive weekend effect” ; conversely, Dev
< 0 indicates a “negative weekend effect.”

1.3.2 Backward Trajectory Model Simulation

The HYSPLIT (Hybrid Single-Particle Lagrangian Integrated Trajectory) model
treats aerosols or gas particles as mass points and combines meteorological pa-
rameters such as wind fields to simulate their atmospheric movement trajecto-
ries. The model was run at a 500 m height to consider near-surface atmospheric
characteristics, with daily 24-hour backward trajectory simulations conducted
to track PM2.5 particle movement paths. Through backward trajectory sim-
ulation, the model enables potential source contribution analysis (PSCF) and
concentration-weighted trajectory analysis.

1.3.3 Potential Source Contribution Function (PSCF) Analysis

The Potential Source Contribution Function (PSCF) is a statistical analysis
method based on backward trajectory simulation used to identify potential
source regions of atmospheric pollutants. In this study, the research area was
first gridded and a concentration threshold was established. When the pollutant
concentration of a trajectory exceeded this threshold within a grid cell, the grid
was marked as a “polluted point.” For each grid, the ratio of polluted points to
total trajectory endpoints was calculated to obtain the potential source contri-
bution value. Since PSCF cannot directly quantify the contribution intensity
of potential sources, this study further introduced concentration-weighted tra-
jectory analysis to improve the precision of pollution impact measurement. Tra-
jectory weighting functions were also applied during analysis to enhance result
reliability.

The calculation formulas are as follows:
WPSCF_{ij} = W_{ij} x (m_{ij} / n_{ij})

where W__{ij} is the empirical weighting function: - W_ {ij} = 1.0 when n_ {ij}
> 80-W_{ij} = 0.7 when 15 < n_ {ij} < 80 - W_{ij} = 0.4 when n_ {ij} < 15

WPSCF_{ij} represents the weighted potential source contribution function
value for grid (i, j); m_{ij} is the number of polluted trajectory endpoints
passing through grid (i, j); n_{ij} is the total number of trajectory endpoints
in grid (i, j); and i, j are grid row and column indices.
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1.3.4 Concentration Weighted Trajectory (CWT) Analysis

The Concentration Weighted Trajectory (CWT) method quantifies the actual
pollution contribution from each region to the observation site by comprehen-
sively considering the residence time and pollutant concentration of trajectories
within each grid cell. This approach refines pollution transport pathways and
reveals the contribution intensity of different regions. In this study, pollutant
concentrations of each trajectory were combined with residence time for analy-
sis.

The calculation formula is:
CWT_{ij} = (k C_k x w{ijk}) / (k 7{ijk})

where CWT __{ij} is the concentration-weighted trajectory value for grid (i, j);
C_k is the pollutant concentration of trajectory k (g-m™-3); 7 {ijk} is the
residence time of trajectory k in grid (i, j); k is the trajectory index; and M is
the total number of trajectories.

To improve reliability, a weighted version was applied:
WCWT_{ij} = W_{ij} x CWT_{ij}

where WCWT_ {ij} is the weighted concentration-weighted trajectory value for
grid (i, j), and W__{ij} is the empirical weighting function as defined above.

2.1.1 Spatial Distribution of PM2.5 and PM10

The spatial distribution of PM2.5 and PM10 concentrations in the Urumqi-
Changji-Shihezi urban agglomeration showed significant heterogeneity from
2019 to 2022. High PM2.5 concentration areas were located in central-western
Urumgqi City, western Changji Prefecture, and Shihezi City, with elevated levels
also observed in central-southern Wujiaqu City. PM10 concentrations were
inversely correlated with elevation, with higher concentrations in southwestern
Urumgqi City, eastern and western Changji Prefecture, and Shihezi City.

At the seasonal scale, PM2.5 concentrations showed little change, with increased
levels in north-central Urumgqi City, western Changji Prefecture, and Shihezi
City, while Wujiaqu City remained stable. The pandemic impact led to over-
all concentration reductions, particularly in southern Urumqi City and eastern
Changji Prefecture. In 2021, with economic recovery, PM2.5 concentrations
rose substantially in north-central Urumgqi City, western Changji Prefecture,
and Shihezi City, with worsening pollution in Wujiaqu City. By 2022, all four
cities experienced increases, most notably in Wujiaqu City.

Seasonal average PM2.5 concentrations generally declined, with relative reduc-
tion magnitudes decreasing from spring to summer to autumn to winter. In
spring 2015, Urumgqi City had the highest PM2.5 concentration, while Shihezi
City and Wujiaqu City showed relatively smaller reduction magnitudes. Sum-
mer’ s high temperatures facilitated atmospheric diffusion, consistent with pat-
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terns observed in other Chinese cities. Although autumn concentrations gener-
ally decreased, the reduction magnitude varied by city, with Changji Prefecture’
s seasonal average concentration showing little decline, primarily due to meteo-
rological factors. After work resumption in 2020, PM2.5 concentrations fell but
remained higher than pre-pandemic levels.

