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Abstract

Dust activity is controlled by multiple environmental factors and exhibits substantial
spatiotemporal and interannual variability. In spring 2025, China experienced unusually
frequent dust storms. Surface meteorological observations and PM10 levels show that
dust events in 2025 were the most frequent and intense of the last decade. The dust
event analysis indicates a pronounced change in transport pathways, with affected regions
extending to Central, Southwest, and South China. This differs markedly from the 2021 and
2023 events, which impacted northern China more broadly. Source attribution indicates
that the Gobi Desert was the dominant contributor to downstream dust, accounting for
80.0%, 83.1%, and 78.6% of dust concentrations in North, Southwest, and South China,
respectively. In addition, enhanced surface winds over the Gobi Desert were identified as
the primary drivers of intensified dust emissions, while concurrent changes in precipitation,
soil moisture, and vegetation cover played secondary roles. An anomalous low-pressure
system over the Bohai–Yellow Sea facilitated northerly wind anomalies, enabling long-
range southward dust transport from the Gobi Desert all the way to southern China. These
findings improve our understanding of extreme dust events and emphasize the need to
consider both emission strength and transport efficiency in regional air quality assessments.

Keywords: dust activity; interannual variability; atmospheric circulation; Gobi Desert;
FLEXDUST/FLEXPART

1. Introduction
Dust storms occur when strong winds mobilize mineral dust from dry, bare soil

surfaces into the atmosphere [1–6]. East Asia is the world’s second-largest dust source,
mainly originating from the Taklimakan Desert (TK) in northwestern China and the Gobi
Desert (GB) across southern Mongolia and parts of northern and northeastern China [7–9].
East Asian dust can be transported to most parts of China, Korea, Japan, the Pacific Ocean,
the Arctic, and even the west coast of the United States, where it degrades air quality,
threatens human health and alters regional energy budget [9–13].

Dust activity exhibits complex spatiotemporal patterns, mainly controlled by land
surface conditions and meteorological factors. Land surface conditions, including land
cover type, vegetation cover type, soil particle size distribution, soil wetness and snow cover,
play critical roles in dust emission processes [14–16]. Meteorological factors affect dust
emission, deposition, and transport processes. Temperature, evaporation, and precipitation
indirectly influence dust emissions by altering surface conditions [17–19]. Precipitation
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also affect dust transport through wet deposition [20]. Surface wind speeds are the most
sensitive variable influencing dust emissions [2,21–27]. Despite considerable progress in
understanding dust storm evolution and mechanisms over recent decades, knowledge of
dust activity driving factors and predictability remains limited due to the complexity of
multiple influencing factors [6,21].

East Asia has experienced a decline in dust activity since the 1970s, primarily due to
long–term changes in meteorological conditions and land surface characteristics, such as
weakened surface winds, increased vegetation cover, and wetter soil conditions [21,28,29].
However, in recent years, multiple extreme dust storms have afflicted East Asia. In the
springs of 2021 and 2023, northern China experienced several extreme dust events. The
frequent occurrence of Mongolian cyclones, combined with dry, loosely structured soils
and unusually sparse vegetation cover, has been identified as the principal cause of these
storms [8,17]. A numerical modeling study further indicates that during the spring of
2023, the dominant dust sources for northern China were the GB and TK, contributing
approximately 42% and 26% of the total dust concentration, respectively [30].

In spring 2025, China experienced 14 dust activity episodes, the highest number
recorded in the past decade, affecting approximately 5.8 × 106 km2 area and 1.09 billion
people. A severe dust storm that occurred from April 10 to 14 reached as far south as
Hainan Island, marking the southernmost dust event in China since 2000 [31]. To date,
few studies have investigated dust activity in China during spring 2025 [31,32]. Critical
gaps remain in understanding the underlying causes, including the land surface and
meteorological anomalies driving the unusually frequent events, the dynamical processes
facilitating southward transport, and the extent to which the affected areas differed from
those in previous years.

