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Zhongwei Huang a,*, Pengbo Da a, Qiju Luo d, Zhijuan Zhang e, Jinsen Shi a, Jianrong Bi a, 
Hocine Alikhodja f 

a Key Laboratory for Semi-Arid Climate Change of the Ministry of Education, College of Atmospheric Sciences, Lanzhou University, Lanzhou, 730000, Gansu, China 
b School of Earth and Space Sciences, University of Science and Technology of China, Hefei, 230026, China 
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• POLIPHON algorithm was conducted to 
the P-MPL observations over northwest 
China. 

• A noticeable contrast exists in the ver-
tical structure between the long-range 
transported and fresh dust plumes. 

• Model underestimates the contribution 
of long-range transported dust to local 
aerosol loading.  
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A B S T R A C T   

Long-range transport of North African and Middle Eastern dust has been frequently observed in East Asia. 
However, understanding of their characteristics and effects in this region is insufficient. In this study, the 
transboundary transport of multi-source dust was captured by a polarized micro-pulse lidar from April 5 to 10, 
2012, during a field campaign in Dunhuang, northwest China. Six dust plumes (DN1-DN6) were selected based 
on the spatiotemporal evolution of the depolarization ratio. Furthermore, the source, vertical characteristics of 
the coarse and fine components and their contributions were investigated by combining lidar observation with 
the WRF-Chem model simulation. The results indicated that DN1 was from Central Asia and it took approxi-
mately 4–5 days. DN2 originated from sources in North Africa and the Middle East and took approximately 6–7 
days to reach Dunhuang. Samples DN3-DN6 originated from the Taklimakan and Gobi deserts in East Asia. A 

* Corresponding author. 
E-mail address: huangzhongwei@lzu.edu.cn (Z. Huang).  

Contents lists available at ScienceDirect 

Atmospheric Environment 

journal homepage: www.elsevier.com/locate/atmosenv 

https://doi.org/10.1016/j.atmosenv.2023.120197 
Received 20 July 2023; Received in revised form 26 October 2023; Accepted 6 November 2023   

mailto:huangzhongwei@lzu.edu.cn
www.sciencedirect.com/science/journal/13522310
https://www.elsevier.com/locate/atmosenv
https://doi.org/10.1016/j.atmosenv.2023.120197
https://doi.org/10.1016/j.atmosenv.2023.120197
https://doi.org/10.1016/j.atmosenv.2023.120197


Atmospheric Environment 318 (2024) 120197

2

noticeable contrast was observed in the vertical distribution of the coarse and fine components between the long- 
range transported (DN1~DN2) and fresh (DN3~DN6) dust plumes. DN1 and DN2 presented comparable dust 
components (DD = Dc + Df, where Dc and Df are coarse- and fine-mode dust, respectively) and non-dust (ND) 
component contributions and a high predominance of Dc particles was present with at least 40% of total com-
ponents in DN3-DN4. The contribution of ND particles was nearly negligible in DN5 and DN6. Lidar observations 
and model simulation both indicated that the maximum contribution of North African and Middle Eastern dust to 
the local aerosol loading exceeded 58%. However, the model simulation underestimated the contribution of DN1 
by an average of 18% compared to lidar observations because DN1 was not reproduced well. This implies that the 
vertical distribution of dust should be carefully considered when dust impacts (e.g., radiation effects and air 
quality) are finely assessed using a model on a regional scale.   

1. Introduction 

Mineral dust aerosols are widely assumed to be crucial global players 
in the Earth’s system. Mineral dust in the atmosphere can significantly 
modulate the Earth’s radiation budget by scattering and absorbing solar 
and terrestrial radiation, re-emitting radiation to ultimately affect global 
temperature (Huang et al., 2014; Twomey, 1991), and getting involved 
in the formation of clouds and precipitation, thereby altering cloud and 
precipitation properties (Huang et al., 2006; Li et al., 2011; Seinfeld 
et al., 2016; Thompson and Eidhammer, 2014). Suspended dust particles 
can deliver micronutrients to remote ecosystems to enhance their 
bio-productivity (Hamilton et al., 2022; Mahowald et al., 2005), ulti-
mately affecting the global carbon cycle. Furthermore, airborne dust 
particles favor the transport of fungal spores and bacteria and negatively 
impact human health, lifestyle, transportation, and economy (Acosta--
Martinez et al., 2015; Gat et al., 2021; Morman and Plumlee, 2013; 
Schroedter-Homscheidt et al., 2013). All these impacts are closely 
associated with mineral dust transport. 