[Figure 1: see original paper| Overview of the Urumqi, Changji Hui Autonomous
Prefecture, and Shihezi urban agglomeration

[Figure 2: see original paper| Spatial distributions of annual average PM2.5 and
PM10 concentrations in the Urumgqi, Changji Hui Autonomous Prefecture, and
Shihezi urban agglomeration from 2019 to 2022

2.1.2 Temporal Distribution of PM2.5 and PM10

At the interannual scale, Urumqi City and Changji Prefecture in the

Urumgqi-Changji-Shihezi urban agglomeration showed significant declining

trends in annual average PM2.5 and PM10 concentrations, though they

remained above national secondary standards. In contrast, Shihezi City and

Wujiaqu City did not show clear declines in annual average concentrations un-

til 2023. According to Wujiaqu City’ s statistical yearbook, GDP increased from

230.09% x 103yuanto426.27 x 103yuanbetween2015and2023, whilecivilianvehicleownershipgrew from36.55 x 104
suggesting that the lack of decline in PM2.5 and PM10 concentrations may be

related to rapid economic development and vehicle growth.

On a monthly scale, PM2.5 and PM10 concentrations displayed a typical “U-
shaped” distribution, with high concentrations in winter months and low concen-
trations in summer months. January showed particularly significant reductions,
especially in Urumqi City, likely due to Spring Festival holidays, effective gov-
ernment control measures, and natural factors. During the pandemic, reduced
human activities led to decreased PM2.5 concentrations, though post-2020 work
resumption caused concentrations to rebound above pre-pandemic levels. Wuji-
aqu City exhibited large fluctuations with less distinct seasonal trends.

At the weekly scale, PM2.5 and PM10 concentrations showed higher pollution
levels on weekdays (particularly Wednesdays) and lower levels on weekends
across all four cities. This pattern likely results from increased traffic flow and
industrial activities during weekdays, combined with unfavorable meteorological
conditions that facilitate pollutant accumulation, while reduced weekend activ-
ities and more favorable weather conditions improve air quality. This indicates
that traffic, industrial emissions, and meteorological factors play crucial roles in
the spatiotemporal distribution of air pollution.

To investigate the weekend effect, this study calculated relative deviations of
daily average PM2.5 concentrations. The results showed negative deviations
ranging from -1.26% to -2.66% across the urban agglomeration, consistent with
Beijing studies, indicating a “negative weekend effect” due to weekday traffic
congestion. In contrast, PM10 daily concentrations in Urumgqi City showed
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a “positive weekend effect,” possibly related to more active weekend economic
activities. Other cities showed less significant weekend effects due to greater
influence from natural factors.

On a daily scale, winter PM2.5 and PM10 concentrations were significantly
higher than other seasons, frequently reaching levels above light pollution. How-
ever, overall PM2.5 concentrations showed a declining trend with fewer high-
concentration days, while PM10 concentrations fluctuated considerably due to
dust events. A sandstorm in early March 2020 significantly elevated PM10 lev-
els while PM2.5 remained normal, demonstrating the dominant role of natural
factors on PM10 and its asynchronous variation with PM2.5.

[Figure 3: see original paper| 3D annual average PM2.5 and PM10 concentration
changes in the Urumgqi, Changji Hui Autonomous Prefecture, and Shihezi urban
agglomeration from 2015 to 2023

[Figure 4: see original paper| Seasonal average PM2.5 and PM10 concentration
changes in the Urumgqi, Changji Hui Autonomous Prefecture, and Shihezi urban
agglomeration from 2015 to 2023

[Figure 5: see original paper| Monthly average PM2.5 and PM10 concentration
changes in the Urumgqi, Changji Hui Autonomous Prefecture, and Shihezi urban
agglomeration from 2015 to 2023

[Figure 6: see original paper| Daily average PM2.5 and PM10 concentration
variations in a week in the Urumqi, Changji Hui Autonomous Prefecture, and
Shihezi urban agglomeration

Relative deviation of daily average pollutant concentrations among cities on
weekends and weekdays

[Figure 7: see original paper] Daily average concentration changes in the Urumdi,
Changji Hui Autonomous Prefecture, and Shihezi urban agglomeration from
January 1, 2015 to December 31, 2023

[Figure 8: see original paper| Proportions of various pollution levels for daily av-
erage PM2.5 and PM10 concentrations in the Urumqi, Changji Hui Autonomous
Prefecture, and Shihezi urban agglomeration

2.2 Pollutant Potential Source Contribution

The HYSPLIT model was used to analyze potential source regions for PM2.5
and PM10 pollution in the Urumgqi-Changji-Shihezi urban agglomeration dur-
ing different pandemic control phases from 2019 to 2021, assessing pandemic
impacts on pollution sources.

In 2019, potential source regions were extensive with high concentrations, in-
dicating predominantly local sources with widespread and high-level pollution.
In 2020, pandemic prevention and control measures significantly reduced local
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emissions, causing potential source regions to shrink and shift from central Xin-
jlang to natural dust source areas in northern Xinjiang, eastern Kazakhstan,
and southern Russia. In 2021, source regions expanded again and returned to
domestic areas.