This study uses multiple datasets, including reanalysis data, satellite observations,
and ground-based measurements to analyze the mechanisms of dust accumulation in
China during spring 2025. This study uses dust event records and PM10 concentration
data to characterize the spatiotemporal variations in dust activity and investigates the key
factors influencing dust storm formation, such as surface wind speed, and vegetation cover.
Additionally, this study quantifies the contributions of GB and TK to dust concentrations in
China with numerical simulation experiments. The remainder of this paper is organized
as follows: the model, data and methodology are presented in Section 2; the spatiotem-
poral variations in dust activity, the meteorological anomalies affecting dust activity and
contributions from different deserts are listed in Section 3; discussion and conclusions are
summarized in Sections 4 and 5, respectively.

2. Materials and Methods
2.1. Dust Emission and Transport Models

In this study, FLEXPART (FLEXible PARTicle dispersion model) and FLEXDUST are
used to quantify major Asian dust sources in China. FLEXPART version 10.4 is a Lagrangian
particle dispersion model originally developed to simulate the long-range and mesoscale
transport of hazardous materials released from point sources, such as nuclear power
plant accidents. It has since been widely applied to a broad range of atmospheric tracers,
including greenhouse gases, dust, black carbon, and volcanic ash [33–37]. FLEXDUST is a
stand-alone dust emission model that generates mineral dust release files specifying the
location and number of emitted particles at each time step, which can be directly read by
FLEXPART as an input [36,38]. FLEXDUST provides the key emission step by converting
meteorological forcing and surface susceptibility into gridded dust source fluxes, which
largely control the magnitude and spatiotemporal pattern of simulated dust loading during
extreme events. To simulate dust emission, deposition, and transport using FLEXDUST
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and FLEXPART, ERA5 meteorological fields with 137 vertical levels are retrieved and
preprocessed using the Flex_extract software package (version 7.0.4) [39]. The data has a
temporal resolution of 3 h and a horizontal resolution of 30 km.

The simulations span the period from 21 March to 17 April 2025 and are conducted
with a 1 h time step. Simulation outputs before 1 April are used only to spin-up chemical
initial conditions and are excluded from the analyses in Section 3. The model domain
encompasses the major dust source regions of East Asia, extending from 40◦ E to 150◦ E
and 18◦ N to 62◦ N. FLEXDUST and FLEXPART are running at a horizontal resolution of
0.1◦ × 0.1◦ and 25 vertical levels covering from 0.1 to 18 km. A maximum atmospheric
dust lifetime of 20 days is prescribed. This choice is motivated by the fact that dust usually
resides in the atmosphere for ~1 week, whereas a small fraction of fine particles may persist
for 2–3 weeks [12,40,41], and it also prevents unrealistically long-lived dust that would
otherwise not be removed by deposition in the model. FLEXPART is run in forward mode
in this study. The option accounting for the effect of sub-grid-scale orographic variability
on the planetary boundary-layer height is turned on, and convection parameterization is
enabled [36,42].

In FLEXDUST, the two original dust emission schemes, Marticorena and Bergametti
(1995, hereinafter MB95 [26]) and Kok et al. (2014, hereinafter KOK14 [27]), tend to under-
estimate dust concentrations over East Asia [42,43]. To improve the model’s performance
in this region, we implement the GOCART dust emission scheme into FLEXDUST. The
formula of vertical dust flux in GOCART is approximated as follows [2,44]:

F =

{
0 i f u10 ≤ ut

CSu3
10

[
1 − ut

u10

]
i f u10 > ut

(1)

where F is the vertical dust flux at the surface; C = 0.80 µgs2/m5 is an empirical pro-
portionality constant, S is the soil erodibility, with a value range of 0–1 (Supplementary
Figure S1). S = 0 represents no dust emission potential, and larger S indicates higher
erodibility, with S = 1 being the maximum value permitted by the prescribed range. u10 is
the horizontal wind speed at 10 m, and ut is the threshold velocity below which the dust
emission does not occur. ut is set to 6.5 m/s following Ginoux et al. [2], Chen et al. [44],
Wang et al. [43]. The GOCART scheme produced a mean PM10 bias of −14.5 µg m−3,
which was substantially smaller than the biases from the KOK14 (−65.8 µg m−3) and MB95
(−158.0 µg m−3) schemes (Supplementary Figure S2). The GOCART scheme also most
accurately represents the spatial distribution of aerosol optical depth, whereas the KOK14
and MB95 substantially underestimate it (Supplementary Figure S3).