Dust originating from sources such as the Gobi and Taklimakan 
Deserts in East Asia, the Saharan Desert, and the Arabian Desert has long 
been a concern. Many studies have shown that severe dust events in East 
China, Korea, and Japan mostly originate from East Asian dust sources 
(Minamoto et al., 2018; Xu et al., 2022). If the dust floating in the at-
mospheric boundary layer (ABL) over the source area is uplifted to the 
free troposphere, it can generally be transported over a long range by the 
westerlies and is often observed over the North Pacific and North 
America, or even farther away (Huang et al., 2008, 2015; Kawai et al., 
2015; Uno et al., 2009). Saharan dust is not only transported northward 
to Europe and westward to the Caribbean and the West Indies (Barkley 
et al., 2022; Prospero et al., 2021), but has also been carried eastward to 
Asia (Ganor and Mamane, 1982; Park et al., 2005; Sugimoto et al., 
2019a; Tanaka et al., 2005). Several cases of Middle Eastern and Central 
Asian dust transport to East Asia have been reported (Lee et al., 2006; 
Tanaka et al., 2005; Tazaki et al., 2004; Wang et al., 2022). Occasion-
ally, dust from North Africa, Middle East, and Central Asia mix with East 
Asian dust, leading to complications in separating the influence of 
multi-source mineral dust (Tanaka et al., 2005). Some studies related to 
dust deposition in the North Pacific have shown that East Asian dust 
sources contribute close to half of the total, but only in the proximal 
offshore regions in the northwestern Pacific (Lee et al., 2006; Tanaka 
and Chiba, 2006), while dust deposition in the majority of the North 
Pacific is dominated by non-East Asian sources with an eastward 
decrease along the westerlies (Hsu et al., 2012). Lee et al. (2010) 
analyzed 76 dust storm-related events in Hong Kong from 1996 to 2007 
to identify and characterize dust sources. They found that 73 dust events 
(96%) involved non-East Asian sources (Saharan influence was found in 
63 events) that were previously not known to impact Hong Kong. These 
studies show that long-range transport from North Africa, the Middle 
East, and Central Asia to East Asia is common. Therefore, considering 
the contribution of non-East Asian dust is necessary to better understand 
dust impacts in East Asia and the North Pacific. 

To date, only a few observational and modeling studies have been 
conducted to understand remote, non-East Asian dust transport pro-
cesses and their effects on the climate and environment over East Asia 

and the North Pacific. Liu et al. (2022) suggested that a quarter of dust 
events in East Asia during 2007–2020 originated from the Saharan 
Desert, which could be transported eastward all year, contributing 
approximately 35.8% of dust loading in the upper troposphere in 
Northern China in spring. The Navy Aerosol Analysis Prediction System 
(NAAPS) and Spectral Radiation Transport Model for Aerosol Species 
(SPRINTARS) global models suggest that the dust plumes observed in 
Japan on March 25–27, 2003, and March 7–9, 2005, originated from the 
Saharan Desert and Arabian Peninsula for approximately 5–10 days, 
when no significant dust storms existed in the arid regions of China and 
Mongolia (Park et al., 2005; Tanaka et al., 2005). This suggests that the 
contributions of dust particles in Japan are mainly from North Africa 
(50%) and the Middle East (30%), while those from China are just 10% 
in the dust event on March 25–27, 2003 (Tanaka et al., 2005). More 
cases captured in the Asian Dust Lidar Network (AD-NET) showed 
long-range transport of dust from the Saharan Desert through the Middle 
East and Central Asia to East Asia every year in March or April. These 
transport pathways often lead over the Caspian Sea, Kazakhstan, and 
Russia (Sugimoto et al., 2019a). Small dust particles are more likely to 
be transported over long distances, and the change in particle 
morphology owing to particle aging is a major cause of the decrease in 
the depolarization ratio (Pan et al., 2017; Zhou et al., 2021). When the 
remote-sourced dust plumes arrive in Japan, the extinction coefficient 
and optical depth of the plume are approximately 0.06 km− 1 and 0.3, 
respectively, at their maximum. The particle depolarization ratio and 
backscattering color ratio of the plume are approximately 0.28 and 0.4, 
respectively (Sugimoto et al., 2019c). A good example is the lifted dust 
layer from the Middle East observed over Dushanbe, Tajikistan, on April 
12, 2015, which was transported across the Pamir Plateau and Takli-
makan Desert and, was also probably found over Nagasaki, Japan, on 
April 17, 2015 (Hofer et al., 2017; Sugimoto et al., 2019a). Another 
unusual example is the transport of carbon-bearing dust particles as 
cloud nuclei from Iraq to Japan during the spring. They were related to 
the incomplete combustion of oil wells and sandstorms that occurred 
during the Iraq War (Tazaki et al., 2004). Nevertheless, few studies have 
focused on the vertical structural characteristics of these dust plumes 
and the differences in their contributions based on observations and 
simulations, which are crucial for accurately and finely assessing dust 
climate and environmental effects. 

In this study, the transboundary transport of multi-source dust 
plumes observed in Dunhuang during a field campaign in the spring of 
2012 was investigated to identify sources, vertical structure character-
istics, and contributions to local aerosol loading. The remainder of this 
paper is organized as follows: Section 2 describes the measurement in-
struments and methodologies; Section 3 describes the detection of 
multisource dust layers and weather patterns. Section 4 discusses the 
vertical characteristics of the coarse and fine components and their 
contributions, and Section 5 presents the summary of the findings. 

2. Materials and methods 

2.1. Field campaign 

A field intensity observation campaign was conducted in Dunhuang 
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(40.492◦N, 94.955◦E, 1061 m ASL), based on Lanzhou University’s 
mobile facility, from April 1 to June 16, 2012. The observation station 
was situated at Xihu Farm, which is located in the Gobi agricultural 
region at the westernmost fringe of the Hexi Corridor in northwest 
China. This area is home to approximately 1000 inhabitants and thou-
sands of hectares of farmland. From Fig. 1, the station is surrounded by 
the Qilian and Altun mountains to the south and the Beishan Mountains 
to the north; the Kumtag Desert is merely 90 km to the west, and the 
Taklimakan Desert is farther west; and the Badain Jaran Desert is 
located east of the Dunhuang Region. 