Monthly analysis revealed that in January 2020, potential source regions were
concentrated in central and western Xinjiang and northern Kazakhstan, affected
by heating periods and unfavorable meteorological conditions, with increased
local pollution and intensified cross-border transport. In March 2020, source
regions expanded northward due to dust and topography. In July 2020, sources
stabilized in the northwest direction, occasionally affected by clean air masses
but still influenced by dust sources in northern Xinjiang and Central Asia. In
November 2020, potential source regions further expanded to multiple Central
Asian countries, demonstrating cross-regional pollution characteristics.

Since PSCF analysis can only display pollution trajectory frequencies but cannot
quantify source contributions, Concentration Weighted Trajectory (CWT) anal-
ysis was applied to estimate pollution levels from different trajectories. The re-
sults showed that in 2019, high WCWT values were concentrated in central and
western Xinjiang and southeastern Kazakhstan, primarily affected by mining ac-
tivities and industrial emissions. In 2020, WCWT values were more influenced
by western Mongolia and southern Russia, affected by natural dust sources and
meteorological conditions. In 2021, WCWT values shifted from Central Asia to
southern Russia, with reduced ranges and maximum values, while being signifi-
cantly affected by natural dust sources and spring sandstorms.

[Figure 9: see original paper] Contribution distributions of potential source areas
for PM2.5 and PM10 in the Urumgqi, Changji Hui Autonomous Prefecture, and
Shihezi urban agglomeration from 2019 to 2021

[Figure 10: see original paper] Monthly distributions of potential source areas
contribution for PM2.5 in the Urumgqi, Changji Hui Autonomous Prefecture,
and Shihezi urban agglomeration in 2020

[Figure 11: see original paper] Monthly distributions of potential source areas
contribution for PM10 in the Urumgqi, Changji Hui Autonomous Prefecture, and
Shihezi urban agglomeration in 2020

[Figure 12: see original paper] Weighted trajectory distributions of PM2.5 and
PM10 concentrations in the Urumgqi, Changji Hui Autonomous Prefecture, and
Shihezi urban agglomeration from 2019 to 2021

[Figure 13: see original paper] Monthly distributions of PM2.5 concentration
weighted trajectory in the Urumgqi, Changji Hui Autonomous Prefecture, and
Shihezi urban agglomeration in 2020

[Figure 14: see original paper| Monthly distributions of PM10 concentration
weighted trajectory in the Urumqi, Changji Hui Autonomous Prefecture, and
Shihezi urban agglomeration in 2020
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3 Conclusions

This

study analyzed the spatiotemporal variations and potential pollution

sources of PM2.5 and PM10 in the Urumgqi-Changji-Shihezi urban agglomera-
tion from 2015 to 2023, yielding the following conclusions:

(1)

At the spatial scale, PM2.5 concentration distribution showed significant
spatial heterogeneity. Central-western Urumgqi City, western Changji Pre-
fecture, and Shihezi City were high-concentration areas, while PM10 con-
centrations increased with decreasing elevation, primarily concentrated in
southwestern Urumgqi City and eastern and western Changji Prefecture.

At the temporal scale, annual average PM2.5 and PM10 concentrations
in the urban agglomeration showed an overall declining trend from 2015
to 2023. However, under strict policy implementation and rapid eco-
nomic development, Urumgqi City and Changji Prefecture, benefiting from
more stringent policies and better natural environments, showed more pro-
nounced declines compared to Shihezi City and Wujiaqu City. Seasonal
average PM2.5 concentrations were highest in winter, followed by spring
and autumn, and lowest in summer. Monthly average PM2.5 concentra-
tions displayed a “U-shaped” distribution, with high winter values and
low summer values, showing significant January reductions particularly
in Urumgqi City. Wujiaqu City exhibited large fluctuations, indicating
that Spring Festival holidays, government control measures, and natural
factors all influence air quality.

At the weekly scale, PM2.5 concentrations showed a “negative weekend
effect” across the urban agglomeration, while PM10 concentrations exhib-
ited a “positive weekend effect” only in Urumgqi City, demonstrating that
traffic and economic development affect weekend patterns.

At the daily scale, winter PM2.5 and PM10 concentrations were signif-
icantly higher than other seasons, frequently exceeding light pollution
levels. However, overall PM2.5 concentrations declined with fewer high-
pollution days. PM10 daily concentrations fluctuated considerably due to
dust events, indicating that natural factors have more significant impacts
on PM10, with variations asynchronous from PM2.5 changes.

Analysis of potential pollution sources revealed that in 2019, sources were
widespread with high concentrations. In 2020, pandemic controls reduced
local emissions, shifting potential source regions to natural dust source
areas in eastern Kazakhstan and southern Russia. In 2021, source regions
expanded again and returned to domestic areas. Throughout different
control phases in 2020, seasonal factors such as sandstorms and meteo-
rological conditions remained influential. Overall, pandemic prevention
effectively reduced local pollution, but cross-border input from Central
Asia became the primary external pollution source. Although pollution
range expanded, pollutant concentrations showed a declining trend.
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