2.2. PM10 Observations

The China’s National Environmental Monitoring Center (CNEMC) has continuously
monitored surface air pollutants (PM2.5, PM10, SO2, NO2) since 2012 [45]. Hourly real-time
observations from more than 1000 monitoring stations are publicly available. Hourly
surface observed PM10 is employed to assess interannual variations in dust-affected areas
and evaluate model performance with different dust emission schemes (Table 1).

2.3. MODIS AOD

Daily mean aerosol optical depth (AOD) from the Moderate Resolution Imaging
Spectroradiometer (MODIS) is used to compare with our simulated AOD from FELX-
DUST/FLEXPART [46]. In this study, Level 2 daily AOD data at 550 nm from the MODIS
sensors aboard the Terra (MOD04_L2) and Aqua (MYD04_L2) satellites are used. Following
the approach described by Gui et al. [8], AOD data from both satellites are interpolated onto
a 0.1◦ × 0.1◦ grid and subsequently averaged to produce a combined daily AOD product.
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Table 1. Datasets used in this work.

Variable Dataset
Resolution

ReferenceTemporal Spatial

PM10 CNEMC Hourly Station CNEMC [45]

AOD Terra–MODIS,
Aqua–MODIS Daily 10 km Levy et al. [46]

Air temperature,
geopotential height,

horizontal winds, 10 m
horizontal winds, sea level

pressure, precipitation
and soil moisture

ERA5 Hourly 0.25◦ × 0.25◦ Hersbach et al. [47]

Air temperature,
geopotential height,

horizontal winds
ERA5 Monthly 2◦ × 2◦ Hersbach et al. [47]

Leaf area index (LAI)
Visible Infrared

Imaging Radiometer
Suite (VIIRS)

Daily 0.05◦ × 0.05◦ Justice et al. [48]

Weather observations Integrated Surface
Database (ISD) 3-Hourly Station Smith et al. [49]

2.4. ERA5 Reanalysis Dataset

This study employs the ERA5 reanalysis dataset by the European Centre for Medium-
Range Weather Forecasts (ECMWF) [47]. ERA5 provides global atmospheric data four
times daily at 0000, 0600, 1200, and 1800 UTC. We use air temperature, geopotential height,
and horizontal winds at 500, 700, and 850 hPa, along with 10 m horizontal winds, sea level
pressure, precipitation and soil moisture, all at a spatial resolution of 0.25◦ × 0.25◦ and an
hourly temporal resolution. To investigate the climatic anomalies in 2025, we further use
springtime monthly mean fields for the period 2005–2025, provided at a spatial resolution
of 2◦ × 2◦. These data include air temperature, geopotential height, and horizontal winds
at 300, 500, and 850 hPa.

2.5. Leaf Area Index

The leaf area index (LAI), a crucial biophysical variable, represents the one-sided green
leaf area per unit ground surface area. We use the Visible Infrared Imaging Radiometer
Suite (VIIRS) LAI product to examine vegetation cover changes over the dust source regions
of East Asia. The VIIRS LAI is generated by VIIRS instruments onboard the Suomi-NPP,
NOAA-20, and NOAA-21 satellites [48]. The dataset has a spatial resolution of 0.05◦ × 0.05◦

and a temporal resolution of 1 day, covering the period from 2005 to the spring of 2025.