During the field campaign, all measurements were recorded 
continuously using the container platform, and the observation items 
included meteorological parameters, column aerosol optical properties, 
aerosol vertical profile, aerosol scattering and absorption properties, 
radiation flux, etc. An automatic weather station (WTX520, Vaisala, 
Finland) and an air sampling inlet were installed at the top of the 
container, positioned 5 m above ground level. Meteorological parame-
ters (wind speed, wind direction, relative humidity, and air tempera-
ture) and PM10 concentrations were recorded at a temporal resolution of 
1 min. The climate in Dunhuang is characterized by extreme drought 
conditions, and therefore, the mean air temperature and relative hu-
midity are 18.3 ± 8.1 ◦C and 21.9 ± 16.5%, respectively. During the 
observation period, the predominant winds in this region were northeast 
and southwest, with a maximum hourly averaged wind speed exceeding 
10 ms− 1 (Bi et al., 2017). The PM10 concentration was monitored using 
an ambient particulate monitor (model RP1400a, Rupprecht and 
Patashnick Corp.) based on the principle of a tapered element oscillating 
microbalance (TEOM) with a flow rate of 16.7 L min-1 (Patashnick and 
Rupprecht, 1991). The accuracy of PM10 concentrations was normally 
0.1 μgm− 3. Due to the heating of the sampling stream at 50 ◦C, a partial 
loss of volatile and semi-volatile aerosol compounds occurred, which 
resulted in negative PM10 concentrations. All these negative values were 
eliminated from the dataset, which accounted for no more than 1% of 
the total data. The 10-min averaged data from both instruments were 
used in this study. 

2.2. Ground-based lidar 

A polarized micro-pulse lidar (P-MPL, type: MPL-4B) at a wavelength 
of 527 nm was automatically and continuously operated during this field 
campaign. The pulse laser energy, pulse repetition rate, and temporal 
and spatial resolution is 6–8 μJ, 2500 Hz, 1 min, and 30 m, respectively. 
As reported in our previous studies (Xie et al., 2017; Zhou et al., 2018), 

the data products including the aerosol extinction coefficient (EXT), 
aerosol backscatter coefficient (BKS), backscatter ratio, particle depo-
larization ratio (PDR), and vertical feature mask, can be retrieved by an 
automatic detection algorithm based on normalized relative backscat-
tering (NRB) and volume linear depolarization ratio (VLDR). Also, the 
atmosphere boundary layer heights (ABLH) were determined by the 
algorithm based on polarized lidar observation (Han et al., 2022). In this 
study, the optical and mass features of three particle components (coarse 
dust (Dc), fine dust (Df) and Non-dust (Nd)) were vertically separated 
using a modified polarized lidar-photometer networking (POLIPHON) 
algorithm, which is specifically applied to the P-MPL measurements, is 
based on the specific particle linear depolarization ratio given for 
different types of aerosols, and can be run in either 1-step (2-component 
separation) or 2-steps (3-component separation) versions 
(Córdoba-Jabonero et al., 2018; Mamouri and Ansmann, 2017). A more 
detailed description of this algorithm is given by (Córdoba-Jabonero 
et al., 2018). The EXT was obtained by applying Fernald’s method 
(Fernald, 1984) with a lidar ratio of 40 sr for Dc and Df particles and 50 
sr for continental aerosols (Nd), which are recommended for Asian dust 
(Ansmann et al., 2019). The extinction-to-mass conversion procedure 
was also described, and the relative mass contribution or fraction of each 
aerosol component (i) was defined as the ratio of Mi to TMC, where Mi is 
the height-integrated mass concentration (gm− 2) of each component (i), 
and TMC =

∑
Mi represents the total mass loading (gm− 2) 

(Córdoba-Jabonero et al., 2018). The Mi was computed by dividing the 
extinction coefficient of each component by their specific mass extinc-
tion efficiency (MEE: k, m2g− 1). The MEEs for Asian dust were sepa-
rately calculated by adopting the dust particle density of 2.6 g cm− 3, and 
the volume-to-extinction conversion factor of 0.27 × 10− 12 Mm for Df 
and 0.94 × 10− 12 Mm for Dc, respectively, which were determined 
based on the aerosol robotic network (AERONET) long-term dust ob-
servations at semi-arid climate and environment observatory of Lanzhou 
University (SACOL) (Ansmann et al., 2019). 

2.3. Other data and tools 

To trace the origins of the different dust plumes and assess the 
respective contributions of dust from different sources to the aerosol 
loading in Dunhuang, the WRF-Chem was employed, which is updated 
by the University of Science and Technology of China (named USTC 
version). The USTC version includes additional capabilities, such as 
contribution analysis of aerosol-related processes and improved turbu-
lent mixing of aerosols, compared to the publicly released version (Hu 