2.6. Dust Event Records

Dust weather observations from the Integrated Surface Database (ISD), provided
by the National Oceanic and Atmospheric Administration [49], are used to evaluate the
spatiotemporal variations in dust activity in China and Mongolia. The ISD is a global
database comprising hourly and synoptic surface observations compiled from multiple
sources into a single common ASCII format. It provides a wide range of parameters,
including wind speed and direction, temperature, present weather, visibility and various
other station-based measurements.

Present weather observations from manned stations (denoted as ww by the World
Meteorological Organization, WMO) follow Code Table 4677, which classifies visually
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observed weather phenomena during the reporting period (typically the preceding hour).
Dust weather observations are represented by 11 numeric codes (ww = 06–09, 30–35, 98;
see Supplementary Table S1), describing near-surface dust conditions of varying intensity
(slight, moderate, or heavy). A dust day is defined as a day on which at least one dust
weather observation was reported. Following this definition, the number of dust days at
multiple East Asian stations during spring is calculated for different years (Figure 1b–d).

Figure 1. Dust events and their anomalies over China in Spring. (a) Temporal variation in the
number of spring (March–May, MAM) dust events over China. Bar colors indicate dust events of
different intensities, and the dashed line represents the climatological mean number of dust events.
Panels (b–d) show the spatial distributions of dust day anomalies relative to the climatological
mean for 2025, 2023, and 2021, respectively. The climatological mean of dust days is calculated over
2005–2024. Panels (e–g) show the spatial distributions of PM10 anomalies relative to the climatological
mean for 2025, 2023, and 2021, respectively. The climatological mean of PM10 is calculated over the
period 2015–2024.
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Dust event records are collected from the Sand-dust Weather Almanac and Meteo-
rological Bulletin of Atmospheric Environment compiled by the China Meteorological
Administration. A dust event is defined as occurring when at least five nearby national me-
teorological stations in China record the same or stronger dust weather phenomenon. For
instance, a Blowing Dust Event is identified when five or more stations experience Blowing
Dust or stronger dust weather phenomena, such as a Dust Storm or Severe Dust Storm.

3. Results
3.1. Increased Dust Events and Southward Transport in China During 2025

During the spring of 2025, 14 dust events were recorded across China, making the high-
est frequency in the past decade and about 40% above the climatological mean (Figure 1a).
Three dust events were classified as severe dust storms, ranking 2025 as the second most
active year for such events in the past two decades.

The spatial distributions of dust-day and PM10 anomalies (Figure 1b,e) reveal pro-
nounced positive anomalies across northwestern and northern China. The number of
dust days increased markedly over the arid and semi-arid regions of northwestern China,
extending southeastward into northern and southwestern China. Positive PM10 anoma-
lies were observed across most of western and central China, while negative anomalies
occurred in parts of northeastern and eastern China, indicating a clear west–east contrast
in dust loading.

In contrast to the significant southward expansion of dust storm in 2025, the dust
impact in the other years exhibit either spatial homogeneity or a south–north anomalous
pattern. For example, both the years of 2023 and 2021 also experienced frequent dust
activity [8,17,50], exhibiting broadly similar spatial patterns: reduced dust occurrence in
TK but enhanced dust activity over the GB and North China Plain (Figure 1c,d). High PM10

anomalies were observed across northern China, while negative anomalies occurred south
of the Yangtze River (Figure 1f,g).

Hourly PM10 variations in Beijing (North China), Chengdu (Southwest China), and
Guangzhou (South China) are shown to represent key receptor regions along the ma-
jor transport pathways and to further illustrate the regional differences in dust impacts.
(Figure 2). In Beijing, only two dust events in 2025 exceeded heavy pollution threshold of
350 µg m−3 [51], with a maximum PM10 of 500 µg m−3 (Figure 2a). In contrast, multiple
events in 2023 and 2021 produced peaks above 1500 µg m−3 (Figure 2d,g). Chengdu
typically experiences few dust events due to its complex surrounding mountains and
humidity [52,53]. PM10 remained below 300 µg m−3 in 2023 and 2021 (Figure 2e,h), but
exceeded 500 µg m−3 during several dust events in 2025 (Figure 2b). Remarkably even in
the southern tip of China, Guangzhou still recorded a peak PM10 exceeding 400 µg m−3

during the 10–14 April 2025 extreme dust storm (Figure 2c), confirming an unprecedented
southward intrusion of dust.

It should be noted that dust-day anomalies are derived from manual weather observa-
tions at WMO stations, whereas PM10 anomalies are based on measurements from CNEMC
stations. Although the two observation networks differ in spatial coverage, they exhibit
consistent regional variability, lending confidence to the interpretation of anomalous dust
activity in 2025.

Overall, compared with 2023 and 2021, dust events in 2025 were more frequent, and
exhibited farther southward transport. A dust event primarily involves dust emission and
transport processes that are strongly controlled by meteorological conditions [22,44,54].
The following sections analyze the anomalies of meteorological factors to interpret the
exceptional dust conditions in 2025.
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Figure 2. Hourly variations in PM10 in different cities. Panels (a–c) show the results for Beijing,
Chengdu, and Guangzhou in 2025. Panels (d–f) and (g–i) are the same as (a–c), but for 2023 and 2021,
respectively. The dashed line denotes 350 µg m−3, according to the Technical Regulation on Ambient
Air Quality Index [51].

3.2. Strong Near–Surface Winds Lead to Enhanced Dust Emission

Dust emission is the process of dust particles being lifted from the Earth’s surface
by wind stress once the threshold velocity is exceeded. Dust emission can be character-
ized by aeolian erosivity (the wind’s capacity to cause erosion) and soil erodibility (the
susceptibility of the soil to wind erosion) [55]. Soil erodibility is governed by multiple
factors, including soil type, soil moisture, precipitation, and vegetation cover [14]. At
present, the relative contributions of these factors to soil erodibility cannot be quantitatively
distinguished through statistical analysis. A fixed soil erodibility is therefore assumed
to evaluate the interannual variability of potential dust emissions based on Equation (1)
(Supplementary Figure S1).

Figure 3 shows the anomalous spring strong surface wind (exceeding 6.5 m s−1)
frequency (%) and potential dust emissions in 2025, in stark contrast to the 20-year clima-
tological mean. Strong surface winds are primarily distributed over northwestern China,
particularly in Xinjiang, and across the Mongolian Plateau along the China–Mongolia
border, corresponding to the two major dust source regions—GB and TK (Figure 3a) [7,9].
In 2025, the frequency of strong winds increased markedly over GB, whereas TK exhibited
a heterogeneous pattern, with both increases and decreases observed in different areas
(Figure 3b). Relative to the climatological mean, potential dust emissions increased by
30.3% over TK (25.4/19.5) and by 44.0% over GB (65.5/45.5) (Figure 3c,d). The enhanced
surface winds facilitated the entrainment of more dust particles into the atmosphere. It is
noteworthy that although dust emission flux scales with the cube of wind speed according
Equation (1), the contribution from extreme winds (>15 m/s) remains limited due to their
low occurrence frequency.
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Figure 3. Comparison of wind and potential dust emission between 2025 and the climatological
mean. Spatial distributions of the frequency (%) of strong surface winds (exceeding 6.5 m s−1) during
spring (March–May, MAM) for the period 2005–2024 (a) and the corresponding anomalies in 2025
(b). The solid lines in (b) denote the Taklimakan Desert (TK) and the Gobi Desert (GB), respectively.
(c) Potential dust emission over the Taklimakan Desert corresponding to different wind speeds for
2025 (solid black line) and the climatological mean (dashed black line), along with their differences in
2025 relative to the climatological mean (bars). (d) Same as (c), but for the Gobi Desert.

Precipitation, soil moisture, and vegetation cover regulate dust emissions primarily by
modulating soil erodibility. Precipitation directly suppresses dust emission, whereas higher
soil moisture and vegetation cover decrease soil erodibility and thus reduce the potential
for dust emission. The TK and GB are in the arid and semi-arid regions of northwestern
China and along the China–Mongolia border, where springtime precipitation is scarce and
both soil moisture and LAI remain extremely low, providing abundant dust storm sources
(Figure 4a–c).