Fig. 1. Location of the field intensity observation campaign in Dunhuang (blue star), northwest China.  
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et al., 2020; Ruan et al., 2022; Zhao et al., 2013a, 2013b). The Model for 
Simulating Aerosol Interactions and Chemistry (MOSAIC) (Zaveri et al., 
2008) was used in the aerosol scheme with eight aerodynamic diameter 
ranges between the adjacent diameters (0.039, 0.078, 0.156, 0.3125, 
0.625, 1.25, 2.5, 5, and 10 μm) The aerosol components, including 
mineral dust and anthropogenic emissions, were simulated, and the 
mineral dust was calculated separately for the four sources that are 
United States, East Asia, North Africa, and other regions). The Rapid 
Radiative Transfer Model for General Circulation (RRTMG) (Iacono 
et al., 2008) was used to calculate long- and short-wave radiations and 
aerosol radiation feedback. In this study, the initial meteorological fields 
and lateral boundary conditions were obtained from the National Center 
for Environmental Prediction final analysis (NCEP/FNL) datasets, which 
have a 1◦ horizontal resolution and are provided at 6 h intervals. The 
simulation was configured with a horizontal resolution of 111 km and 
49 vertical layers, up to 100 hPa. The domain covered the region from 
15◦ S to 65◦ N and 30◦ W to 160◦ E, with a grid consisting of 190 × 80 
pixels. 

Furthermore, the study utilized the Level 1 V4 and Level 2 Vertical 
Feature Mask products provided by CALIPSO (Cloud-Aerosol Lidar and 
Infrared Pathfinder Satellite Operation) to support the long-range 
transported dust plumes (Winker et al., 2010). MOD08_D3 products 
obtained from the Moderate Resolution Imaging Spectroradiometer 

(MODIS) were used to examine the spatiotemporal changes in aerosol 
optical depth (AOD) over East Asia (Levy et al., 2013). The ERA5 
reanalysis dataset was employed to describe the evolution of the geo-
potential height-wind field at the 500, 700, and 850 hPa levels, and 
provided the atmosphere boundary layer heights (Olauson, 2018). To 
determine air mass trajectories, a HYbrid Single-Particle Lagrangian 
Integrated Trajectory (HYSPLIT) model developed by the National 
Oceanographic and Atmospheric Administration (NOAA) in collabora-
tion with Australia’s Bureau of Meteorology was employed (Stein et al., 
2015). 

3. Results 

3.1. Dust plumes determined by P-MPL 

From April 5–10, 2012, the coexistence of multiple notable aerosol 
plumes were detected by the P-MPL in Dunhuang, as illustrated by the 
NRB and VLDR in Fig. 2a and b. During April 5–7, the weak plumes can 
be clearly observed in Fig. 2b. Starting at approximately 18 UTC on April 
5, the first evident plume (marked DN1 in Fig. 2b, hereinafter the same 
abbreviations) commenced at heights around 4–6 km. This plume 
maintained a thickness of approximately 2 km and persisted for at least 
35 h, until approximately 05 UTC on April 7. The top height of DN1 

Fig. 2. Time-height cross-section of MPL observations from 5 to April 10, 2012 in Dunhuang at 527 nm wavelength: a) NRB (Normalized Relative Backscattering, 
counts km2 μJ− 1μs− 1); b) VLDR (Volume Linear Depolarization Ratio); c) profiles of MPL-derived total aerosol extinction coefficient and PDR (Particle Depolarization 
Ratio) representing DN1~DN6, which are labeled by black dash lines in a) and b). The black solid lines represent atmosphere boundary layer height (ABLH) 
determined by the algorithm in the previous study (Han et al., 2022). The yellow shadow areas indicate the selected dust layers. 
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gradually decreased with time. After approximately 12 UTC on April 6, 
DN1 intruded the ABL. Above DN1, the second plume (DN2) appeared at 
a height approximately 7 km, starting at approximately 04 UTC on April 
6 and persisting for over 36 h. Subsequently, DN2 expanded to a 
maximum thickness of approximately 5.6 km at approximately 21 UTC 
on April 6. The bottom height of DN2 remained above 3 km and was 
consistently at least 1 km higher than that of DN1. DN1 and DN2 were 
characterized by low VLDRs and long-lasting durations, suggesting their 
long-range transport from elsewhere. Simultaneously, DN3, with a high 
VLDR, was observed at altitudes around 5.5–10 km, with a relatively 
high NRB. Compared to DN1-DN3, DN4 had the highest NRB and VLDR, 
starting at approximately 06 UTC on April 8, and almost suspended at 
altitudes of approximately 3–5 km. Starting at approximately 15 UTC on 
April 8, the aerosol layer near the ground surface passed over the 
observation station until precipitation at approximately 12 UTC on April 
10, which had a thickness of at least 4 km. As shown by the evolution of 
this aerosol plume height with high VLDRs, which continuously 
increased from the surface to approximately 3 km from 17 UTC on April 
9 to 07 UTC on April 10, another air mass may have passed. Therefore, 
this aerosol layer was separated into two sub-periods and marked as 
DN5 and DN6. 