 

Figure 4. Comparison of land surface factors between the climatological mean and their anomalies.
Spatial distributions of the climatological mean precipitation (a), soil moisture (b), and leaf area
index (LAI) (c) during spring (March–May, MAM) for the period 2005–2024, and the corresponding
anomalies of precipitation (d), soil moisture (e), and LAI (f) during spring (MAM) of 2025.

Compared with the climatological mean, precipitation over the TK decreased by 13.0%
(0.40/0.46) in 2025, with negative anomalies mainly distributed along the northwestern
and southeastern margins (Figures 4d and 5a). Soil moisture decreased by 22.2% (0.07/0.09)
(Figures 4e and 5c), and LAI decreased by 16.7% (0.10/0.12), both remaining lower than
their climatological means during spring (Figures 4f and 5e). In contrast, precipitation
over the GB increased by 22.6% (0.38/0.31) in 2025, mainly over its northern and eastern
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parts (Figures 4d and 5b). Soil moisture increased by 16.7% (0.07/0.06) (Figures 4e and 5d),
whereas LAI decreased by 15.4% (0.11/0.13) (Figures 4f and 5f).

 

Figure 5. Time series of area-averaged land surface factors over two desert regions. Panels (a,c,e) show
precipitation, soil moisture, and leaf area index (LAI) over the Taklimakan Desert (TK), respectively.
The first number in each title denotes the climatological mean, and the second represents the 2025
average. Panels (b,d,f) are the same as (a,c,e), but for the Gobi Desert (GB).

For the TK, concurrent reductions in precipitation, soil moisture, and vegetation cover
collectively decreased soil erodibility, resulting in intensified dust emissions. For the
GB, although increased precipitation generally increases soil erodibility, the simultaneous
decline in vegetation cover may offset this mitigating effect. According to Tai et al. [22],
surface wind speed accounts for approximately 40–55% of the interannual variability in
dust emissions over TK hotspots, whereas it explains up to about 70% of the variability
over the GB. Precipitation contributes about 10–20% to dust-emission variability in both
regions. Considering the relative and absolute changes in surface wind speed, precipitation,
soil moisture, and vegetation cover over GB and TK, the enhanced surface winds were the
primary driver of the elevated dust activity in 2025.

3.3. Southward Dust Transport Driven by an Anomalous Low-Pressure System over
Bohai–Yellow Sea

In the previous section, we examined the impact of meteorological anomalies in desert
on dust emission. This section focuses on the influence of atmospheric circulation anomalies
on dust transport. Atmospheric circulation plays a crucial role in controlling wind direction
and intensity, thereby determining dust transport pathways and influencing the spatial
extent and duration of dust events.

The spatial distribution of atmospheric circulation anomalies in the spring of 2025
reveals a significant anomalous low pressure over the Bohai and Yellow Sea regions at
multiple pressure levels (Figure 6). To northeast of the anomalous low pressure, easterly
and southerly wind anomalies are prominent, which suppress the transport of dust from
the TK and GB toward northern and northeastern China, resulting in a negative dust
anomaly in these regions. In contrast, most other areas in China experience northerly
wind anomalies, particularly along the western part of Inner Mongolia, Shaanxi, Hunan,
and Guangdong. These strong northerly winds facilitate the southward transport of dust,
leading to a positive dust anomaly in southern China, including regions such as Hunan
and Guangdong (Figures 1b,e and 6).
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Figure 6. Atmospheric circulation anomalies in spring 2025. Panels (a–c) represent the 850 hPa,
500 hPa, and 300 hPa levels, respectively. Shading indicates geopotential height anomalies, and
vectors denote wind anomalies.

In sharp contrast to 2025, the years 2023 and 2021 exhibit a distinct pattern character-
ized by prevailing southerly wind anomalies across China, which inhibit the southward
transport of dust (Figures 1c,d,f,g, S4 and S5). In 2023, negative geopotential height anoma-
lies were observed over TK at both 500 hPa and 300 hPa levels, while positive geopotential
height anomalies appeared over northern and northeastern China. These dual anomaly
centers induced strong westerly wind anomalies, which facilitated the transport of dust
from TK and GB toward northern and northeastern China, resulting in a pronounced
positive dust anomaly in northeastern China during 2023 (Figures 1c,f and S4).

3.4. A Case Study: Extreme Southward Transport Dust Event Highlighting the Role of the
Gobi Desert

The weather systems that typically trigger dust storms over northern China are Mon-
golian cyclones and cold fronts [9,17,56,57]. However, the extreme dust storm that swept
across southern China from 10 to 14 April 2025 is primarily driven by a Northeast cold
vortex. On 12–13 April, a closed cold vortex developed between 850 hPa and 500 hPa, and
the associated strong northerly winds transported dust from the source regions toward
southern China (Supplementary Figure S6).

To investigate the contributions of different dust source regions during this anoma-
lous dust event, we conduct three numerical experiments: one control experiment and
two sensitivity experiments. In the control experiment, dust emissions from all deserts
within the modeling domain are activated. The two sensitivity experiments activate dust
emissions only from selected source regions—specifically, the GB and TK.

As shown in Figure 7a–c, it presents the spatial distribution of surface dust concen-
trations from the three experiments. The two major dust source regions (TK and GB)
correspond to the areas of highest dust loading (Figure 7a). The GB exhibits strong down-
stream transport potential, with GB-derived dust extending over broad regions including
North China, Central China, Southwest China, and South China (Figure 7b). In contrast,
the TK is surrounded by high mountains as well as vast Tibetan Plateau, which restrict dust
outflow [16,58]. Elevated dust concentrations remain largely confined to the TK region and
parts of Inner Mongolia, Qinghai, and Gansu Province (Figure 7c).
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Figure 7. Impacts of different desert sources on China. Panels (a–c) show the spatial distribution of
mean surface dust concentrations from 1 to 15 April 2025. Panel (a) shows the controlled experiment,
in which dust emissions from all deserts within the simulation domain are activated. The dashed
boxes in panel (a) indicate the locations of the North China (NC), Southwest China (SWC), and
South China (SC), respectively. Panels (b,c) represent sensitivity experiments in which only the dust
emissions from the Gobi Desert (GB) and the Taklimakan Desert (TK), respectively, are activated.
Panel (d) illustrates the contributions of different dust source regions to surface dust concentrations
in the receptor regions (NC, SWC, and SC) during 1–15 April 2025. Other represents dust sources
within the simulation domain excluding the GB and TK.

To more clearly quantify the contributions of different source regions to dust levels
over China, we focus on three dust-affected regions: North China, Southwest China, and
South China (the dashed boxes in Figure 7a). Owing to its proximity to the GB, North
China is particularly vulnerable to dust pollution. During the April dust event, the mean
dust concentration in North China reach 61.3 µg m−3, of which GB contribute 49.1 µg m−3

(80.0%). The contribution from TK is 6.3 µg m−3 (10.3%), comparable to the aggregated
contribution from the remaining source areas in the modeling domain (5.9 µg m−3, 9.7%).

For Southwest China and South China, GB also dominates the dust contributions,
accounting for 44.4 µg m−3 (83.1%) and 21.2 µg m−3 (78.6%), respectively. Overall, during
this extreme dust event, dust originating from GB is continuously transported downstream
under the influence of the prevailing atmospheric circulation, and GB served as the primary
source of dust over China.

4. Discussion
This study provides a comprehensive assessment of the interannual variability in

dust activity in 2025 and the relative contributions of the two major East Asian dust
source regions, GB and TK, to dust loading over China. The markedly enhanced dust
activity in 2025 with its unusually strong southward transport, raises both scientific and
societal questions regarding the drivers of extreme dust events amidst global climate
change. Our findings highlight several key mechanisms and implications that warrant
further discussion.