As we know, the fresh dust particles over the source or near the 
source region have a large depolarization ratio. While the microphysical 
and optical properties of dust particles change during long-distance 
transport, changes in size due to gravity setting and morphology due 
to aging generally cause a decrease in the depolarization ratio, with 
changes in morphology being the major cause (Pan et al., 2017; Sugi-
moto et al., 2019b). Therefore, to some extent, the depolarization ratio 
can reflect the degree of dust particles aging. Dust particles transported 
over long distances tend to remain in the atmosphere for longer periods, 
leading to a more significant aging process. Thus, these particles exhibit 
a lower depolarization ratio than those of freshly emitted dust particles. 
Here, the six profiles of the EXT and PDR marked in Fig. 2b were selected 
to represent the DN1-DN6 plumes. Based on previous studies (Chen 
et al., 2007; Córdoba-Jabonero et al., 2018; Mamouri and Ansmann, 
2014, 2017), a PDR of 0.05 was widely employed as an indicator to 
distinguish the dust-like particles (high PDR) from non-dust (ND) par-
ticles (low PDR). It can be seen in Fig. 2c that the PDR of all plumes is 
exceed 0.05. Obviously, DN3-DN6 have high PDR, which indicate these 
plumes in Fig. 2b are dust plumes. To further confirm that DN1 and DN2 
are dust plumes, the CALIOP observations have been shown in Fig. 3, 

which are just observed at approximately 19:23 UTC on April 5 and at 
approximately 20:06 UTC on April 6. It can be found that aerosol sub-
type in Vertical Feature Mask product indicate that mineral dust and 
polluted dust exist near Dunhuang. 

As summarized in Table 1, the mean PDRs of DN3-DN6 are approx-
imately 1.4–2.3 times higher than those of DN1-DN2. The means PDRs 
of DN3-DN6 are at least 0.25, which are close to the fresher character-
istics of pure dust particles (Liao et al., 2023), and the PDRs of DN1 and 
DN2 show the intermediate values, indicating they are the mixture of 
dust particle. Additionally, the mean EXT in DN1-DN2 range from 0.018 
km− 1 to 0.035 km− 1, which were of the same order as the values of 
long-range transported non-East Asian dust cases reported by Park (Park 
et al., 2005) and Sugimoto (Sugimoto et al., 2019a,b,c). The EXT of 
DN4-DN6 was 2–16 times higher than that of DN1-DN3, but they were 
approximately 16–33% of the 0.87 km− 1 dust plumes which completely 
attenuated the laser beam observed at 20 UTC on April 22 during the 
same campaign (Zhou et al., 2018). Thus, the dust plumes determined in 
this study were characterized by low and medium concentrations. 

3.2. Synoptic situations and regional aerosol evolution 

Fig. 4 show the time series of meteorological parameters near the 
ground surface in Dunhuang station during April 5–10, 2012. It can be 
seen that the wind direction appears to be scattered, and the wind speeds 
almost remain below 6 ms− 1 until approximately 17 UTC on April 9. 
During this period, there was a noticeable decrease in air pressure, and 
relative humidity, while air temperature increased. Meanwhile, the 
relative humidity and air temperature exhibited a weakening of the 
diurnal variation. After approximately 17 UTC on April 9, an increase in 
both air pressure and relative humidity was observed. The air temper-
ature dropped from 19.2 ◦C to − 1.2 ◦C during from approximately 15 
UTC on April 9 to 00 UTC on April 11. During this period, a sharp change 
in wind direction, transitioning from southwest to northeast, was 

Fig. 3. CALIOP overpassing orbits and lidar transect. Left panels: at 19:23 UTC on April 5, 2012; Right panels: at 20:06 UTC on April 6, 2012. The red boxes indicate 
the area near Dunhuang. In the bottom panel: the colored bar-code denotes: N/A = not applicable, 1 = marine, 2 = dust, 3 = polluted continental/smoke, 4 = clean 
continental, 5 = polluted dust, 6 = elevated smoke, 7 = dusty marine, 8 = PSC (Polar Stratospheric Clouds), 9 = volcanic ash, 10 = sulfate/other. 

Table 1 
The summary of mean values in six vertical profiles for DN1-DN6.   

DN1 DN2 DN3 DN4 DN5 DN6 

EXT (km− 1) 0.035 0.018 0.06 0.18 0.14 0.29 
PDR 0.13 0.18 0.25 0.30 0.27 0.28  
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observed, and the wind speeds strengthened from approximately 6 ms− 1 

to more than 10 ms− 1. These features indicate that the cold front passes 
over Dunhuang, where dust particles are lifted along the surface of the 
cold front from the dust layer by ascending warm air (Kawai et al., 
2015). Evidently, from Fig. 2b, the height of the dust plume was 
continuously increasing from 17 UTC on April 9 to 07 UTC on April 10. 
PM10 concentration near the ground surface gradually increased and 
then sharply decreased before approximately 00 UTC on April 10. The 
mean PM10 concentration was 27 ± 15 μg m− 3 before around 17 UTC on 
April 9. Subsequently, the mean PM10 concentration reached 102 ± 55 
μg m− 3 with a maximum of 241 μg m− 3 at approximately 17 UTC. The 
PM10 concentrations during the study period were lower than the 
average level of 113 ± 169 μg m− 3 over the entire field campaign (Bi 
et al., 2017). 

Fig. 5 shows the circulation pattern at the 500, 700, and 850 hPa 
levels on a larger spatial scale during the period of April 2–9. On April 
2–4, strong winds can be found over North Africa and the Arabian 
Peninsula at 850 hPa level, which is a favorable condition for large-scale 
sand driving and sand dust transport upward. Meanwhile, on April 2–4, 
the Southwestern Europe region was continuously controlled by a strong 
low-pressure system, and the center of the low-pressure weakened as it 
moved eastward. As a result, On April 2–3, a strong southwesterly wind 
prevailed over North Africa and Arabian Peninsula region at 700 hPa 
and 850 hPa levels and continued to move northeast, which drove the 
uplifted dust transport from North Africa and the Arabian Peninsula to 
East Asia. Over the north of Northwest China, the wind changed from 
southwesterly wind to westerly or northwesterly wind, which caused the 
air mass containing dust particles to intrude the northwest of China. 
Also, it can be seen that a strong easterly wind prevailed over Tarim 
Basin (TB) at 850 hPa on April 5. Subsequently, the prevailing winds 
gradually changed to the northeast and southeast on April 6–7, which 
were associated with the airflow movement of anticyclones in the TB, 
and this is the one of key reasons that the dust storms frequently occur in 
springtime in the TB region (Zhou et al., 2023). On April 8–9, with the 
strengthening and eastward movement of the anticyclones at 700 and 
850 hPa levels over Kazakhstan, northerly winds prevailed near the 
surface around Dunhuang and the wind speed increased. 

The spatiotemporal evolution of the daily AOD over Asia from April 
5–10, 2012 is shown in Fig. 6. The high AOD area exhibited an evolu-
tionary trend in the clockwise direction in the order of the southwest, 
west, northwest, north, and northeast sides of the TB from April 5–9. 
This evolution is always associated with the airflow movement of anti-
cyclones in the TB, and the dust storms often occur (Yumimoto et al., 
2019). However, the AOD gradually decreased with time from April 5–9 
and traveled eastward to Dunhuang. On April 10, another high-AOD 
area was found in western Mongolia and western Inner Mongolia, 
indicating that another dust event occurred in the Gobi Desert. These 
types of dust events are related to the southward movement of strong 
cold air and affect the dust load in the TB. The weather forms corre-
sponding to the two major dust events in northwest China before and 
after April 9 can also be seen in Figs. 4 and 5. 

3.3. Source identification 

The dust layers marked in the profiles of Fig. 2c were investigated to 
trace the sources of DN1-DN6. As shown in Fig. 7a, the backward tra-
jectory of DN1 clearly show that air mass traveled through West Asia 
and Central Asia in approximately 4–5 days. The altitude of the trajec-
tory is below 2 km over Uzbekistan and Kazakhstan, which mixes easily 
with the atmosphere boundary layer and carries local dust particles over 
long distances. Also, the low PDRs in DN1 indicated dust particles that 
have undergone significant aging owing to long-range transport. Similar 
to DN1, the backward trajectories of DN2 provided clear evidence of its 
origin in North Africa and Arabian Peninsula in Fig. 7b. These two air 
masses were transported to the northeast and merged into a single dust 
cluster over Central Asia in approximately 6–7 days. Furthermore, the 
transport path observed in this case was similar to those reported in 
previous studies on African and Middle Eastern dust events (Park et al., 
2005; Tanaka et al., 2005). As mentioned in Section 3.1, the subsequent 
dust plumes (DN3-DN6) with high PDRs were relatively easy to deter-
mine. As shown in the AOD map in Fig. 6, the dust behavior was 
consistent with the airflow anticyclone in the TB on April 5–8. This type 
of dust behavior is common in TB, where the dust particles are often 
uplifted (7–9 km) to the free troposphere over the TB (Meng et al., 2019; 

Fig. 4. Meteorological parameters near the ground surface from 5 to April 11, 2012 in Dunhuang: a) wind speed and direction; b) air pressure, relative humidity, and 
air temperature at 5 m height a.g.l. ; c) PM10 concentration by in situ observation (black line) and the lowest layer (382 m a.g.l) of model simulation (blue line). 
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Fig. 5. The geopotential height (color shade) and wind field at 500 hPa level on (a) 2; (b) 3; (c) 4; (d) 5; (e) 6; (f) 7; (g) 8; (h) April 9, 2012 using ERA5 reanalysis 
dataset. The white dot indicates the location of Dunhuang. 
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Zhou et al., 2013). Moreover, suspended dust layers at a height of 3–5 
km remain for a long time over the TB (Huang et al., 2009; Zhou et al., 
2022). The backward trajectory at 16 UTC on April 7 does not clearly 
show the source of DN3 in Fig. 7c, but the separated simulation of 
WRF-Chem model suggests that DN3 originate from East Asian source. 
Considering the dust behavior in the TB on April 5–6 in Fig. 6, the 
evolution pattern of this dust storm is similar with that of case reported 
by Meng (Meng et al., 2019). In their study, the dust plume in TB could 
be uplifted to more than 7 km during dust storm. As pointed out by 
Iwasaka (Iwasaka et al., 2003), these uplifted dust particles from TB can 
be transported to Dunhuang by the westerly winds. Combining these 
factors, DN3 could have originated from Taklimakan Desert. The back-
ward trajectory of DN4 were consistent with the wind field in the TB, 
suggesting that DN4 was also from the Taklimakan Desert. Furthermore, 

the backward trajectories for DN5 and DN6 on April 9 suggested that 
dust was transported from the western observation station within the 
ABL. However, the air mass trajectories of DN5 originated from the 
Taklimakan Desert, while that of DN6 pointed towards the Gobi Desert. 

4. Discussions 

4.1. Vertical characteristics of coarse and fine components 

Fig. 8 shows the extinction coefficient of both coarse (α_Dc) and fine 
(α_Df) total dust (α_DD = α_Dc+α_Df) and non-dust (α_ND) components for 
DN1-DN6. Overall, the mixing of Dc, Df, and ND particles was observed 
below an altitude of approximately 2 km, with the Dc component 
contributing more significantly than the Df component. This indicates 

Fig. 5. (continued). 