First, the elevated dust emissions in both the GB and TK during 2025 are closely linked
to anomalous meteorological conditions, including strengthened surface winds, reduced
soil moisture and vegetation cover. These results support previous studies suggesting that
climate-induced shifts in circulation patterns may increase the frequency of extreme dust
events [8,17]. However, due to limited observational constraints, it is currently not possible
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to quantify the relative contribution of each land surface factor to dust emission flux. To
improve our understanding of the respective roles these drivers play, future efforts should
apply quantitative approaches, such as numerical sensitivity experiments or coupled land–
atmosphere modeling, to separate and evaluate the contribution of each factor to dust
emission variability [21,23].

Second, our source attribution using FLEXDUST/FLEXPART shows that the GB con-
tributed disproportionately to dust loading over North China, Southwest China, and South
China during the extreme April event, despite its larger total emission relative to the TK.
The relatively lower elevation and more open terrain of the GB facilitate efficient uplift
and downstream advection once strong synoptic forcing is present [16,58]. Moreover, the
anomalous northerly winds and enhanced meridional pressure gradients in 2025 created
a highly effective southward transport corridor, enabling GB sourced dust to penetrate
deep into central and southern China. In contrast, dust originating from the TK was
more strongly modulated by local blocking patterns and complex terrain in northwestern
China, which limited its longrange influence despite substantial emissions [16]. These
findings highlight that transport efficiency, vertical mixing depth, and synoptic configura-
tion can modulate regional dust impacts as strongly as, or even more than, dust emission
magnitude itself.

Finally, the severe dust pollution in South China suggests that traditional perceptions of
dust-affected regions may need to be updated. Historically, Southwest China and South China
have been considered weakly influenced by dust, yet our results indicate that under certain
circulation anomalies, dust can transported into these regions [16,52,59]. This has significant
implications for regional air quality management and public-health preparedness, particularly
as climate variability may increase the likelihood of such atypical pathways.

Overall, this study advances our understanding of dust variability in 2025 and em-
phasizes the critical roles of meteorological anomalies and source-region characteristics in
shaping dust distributions across East Asia.

5. Conclusions
Based on meteorological station observations, PM10 concentrations, ERA5 reanalysis

data, and FLEXDUST/FLEXPART, this study investigates the interannual variability and
driving mechanisms of dust activity in 2025, and quantifies the contributions of different
source regions during an extreme dust event. The main conclusions are as follows:

(1) In 2025, dust activity was markedly elevated, with dust exhibiting unusually
extensive southward transport. Compared to the previous decade, 2025 was characterized
by substantially elevated dust levels, a distinct west–east atmospheric pressure dipole,
and unusually strong southward transport that carried dust plumes deep into Southwest
and South China. Enhanced surface winds over both the GB and TK were the primary
drivers of the intensified dust emissions in 2025, exceeding the influence of concurrent
changes in precipitation, soil moisture, and vegetation cover. A significant anomalous low-
pressure system over the Bohai–Yellow Sea region enhanced meridional wind anomalies
and effectively opened a pathway for deep southward intrusion of dust. This circulation
anomaly was essential in producing the 2025 event’s unprecedented spatial footprint.

(2) The Gobi Desert was the dominant contributor to downstream dust during an
extreme event. Using FLEXDUST/FLEXPART, we conducted three numerical experi-
ments to quantitatively assess the contributions of the GB and TK during an extreme
southward-transport dust event in 2025. The results show that the GB was the primary
contributor to dust concentrations in North China (80.0%), Southwest China (83.1%), and
South China (78.6%).
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Overall, these findings highlight the necessity of considering both emission dynamics
and transport pathways when evaluating regional dust risks. While the 2025 anomaly may
represent an episodic event, it raises important questions regarding whether similar pat-
terns could become more common under future climate variability. Continued monitoring
and high-resolution modeling will be essential for improving early-warning capabilities
and informing air quality and public-health strategies in China and downstream regions.
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