Fig. 6. Daily spatio-temporal distribution of aerosol optical depth (AOD) derived from MODIS over the Asian region during 5~April 10, 2012.  
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that dust particles were also present below this height during the entire 
study period (Córdoba-Jabonero et al., 2021). At altitudes below 2 km, 
the ND particles were dominant and α_ND remained relatively unchanged 
on April 6, and a noticeable increase was observed in Dc and Df particles 
on April 7. In the case of DN1, the Dc and Df components with the DD 
peak of 0.012 km− 1 were primarily observed in the upper part of the 
atmosphere, while the lower part was dominated by ND particles with a 
maximum of 0.03 km− 1. DN2 exhibited the opposite DD pattern, with 
the DD layer extending from approximately 4 to 8 km in height and a 
weak incidence (α_DD = 0.021 km− 1) observed at approximately 5.6 km. 
ND particles mostly dominated from 6.8 to 8.6 km. The DD peaks of DN1 
and DN2 were approximately 3.2% and 5.7%, respectively, of those 
given by DN6. The vertical distribution of the Dc, Df, and ND compo-
nents in DN1 and DN2 confirmed that the dusty air masses mixed with 

the non-dusty air masses along the pathway to Dunhuang. Additionally, 
this distribution easily disturbed the source identification of the dust 
plumes because they were sensitive to the start time and height of the 
back trajectories, as described in Section 3.3. On April 7–8, an intensi-
fied dust event characterized by a high quantity of Dc components and a 
two-peak structure in the emerging dust layers was observed at 
approximately 13 UTC on April 7. In particular, a high predominance of 
Dc was observed in DN3 and DN4, where α_DD peak values were 0.053 
km− 1 and 0.2 km− 1, respectively. They showed a lower median dust 
incidence (14%–54%) compared to that of DN6. The Df and ND com-
ponents presented similar levels in DN3, and almost no ND signature 
was detected in DN4. As shown in Fig. 2, a greater incidence of dust 
intrusion near the ground was observed after 15 UTC on April 8. A 
pronounced dust layer (DD = Dc + Df, with Dc predominance) 

Fig. 7. The air mass backward trajectories started at the corresponding height and time DN1-DN6 in Fig. 2a–b.  

Fig. 8. Vertical profiles of the extinction coefficient of dust-coarse (Dc), dust-fine (Df), dust-total (DD = Dc + Df), and non-dust (Nd) component as derived from the 
POLIPHON algorithm for the cases in Fig. 2c. 
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extending from the ground to heights of 4–5 km was observed in DN5 
and DN6, respectively; for both, α_DD peaks of 0.15 km− 1 at 1.4 km and 
0.37 km− 1 at 1.9 km were found. Both cases exhibited a high predom-
inance of Dc particles with very small or almost zero ND contributions at 
the dust layer. These scenarios are similar to those of the Saharan dust 
cases with a high dust incidence, as reported in previous studies 
(Córdoba-Jabonero et al., 2018, 2019, 2021). Moreover, DN6 was 
characterized by a nearly two-thirds decrease in Dc and Df particles near 
the ground, which is associated with the change in sources of air mass, as 
stated in the above sections. 

Fig. 9 shows the temporal evolution of the relative mass contribution 
of each aerosol component throughout the study period. Overall, the 
relative contribution of Df particles was not greater than 11%. Two 
different scenarios with weak and intense dust impacts were observed 
before and after approximately 13 UTC on April 7. A high loading of Dc 
particles with a peak of 91.3% was obtained at approximately 00 UTC on 
April 8, and the Dc particles remained at a high loading level (72.1%– 
91.3%) from 13 UTC on April 7 to 04 UTC on April 10. Before this time, a 
gradual Dc loading increased from approximately 19.3% to these high 
values. Here, the TMC increased from 0.02 g m− 2 to 0.76 g m− 2. The 
mean TMC values of 0.16 ± 0.14 g m− 2 and 3.28 ± 2.40 g m− 2 were 
estimated for weak and intense dust impact periods, respectively. In this 
study, the mean mass concentration of DD fraction at TMC for the 
intense dust impact period (3.28 ± 2.40 g m− 2) was 4 times higher than 
0.7 ± 0.4 g m− 2 found at Barcelona and 16–23 times higher than 0.14 ±
0.03 and 0.20 ± 0.04 g m− 2 observed at Leipzig (Córdoba-Jabonero 
et al., 2021). 

4.2. Contribution of non-East Asian dust 

To assess the effects of non-East Asian dust to local aerosol loading in 
Dunhuang, the contributions in column and vertical distribution were 
obtained by using WRF-Chem simulation and lidar observations. Here, 
the comparison of mass concentration near the ground surface from 
WRF-Chem simulation and in-situ observation was given in Fig. 4c, 
which indicated that the WRF-Chem model was in good agreement with 
observations during the period from April 5 to April 8. As shown in 
Fig. 10, the East Asian dust remained dominant during most of the study 
period. The total dust column concentration maintained within 100 mg/ 
m2 over Dunhuang before April 8 (Fig. 10a). North African dust 
exhibited a gradual increase in column mass concentration since April 6, 
reaching its peak at approximately 1200 UTC on April 7. The Middle 
Eastern dust also showed a variation and amplitude similar to those of 
the North African dust. The combined contribution of North African and 
Middle Eastern dust to local dust column concentration ranged of 55%– 
83% from 06 UTC on April 6 to 18 UTC on April 7. Simultaneously, their 

total contribution to dust concentrations near ground surface in Dun-
huang reached a peak of approximately 39% at 12 UTC on April 7 in 
Fig. 10b. 

Fortunately, dust plumes such as DN1 and DN2, which remained 
relatively independent from other East Asian dust layers (e.g., DN3- 
DN6) before intruding the ABL, provided an excellent opportunity to 
assess their contribution based on the perspective of aerosol extinction 
coefficient retrieved from lidar. The spatiotemporal evolution in Fig. 2 
shows that a significant portion of DN1 and DN2 was situated above the 
ABL. As shown in Fig. 2a and b, it can be seen that when the height of 
DN1 and DN2 descended below the maximum ABLH on April 5–7, they 
were likely to mix with aerosols in the residual boundary layer, and lidar 
cannot distinguish between them. Therefore, the maximum ABLH of 2 
km on April 5–7 was set to extract DN1 and DN2 from the boundary 
layer aerosol from 12 UTC on April 5 to 06 UTC on April 7. Thus, the 
AOD above 2 km was assumed to represent the sum of AOD for DN1 and 
DN2. The ratios of the AOD above 2 km to the total AOD were calculated 
to represent the contributions of DN1 and DN2. The same calculation 
was also applied for the contribution using the WRF-Chem model but for 
mass concentration. As shown in Fig. 11, the period between 18 UTC on 
April 5 and 06 UTC on April 7 should be focused on due to the DN1 just 
passing over the observation station and DN2 just being mixed with 
aerosol in ABL. The maximum contribution reached approximately 58% 
for lidar observation at 12 UTC and 74% for model simulation at 18 UTC 
on April 6, respectively. Overall, model simulation overestimated the 
cumulative contribution by nearly 9%. Before 06 UTC on April 6, the 
contribution using the model was an average of 18 % lower than that by 
lidar assessment. This underestimation can be mainly associated with 
that the model with a coarse spatial resolution did not reproduce DN1 
detected by lidar over Dunhuang. In addition, the differences in the 
height and concentration of DN2 simulated by the model can be used to 
explain the overestimation after 06 UTC on April 6. Usually, the vali-
dation and constraints for model simulation are conducted by using the 
surface mass concentration or AOD, while the results in this study imply 
that the vertical distribution of dust layers should also be carefully 
considered when accurately assessing the dust radiation effects at the 
regional scale. 

5. Conclusions 

Transboundary transport of multi-source mineral dust was captured 
during April 5–10, 2012, using the P-MPL system during an intensive 
field campaign in Dunhuang, northwest China. In this study, six dust 
plumes (DN1-DN6) determined by the spatiotemporal evolution of the 
VLDRs were selected. Subsequently, the source characteristics, coarse 
and fine components, and their relative contributions were investigated. 

Fig. 9. (Left axis) The POLIPHON-derived relative contribution of mass loading for Dc (red), Df (green), and Nd (blue) components to concerning the column total 
mass concentration (TMC, g m− 2) with is also shown by white stars (Right axis). 
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The results showed that DN1 and DN2 were transported over long dis-
tances to the observation station, and the DN1 was from Central Asia and 
it took approximately 4–5 days. DN2 was transported from long dis-
tances of North African and Middle Eastern dust, which took approxi-
mately 6–7 days. Sample DN3~DN6 originated from the Taklimakan 
and Gobi Deserts in East Asia. A significant difference in the vertical 
structure of the coarse and fine components existed between the long- 
range transported dust and fresh dust plumes. For example, the weak 
α_DD peak of DN1 and DN2 was less than 0.021 km− 1 and presented 
comparable levels of DD and ND contributions. The predominance of Dc 
particles was high with at least 40% of total components in DN3-DN4 
and α_DD peaked between 0.053 km− 1 and 0.2 km− 1. The α_DD peaks of 
DN5 and DN6 were 0.15 km− 1 and 0.37 km− 1 and almost zero contri-
bution of ND aerosols was observed. The model simulation showed that 
the contribution of North African and Middle Eastern dust to the local 
aerosol dust column concentration was a range of 55%–83% from 06 
UTC on April 6 to 18 UTC on April 7, and to dust concentrations, near- 
surface reached a peak of approximately 39% at 12 UTC on April 7. The 
maximum contribution to total aerosol loading assessed by lidar 
observation and model simulation reached approximately 58% and 
74%, respectively. The contribution given by the model simulation was 
on average 18% lower than that of lidar observations because the model 
did not reproduce DN1 well. This implies that the vertical distribution of 

the dust layer should be carefully considered when dust impacts (e.g., 
radiation effects and air quality) are finely assessed using the model on a 
regional scale. Long-range transport cases of North African and Middle 
Eastern dust have often been observed over northwest China, but our 
understanding of their characteristics and effects over East Asia is still 
insufficient. In the future, more efforts should be made to combine 
model simulations and ground-based lidar network observations. 
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Fig. 10. The dust mass concentration of different dust sources over Dunhuang. a) the column mass concentration; b) the mass concentration at the lowest level of the 
model (382 m a.g.l). 

Fig. 11. The contribution of African dust and Middle East dust above 2 km to 
the total column aerosol loading based on lidar observation and WRF-Chem 
simulation in Dunhuang, respectively. 
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